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ABSTRACT

REGULATION OF SUBSARCOLEMMAL CA2+ OSCILLATIONS AND

MYOGENIC TONE IN THE MICROCIRCULATION

By

Erika Boerman Westcott

Ryanodine receptors (RyR) and inositol 1,4,5, trisphosphate receptors (IP3R)

importantly contribute to Ca2+ signals and myogenic tone in arteries, but their

roles in the microcirculation remain unclear. The purpose of this study was to

determine the function of both RyR and IP3R in Ca2+ signals and myogenic tone

in hamster and mouse cremaster muscle feed arteries and downstream arterioles

using confocal imaging and pressure myography and to test the hypothesis that

the expression and localization of RyR isoforms may account for differences in

the roles played by RyR in feed arteries and down stream arterioles. In both

species, feed arteries displayed Ca2+ sparks and Ca2+ waves, both of which

were inhibited by the RyR antagonist, ryanodine (10 pM). Despite the inhibition

of sparks and waves, ryanodine increased global intracellular Caz+ and

constricted the feed arteries. Blockade of IP3R with xestospongin D (5 pM) or 2-

aminoethoxydiphenyl borate (2-APB; 100 pM), or inhibition of phospholipase C

(PLC) using U73122 (10 pM) also eliminated Ca2+ waves in feed arteries from

both hamsters and mice. However, the IP3R and PLC antagonists decreased

global intracellular Ca2+ and dilated feed arteries without affecting 032+ sparks.



In contrast, cremaster arterioles from both species displayed only Ca2+ waves:

CaZ+sparks were not observed, and ryanodine (10-50 pM) affected neither Ca2+

signals nor arteriolar tone, despite the presence of functional RyR as assessed

by responses to the RyR agonist, caffeine (10 mM). Arteriolar Ca2+ waves were

abolished by xestospongin D (5 uM), 2-APB (100 pM) and U73122 (10 pM), all of

which also decreased global intracellular Ca2+ and dilated the arterioles from

both hamsters and mice. Quantitative, real-time, reverse transcriptase

polymerase chain reaction applied to smooth muscle cells enzymatically isolated

from mouse cremaster feed arteries and arterioles showed that RyR1 was not

expressed feed artery or arteriole smooth muscle cells, that the relative

abundance of transcripts for RyR2 was greater than that for RyR3, and

importantly that RyR2 was more highly expressed in feed artery than arteriole

smooth muscle, whereas transcripts for RyR3 were more abundant in arteriole

than feed artery smooth muscle cells. lmmunofluorescence staining with an anti-

RyR1/2 antibody showed dense, clustered labeling in feed arteries, in contrast to

more diffuse, uniform cytoplasmic staining in cremaster arterioles. These

findings highlight the contrasting roles played by RyR and IP3R in 032+ signals

and myogenic tone in feed arteries, and demonstrate important differences in the

function of RyR between feed arteries and downstream arterioles. Differences in

RyR isoform expression and RyR protein localization may be responsible for the

functional differences in RyR function between feed arteries and downstream

arterioles.
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CHAPTER 1: INTRODUCTION

Skeletal muscle constitutes 40 % of body mass, and the vasculature in these

muscles is essential in the regulation of cardiovascular homeostasis throughout

the body (17, 98, 182, 198). Arterioles in the circulation are particularly

important, as they are the major regulators of blood flow in these tissues (61 ).

This regulation is achieved largely through modulation of myogenic tone and its

underlying signaling pathways in the vascular smooth muscle cells, but the exact

mechanisms of regulation are not clear (63). First observed by Bayliss (14),

myogenic tone contributes to cardiovascular homeostasis by regulating blood

flow, blood pressure, and exchange (61). The myogenic response allows for

blood pressure-induced changes in tone to protect from end-organ damage, and

steady state tone contributes to the maintenance total peripheral resistance and

transcapillary exchange (62, 70, 224, 240). Ion channels, both in the plasma

membrane and on the sarcoplasmic reticulum (SR) are critical to the regulation of

myogenic tone (133). They provide the major source of activator Ca2+ that

importantly regulates smooth muscle contraction(124). Ion channels in the

plasma membrane also determine and modulate membrane potential (133).

Membrane potential, in turn, determines the open state probablility of voltage-

gated calcium channels (VGCC), Ca2+ influx, and hence myogenic tone. In

addition, membrane potential influences Ca2+ release from internal stores (260)

and may also affect Ca2+ sensitivity (285). Thus, ion channels play a central role



in the function of smooth muscle and the regulation of myogenic tone. This

project focuses on the role of two SR Ca2+ release channels, ryanodine receptors

and inositol (1 ,4,5) triphosphate receptors, and their specific roles in the

regulation of subsarcolemmal Ca2+ signals and myogenic tone in cremaster

muscle arterioles and their upstream feed arteries.

1. Ryanodine Receptors (RyR)

1.1. Structure.

Ryanodine receptors (RyR) are the largest known ion channel proteins (113) .

They are composed of four identical ~560 kDa subunits and form, ryanodine-

sensitive Ca2+ channels located on intracellular membranes such as the

endoplasmic reticulum and the mitochondria (113). The bulk of the subunits are

located on the cytoplasmic side of the membrane and form the large pore region,

which allows the release of Ca2+ from intracellular stores into the cytoplasm (21,

113, 114, 174, 297). Despite numerous studies looking at the transmembrane

and pore region topology (67, 110, 114, 255, 266, 297, 306) the specific structure

of these regions has yet to be resolved. However, the C- and N- terminal ends of

the protein are assumed to be on the cytoplasmic side of the membrane, and

therefore the number of transmembrane domains is widely presumed to be an

even number (174). The proposed number of transmembrane domains varies

between four (255), six (266) eight (67) or ten (306), although the six- and eight-

transmembrane domain models are favored due to the newer technology used to



resolve the structures, including high resolution electron microscopy and x-ray

crystallography (114). The three-dimensional structure of RyR, shown in Figure

1 from Perkel (219), suggests that the cytoplasmic portion, or “head” of the

receptor, contains approximately 80% of their total mass (69). Each of the four

subunits of the cytoplasmic “head” contain a clamp-shaped area that may allow

the receptor to interact with other RyR or with RyR-associated proteins (23, 114).

The “stem” of the receptor consists of the transmembrane assembly and

accounts for only about 20% of the total mass (69). Within the “stem,” four high-

density columns surrounding a low-density region suggest the location of the

pore, and a structure in the center of this channel (the “plug”) may be important

for channel gating (229).

1.2. Isoforms.

Ryanodine receptors exist in three isoforms (RyR1, RyR2 and RyR3), with

nomenclature based on the chronological order in which they were discovered

(113, 114, 297). The three isoforms are the product of distinct genes (RYR1-

RYR3), and all three isoforms have relatively high sequence homology (66%

between RyR1 and RyR2, 67% between RyR1 and RyR3 and 70% between

RyR2 and RyR3) (110, 255, 306). In addition, the three-dimensional structures

of the isoforms appear nearly identical (211, 243, 245). The sequence

differences between the isoforms are contained mainly in three distinct regions of



the receptor. These divergent regions, termed D1, D2 and D3 are all located in

the large cytoplasmic portion of the RyR, and these regions may be responsible

for any functional differences observed between the isoforms (69). The D3

region of RyR1 is of particular interest because it uniquely contains a long chain

of negatively charged residues thought to give the isoform a low-affinity calcium

binding site that inactivates the receptor ( 174).



Channel domain

“Clamp”

domains

 
Cytoplasmic

" domain

(“head”)

 

 

Figure 1. Three dimensional structure of ryanodine receptors

The top picture shows a top-down view of a ryanodine receptor, with the channel

and clamp regions highlighted. The bottom image shows a side view of the

receptor with the large cytoplamic domain (“head”) and the smaller

transmembrane domain (“stem”) labeled accordingly. Adapted from Perkel 2009

(219).



1.3. Related Diseases.

Important insights into the unique functions of RyR isoforms have been gleaned

from diseases that result from mutations in the genes encoding these receptors

and alterations in posttranslational modifications of RyR, particularly for RyR1.

Malignant hyperthermia is a pharmacogenetic disorder triggered by inhaled

anesthetics or depolarizing muscle relaxants (232). The underlying genetic

defects are mutations in the RYR1 gene that cause increased Ca2+ mobilization

from the endoplasmic reticulum (Ca2+ “leak”) when triggered by the above-stated

drugs. The resulting condition is characterized by a rapid increase in body

temperature, muscle rigidity and sometimes hyperkalemia, arrhythmia and

metabolic acidosis (16, 209). Over 60 point mutations in RYR1 have been linked

to malignant hyperthermia, and most of them are clustered into three specific

614 2129_
regions of the gene near the N-terrninal (Cys35-Arg ), the central (Asp

Ar92458), and near the C-terminal (Ile3916-Ala4942) domains of the channel (16).

Despite the differences in location of these mutations, the resulting malignant

hyperthermia is generally physiologically similar in terms of its clinical

manifestations (16). Another condition, central core disease, also results from

mutations in the RYR1 gene in these regions. Central core disease also results

from excessive Ca2+ release from intracellular stores and leads to muscle

weakness and motor deficiency. In both malignant hypertherrnla and central

core disease, the more severe myopathies are associated with RYR1 mutations

on the C-terrninus (154, 209). Mutations in RYR2 are not linked as conclusively



with disease as mutations in RYR1, but RYR2 is thought to play a role in the

development of catecholaminergic polymorphic ventricular tachycardia, a rare

condition brought on by periods of intensive exercise or stress (158). RyR2 is

also loosely linked to congestive heart failure due to the hyperphosphorylation of

RyR2 observed in some cases of heart failure (16).

1.4. Expression.

Ryanodine receptors are widely expressed throughout the body. In general,

RyR1 is predominantly expressed in the skeletal muscle, RyR2 in the heart and

RyR3 in the brain and other locations in lower amounts (92, 165, 230). However,

many studies have shown that all three isoforms are expressed in many types of

tissues at variable levels, and the improving technical ability to detect lower

levels of expression has shown the presence of each of the ryanodine receptor

isoforms in locations where they were previously undetectable (93, 175, 297).

The widespread expression and distribution of RyR suggests that they participate

in Ca2+ signaling and regulation in most tissues throughout the body (92).

In vascular smooth muscle, the expression and distribution of the RyR isoforms

has not been clearly defined, and expression patterns appear to vary somewhat

between studies and vessel types (237, 267, 269, 290). Recently, studies by

Vaithianathan et al. (267), in cerebral artery smooth muscle found greater RyR2

message and protein expression compared to RyR1 or RyR3, which were both

present at lower levels. In contrast, Salomone et al. (237), found expression of



RyR3, but not RyR1 or RyR2 in cerebral artery smooth muscle cells. Yang et

al. (290), found that in intact rat aorta and pulmonary arteries, mRNA for all three

isoforms were expressed, but RyR2 was much more abundant than RyR1 or

RyR3, which were expressed in similar levels. However, in cultured aortic

smooth muscle cells, Vallot et al. (269), demonstrated expression of all three

isoforms in aortic smooth muscle cells, with RyR3 being most highly expressed,

followed by RyR2 and RyR1, respectively. Studies in primary cultures of portal

vein smooth muscle cells by Coussin et al. (54), showed similar expression of

RyR1 and RyR2, with a lesser expression of RyR3. Zheng et al. (302)

characterized RyR isoform expression in smooth muscle from rat pulmonary

conduit arteries, pulmonary resistance arteries, and mesenteric arteries. All

isoforms were expressed in similar levels in the pulmonary resistance arteries,

while both pulmonary conduit arteries and mesenteric arteries expressed RyR1

and RyR2 at levels much higher than RyR3. These studies show that there are

important differences in the expression of RyR isoforms in different types of

vascular smooth muscle that may correlate to differences in the regulation of

Ca2+ signaling. RyR from microvascular smooth muscle are particularly

understudied, and they need to be better characterized in order to define the

functional significance of each subtype in these cells.

1.5. Splice Variants.

In addition to differences in expression of the three isoforms of RyR, there are

also splice variants of these receptors that may be important in some vascular



smooth muscle. Two known splice variants exist for RyR1: ASI and ASII

(Alternative Splice sites I and II), which are located on separate exons within the

gene (90). These splice variants appear in mouse heart, brain and skeletal

muscle but vary in distribution based on tissue type and developmental timeline

(90). The RyR1 splice variants exist in a region of the receptor responsible for

inhibitory inter-domain interaction, and it has been proposed that they result in

increased channel activity due to removal of this inhibition (150, 151 ). RyR3 also

has splice variants that can occur in as many as seven known regions of the

gene and have been documented in many tissues, including vascular smooth

muscle (167, 185, 197). Of particular significance is the finding by Jiang et al.

(146), that one of the splice variants of RyR3 (AS-8a, with a deletion in exon 8) is

unique to smooth muscle cells. The deletion of a 29 amino acid fragment in a

transmembrane region of the channel that leads to an incomplete channel with

decreased capacity for Ca2+ release (58, 146). There is some evidence from

heterologous expression studies in HEK 293 cells, however, that the function of

these channels can be restored if they heterodlmerlze with wild type channels

(58, 146). However, there is also evidence that the RyR3 AS—8a variant has a

dominant negative effect, in which it heterodimerizes with functional RyR2 and

suppresses the activity of that channel (146). The unique properties and

specificity to smooth muscle of the RyR3 AS-8a splice variant makes it a

potentially important area for future studies into the role of RyR subtypes and

variants in Ca2+ handling in vascular and other smooth muscle cells.



1 .6. Regulation.

Calcium. Calcium ions have a complex effect on RyR that varies based on the

concentration and location of Ca2+ as well as the RyR subtype (52, 143, 164,

217, 262). All RyR isoforms are activated by cytosolic 032+ concentrations in the

range of 1-10 pM (44, 113, 114, 147), and RyR1 are inhibited by cytosolic Ca2+

concentrations of 1 mM or higher, which suggests the possible presence of

multiple Ca2+ binding sites on RyR1 (114, 147). RyR2 and RyR3 also can be

inhibited by Ca2+, but much higher concentrations, that are less physiologically

relevant, are required (43, 238). The role of Ca2+ in RyR1 is also unique

because sensitivities to a given Ca2+ concentration vary between individual RyR1

receptors within the same cell, whereas single RyR2 and RyR3 both respond the

same when presented with Identical Ca2+ stimuli (164, 217). Although many

investigators have published proposed sites for the Ca2+ binding sites on RyR1-

3, there is still not a definitive consensus on their locations (45, 69, 91, 278).

In addition to cytosolic Ca2+, luminal calcium within the endoplasmic reticulum

also affects RyR (85, 105, 164). Single-channel studies demonstrate clear

changes in RyR function based on the Ca2+ load in the stores, but the exact

mechanisms remain unclear. Some studies suggest that the increased luminal

Ca2+ leads to increased RyR sensitivity to interaction with some of its associated
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proteins (105), while other investigators think that the increased Ca2+ in the

stores causes interaction with the cytosolic Ca2+ binding sites that leads to

altered receptor activity (262).

Phosphorylation. Many phosphorylation sites exist on all three isoforms of RyR

that have the potential to alter the receptor's activity, but there is still no

consensus on the exact effect that phosphorylation of each of these sites has on

each of the RyR isoforms, or RyR in general. (85, 114, 254, 297). Protein kinase

A (PKA), calcium-calmodulin kinase II (CamKll), and various cAMP— and cGMP-

dependent kinases are all capable of phosphorylating RyR, but PKA and CamKll

appear to be the most important in modulating the properties of RyR (69, 297).

These two kinases are also the only kinases known to have specific anchoring

regions on RyR (13, 184). Despite the large number of studies documenting

kinases and their phosphorylation sites on RyR, there is still a great deal of

conflicting information regarding the functional effects of phosphorylation. The

overall effect of both CamKII and PKA phosphorylation of RyR appears to be

increased RyR activity (85, 276, 283, 297). Because of its potential role in heart

failure, phosphorylation of RyR2 has been studied in much greater detail than

RyR1 or RyR3, and the results of these studies are somewhat contradictory (16,

71, 175). Some studies suggest that hyperphosphorylation of RyR2 over long

periods of time causes dissociation of FKBP12.6, a RyR-associated protein,

leading to a Ca2+ leak through the channel (274, 275). However, studies looking

at the effects of acute phosphorylation of RyR2 have reported increased activity
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(108), decreased channel opening (268), and no change in RyR Ca2+ handling

(169). The effects of phosphorylation of RyR are clearly complicated, and it is

likely that conditions used in these various in vitro studies may have impacted the

results. More information is needed, especially for RyR1 and RyR3, in order to

clearly define the role of phosphorylation on the function of these receptors.

Oxidation. Because RyRs contain nearly 100 cysteine residues in each

monomer, they are very sensitive to oxidation (69). Extensive studies by

Dulhunty et al. (68, 69, 72, 73, 106), have demonstrated that, in skeletal and

cardiac muscle, about half of the cysteines can be oxidized, in vivo, and chemical

oxidation of about 15 of these cysteines lead to an increase in the open-state

probability of RyR. They also found that further oxidation of at least 10 more

cysteine residues actually led to inhibition of RyR activity, but these studies were

done under conditions that are unlikely to be encountered in a typical cell (68,

69). In both cases, it has been proposed that redox actions on the channel lead

to altered interaction of RyR with RyR-associated proteins which ultimately leads

to a change in receptor function (298). Further studies should be done to define

the exact locations of redox-sensitive residues on each RyR subtype, although it

will be difficult to determine whether oxidation or reduction of RyR represents

important regulatory mechanisms in specific tissues, in vivo.

Calmodulin and Sorcin. Calmodulin, short for 032+ modulated protein, is a 17

kDa calcium-binding protein expressed in all cells of the body (49). Each protein
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contains four EF hand motifs that are able to associate with RyRs near the pore

region of the channel (271 ). Calmodulin’s interaction with RyR can increase or

decrease channel activity, depending on the conformation of calmodulin (i.e.

whether Ca2+ is bound) (85). In general, micromolar Ca2+ leads to increased

binding of calmodulin to RyR, which leads to inhibition of RyR activity, while

nanomolar concentrations of Ca2+ lead to decreased binding by calmodulin to

RyR and increased RyR activity (114). However, the specific concentrations of

032+ needed to cause a calmodulin-mediated increase or decrease in RyR

activity appears to vary somewhat based on RyR isoform (113). RyR1 and RyR3

appear to be more easily activated by calmodulin in the presence of low Ca2+

concentrations, while inhibitory effects of calmodulin on RyR2 occur at lower

032+ concentrations compared to RyR1 or RyR3 (88, 89). Relatively few studies

have looked at these effects, and the details of calmodulin-mediated changes in

RyR activity in specific isoforms remains controversial and warrants further

investigation. Another calmodulin-based regulatory mechanism has been

observed, specifically related to RyR1: calmodulin is capable of disrupting the

interaction between RyR1 and L-type calcium channels due to the presence of

calmodulin binding sites on both proteins (241). While the physiological

significance of this interaction is not clear (69), more recent studies suggest it

may be related to, but not essential for excitation-contraction coupling in skeletal

muscle cells (12, 47).
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Sorcin, another Cara-binding EF hand motif protein, is also capable of

modulating RyR function by binding to and inhibiting RyR under high Ca2+

conditions (69). Although its exact binding location on RyR is not known, their

interaction has been confirmed through coimmunoprecipitation in cardiac

myocytes (and therefore RyR2) (194). Rueda et al. (234) showed that aorta and

cerebral artery smooth muscle expressed more sorcin but less RyR than cardiac

myocytes, suggesting an increased role for sorcin-RyR interaction on those cells.

They also demonstrated that sorcin decreased the frequency, amplitude and

spatial spread of 032+ sparks from RyR. Farrell et al. (78, 79) suggested that the

physiological function of sorcin may be to prevent the propagation of Ca2+ sparks

to adjacent RyR by quickly responding to the local increase in Ca2+ from a spark,

binding to nearby RyR, and inhibiting spark formation in those adjacent

receptors.

FKBP12/FKBP12.6. FKBP’s are immunophillin proteins named for their ability

bind the immunosuppressant drug, FK506. Although there are at least 20

members of the FKBP family, only FKBP12 and FKBP12.6 (numbered according

to molecular mass and also referred to as calstabin 1 and 2, respectively) appear

to be important to the regulation of RyR (5, 42). The specific binding site of

FKBP’s on RyR has not been absolutely defined, but multiple studies suggest

that it is likely on the cytosolic side of the receptor near the clamp region (35, 41,

272). Regardless of the isoform, one FKBP binds to each monomer of RyR with

such a high affinity that the two proteins can be experimentally co-purified (181 ).
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Both FKBP12 and FKBP12.6 are able to bind to all three RyR isoforms, but RyR1

and RyR3 appear to preferentially bind FKBP12, while RyR2 binds to FKBP12.6

(181). The functional result of FKBP binding to RyR appears to be a decrease in

channel activity (42), but the exact mechanisms are still not clear. There is a

consensus that in RyR1, removal of FKBP12 causes increased channel activity,

but there are little data for RyR2 or RyR3 (85). Studies have been done (largely

in RyR1 only) showing that FKBPs may lead to a stabilized closed or

subconductance state of RyRs (6, 32, 184), or synchronization of groups of RyR,

allowing them to open and close simultaneously (183). Despite what is known

about the physical linkage of these proteins and the effects on channel gating,

the greater physiological significance of their interaction is still debatable. Many

regions of RyR1 related to malignant hyperthermia are near the FKBP binding

site (42), suggesting that the Ca2+ leaks observed in the disease leading to

disrupted E-C coupling could be related to the RyR-FKBP interaction. Similarly,

hyperphosphorylation of RyR2 has been linked to displacement of FKBP12.6,

causing Ca2+ leak and ultimately contributing to heart failure (16, 71). FKBPs are

also linked to changes in the properties of Ca2+ sparks produced by RyR:

overexpression of FKBP12 in cardiac myocytes decreases the amplitude and

duration of sparks(144), and blocking FKBPs phannacologically in bladder

smooth muscle also led to increased spark amplitude and frequency (187). This

indicates that immunophillins may be important modulators of Ca2+ signaling in

smooth muscle cells.
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Scaffolding and anchoring proteins. These proteins can regulate the function of

RyR through interaction with RyR on the cytoplasmic side of the SR membrane

(42). Homer, a scaffolding protein, regulates the coupling between membrane

receptors and intracellular Ca” stores by binding to proline-rich sequences of

many proteins, including RyR1, but not RyR2 or RyR3, which lack the consensus

sequence (69). Studies of RyR1 in skeletal muscle show that the interaction

with Homer proteins leads to an increase in channel activity (82), but the

significance of these proteins in vascular smooth muscle is still not clear.

Anchoring proteins, such as Protein Kinase A Anchoring Proteins (AKAP)

function to tether PKA to specific subcellular locations, including to RyR. RyR2

coimmunoprecipitates with AKAP in cardiac muscle, suggesting a close

association in those muscle cells (183). In skeletal muscle, mAKAP increases

phosphorylation of RyR1, which increases Ca2+ release and facilitates muscle

contraction (235). Like the literature for Homer proteins, there is a lack of

information about the role of AKAP in vascular smooth muscle, making their role

in those cells difficult to elucidate.

1.7. Pharmacology.

There are many pharmacological agents, both endogenous and exogenous, that

have been shown to affect the function of RyR (297). However, despite the

existence of this wide array of effectors that work by different mechanisms, no

isofoml-specific RyR modulators are currently available (297). Table 1 lists the

activators and inhibitors of RyR as well as their mechanisms of action, if known.

16



Table 1. Common pharmacological modulators of ryanodine receptors

 

Compound Concentration
(2a2+

Effect on RyR

Ryanodine

Ryanodine

Caffeine

4-chloro-m-

cresol

sulmazole

Suramin

Halothane

Tetracaine

Ruthenium red

FK—506.

rapamycin

Dantrolene

lmperatoxin A

nM

uM

mM

uM

uM

(+)

locks RyR in partially open configuration

(245)

fully closes RyR (245)

increased Po and open time; increased

032+ sensitivity (289)

increased Po and open time; increased

Ca2+ sensitivity (308)

increased Po and open time by Ca2+

dependent and independent mechanisms

(191)

increased Po and stabilization of open state

(247)

increased duration of open events;

decreased lifetime of closed state (308)

decreased P0 (289)

dncreased time in closed state without a

change in open-state conductance (289)

increased Po ; causes a long-lasting

subconductance state (308)

unclear, may stabilize domain interactions

(156)

Mimics DHPR-RyR interaction (104)

 

(+) = increased RyR activity

(-) = decreased RyR activity
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1.8. General role in muscle cells.

Skeletal Muscle. In skeletal muscle, RyR play an essential role in excitation-

contraction (E-C) coupling, in which an electrical signal (depolarization) of the cell

membrane is translated into SR calcium release and ultimately contraction of the

cell (159). In skeletal muscle there is a specific arrangement between RyR1 in

the SR and the dihydropyridine receptors (DHPR) of L-type Ca2+ channels

(CaV1.1) in the t-tubule membranes (227). Four DHPR in the t—tubule

membranes group together in skeletal muscle, forming a tetrad, and are

connected to every other RyR1 on the SR, making a specific arrangement of

RyR1-DHPR complexes which allow for signal transduction between the plasma

membrane and SR without the need for calcium Influx through the L-type Ca2+

channels (293). Instead, the voltage-sensing region of the L-type channels can

detect membrane depolarization and through the DHPR directly activate the

coupled RyR1 (39). The significance of the RyR not coupled to DHPR and their

role in E-C coupling in skeletal muscle is still unclear. Because RyR1 and RyR3

are both expressed in skeletal muscle, and only RyR1 associates with DHPR,

RyR3 may be overrepresented in the uncoupled RyR of some skeletal muscle,

although the significance of this hypothesis is also unknown (249). Regardless

of the isoform of RyR not coupled to DHPR, there is some evidence that these

RyR function through Cay-induced Ca2+-release (CICR), opening in response to

increased intracellular Ca2+ (236, 239)
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Cardiac Muscle. Cardiac muscle RyR are also needed for excitation-contraction

coupling, but they accomplish this goal using a different mechanism because

they'lack the mechanical coupling between RyR2 and L-type Ca2+ channel

DHPR (227). The directly-coupled RyR-DHPR arrangement seen in skeletal

muscles cannot be achieved in cardiac muscle for two reasons: The L-type Ca2+

channels in cardiac muscle cells (CaV1.2) do not form tetrads (159), and cardiac

muscle only expresses RyR2, which cannot couple directly to DHPR (293). As a

result, these cells rely on CICR to generate release of Ca2+ from the SR and

subsequent contraction. In CICR, influx of Ca2+ through cardiac L-type Ca2+

channels (CaV1.2) is required in order to activate RyR2 in the SR membranes,

causing the release of Ca2+ from intracellular stores in the form of Ca2+ sparks

(227), which summate to form the global Ca2+ release event observed in cardiac

myocytes. Although they are not physically coupled, the RyR-L-type Ca2+

channel relationship is still tightly regulated, and there is some evidence that

opening of one L-type channel leads to the production of one Ca2+ spark (173).

Smooth Muscle. The physiological role of RyR in smooth muscle cells is more

variable and less understood then either skeletal or cardiac muscle (51 ), possibly

because these cells express all three RyR isoforms in varying amounts,

depending on the specific tissue type (237, 267, 269, 290). Like skeletal and

cardiac muscle, RyR may be involved in E-C coupling, but they do not rely on a

particular arrangement of RyR with Ca2+ channels in order to do so (102).
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Instead, the RyR may serve to amplify 032+ signals from other ion channels in

the SR and plasma membrane. CICR stimulated by activation of L-type Ca2+

channels has been demonstrated in some smooth muscle types (51, 99, 118,

128, 129), but it may not be essential, as many smooth muscles contract at Ca2+

concentrations lower than those needed to induce CICR (102). In addition, the

RyR antagonist, ryanodine, actually contracts some smooth muscle, suggesting

that there is more heterogeneity in the role of RyR in smooth muscle compared

to skeletal or cardiac muscle (11). Some evidence also suggests that smooth

muscle RyR may amplify Ca2+ signals coming from nearby IP3R on the SR

membrane (22, 26), although this is still controversial. Guerrero-Hemandez et al.

(234) suggest in a recent review that either the majority of smooth muscle RyR

may not be sensitive enough to detect Ca2+ released from IP3R or that IP3R

decrease the Ca2+ sensitivity of RyR by decreasing ER luminal Ca2+

concentration. Finally, RyR appear to play an important role in smooth muscle

relaxation and the regulation of smooth muscle tone as part of an important

negative feedback mechanism (46, 139, 202). This pathway is reviewed in

greater detail in the subsequent section regarding Ca2+ sparks.

1.9. Calcium sparks.

Calcium sparks are the result of the rapid opening of one or more RyRs on the

sarcoplasmic reticulum, leading to a transient, microdomain increase in

cytoplasmic Ca2+ without a significant effect on global intracellular Ca2+
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concentration (76). They occur in many cell types, including skeletal, smooth,

and cardiac myocytes (39) and neurons (46). In skeletal (153) and cardiac

muscle (249), they are critical for excitation-contraction coupling, and although

they may be important for Ca2+-dependent exocytosis of neurotransmitters in

neurons (126, 208), the role of sparks in these latter cells is still not clear .

Role in smooth muscle. In some vascular smooth muscle, Ca2+ sparks are a

critical component of a negative feedback mechanism that regulates myogenic

tone (46, 139, 202). In these cells, Ca2+ sparks activate nearby large

conductance, Ca2+-activated K+ (BKCa) channels, increasing the efflux K+ ions,

hyperpolarizing the plasma membrane, and reducing smooth muscle cell

excitability. The BKCa channel activity resulting from Ca2+ sparks is known as a

spontaneous transient outward current (STOC) (27). The increased membrane

potential from the STOC leads to closure of voltage-gated Ca2+ channels on the

plasma membrane and therefore relaxation of the smooth muscle cell (46, 139,

202). In addition to BKc;a channels, Cay-activated Cl' (Clea) channels can also

be activated via Ca2+ sparks to produce spontaneous transient inward currents

(STIC) (46). Because these currents actually depolarize cells, it has been

proposed that the coupling between RyR and ClCa channels may serve to

stabilize membrane potential and smooth muscle tone rather than relax cells, as

seen with BKCa channels (304). Despite the prominent role of Ca2+ sparks in the

regulation of vascular tone in some vessel types, there are some types of smooth
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muscle in which sparks are not a critical part of Ca2+ signaling. Studies in both

rat uterine smooth muscle (37) and first order rat cremaster arterioles (291)

provide examples of smooth muscle in which sparks are not observed at all,

suggesting that the role of Ca2+ sparks in intact blood vessels may be more

complex than originally proposed.

Morphology. The physical properties of Ca2+ sparks studied in various cell

types are often quantified using several specific measurements (46). The

amplitude of a spark refers to the peak increase in microdomain Ca2+

concentration as a result of the spark. It is often reported as AF/Fo, which is the

maximum increase in fluorescence (of a calcium-indicating dye) from baseline

resulting from the Ca2+ spark. The width of a Ca2+ spark describes the spatial

spread of the Ca2+ increase caused by a spark. The width can be calculated as

the full-width at half-maximum (FWHM), which is the width of the area (usually in

micrometers) with an increased Ca2+ concentration when the spark is at half of

its peak amplitude. Duration of Ca2+ sparks is often reported as the full duration

at half-maximum (FDHM). Similar to FWHM, this represents the temporal

duration of the sparks at half of their maximum amplitude. Each of these

morphological values is shown in the representative traces in Figure 2.
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Figure 2. Morphology of a stylized Ca2+ spark

(Top) Generalized SparkAn output showing the amplitude and FDHM of a single

Ca2+ spark from a cremaster feed artery smooth muscle cell. (Bottom)

Generalized representative plot profile along the length of a feed artery smooth

muscle cell demonstrating the amplitude and spatial spread of the 032+ spark
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within a single smooth muscle cell. See Chapter 2, Methods, for details of Ca2+

spark analysis.

The morphology of Caz: sparks has been characterized in smooth muscle cells

from many different vascular beds (Tables 2-4). The majority of studies have

focused on isolated cells, and nearly all of the studies looked at smooth muscle

cells from the cerebral (29, 77, 97, 137, 171, 202, 234, 279, 300), mesenteric

(228, 301, 302) or pulmonary (231, 290, 299, 302) vasculature. Across all of

these studies, a wide range of spark morphological properties have been

observed: frequencies ranged from 0.3 — 2.85 Hz, amplitudes from 1.2 — 3.2

(F/Fo), FWHM from 0.85 - 4.03 pm and FDHM from 13.3 - 190 ms (Table 3).

Significantly fewer studies have investigated the properties of sparks in intact

vessels, and most of these have focused on vessels that were unpressurized,

either without myogenic tone (55, 56, 97, 139, 142) or with tone artificially

generated with a high K+ solution (48, 288) (Table 4). In these studies, the

spark properties also varied: frequency from 0.12 — 1.53 Hz, amplitude from 1.36

— 1.93 (F/Fo) and FDHM from 27 — 60.7 ms. (Table 4). Only two of these studies

looked at FWHM and observed spatial spreads of 1.25 pm (55) and 1.59 pm

(56). Four studies, in cerebral (119, 180) or mesenteric (160, 195) vessels, have

investigated Ca2+ spark properties in intact, pressurized vessels, and three of

these studies used vessels that had significant myogenic tone (119, 180, 195)

(Table 3). Three of the above studies also measured only the frequency of Ca2+

sparks, making comparisons between the studies difficult (Table 5). Looking at
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the 27 studies summarized in Tables 2-4, it is clear that there is variability in the

morphology of Ca2+ sparks observed. Many of these studies used vessels or

isolated cells from different vascular beds and different species of animals, and

experimental conditions varied significantly between the groups. Therefore, it is

difficult to determine whether the differences in spark morphology are species-

related, vascular bed related, or simply due to differences in the tools used to

study these cells experimentally. It is likely a combination of all these factors,

and more work needs to be done, especially in Intact vessels, in order to clearly

define the properties of Ca2+ sparks in native vascular smooth muscle cells.
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Table 2. Ca2+ spark properties in single smooth muscle cells

Reference

Nelson, 1995

(202)

Lohn,2000

n7n

Balasubra-

manian, 2007

(11)

Bonev, 1997

(29)

Essin, 2007

(77)

Wellman,

2002 (279)

Remillard,

2002 (231)

Jaggar, 2002

(137)

Zhao, 2007

(301 )

Zhao, 2008

(300)

Zheng, 2008

(302)

Zheng, 2008

(302)

Zheng,2008

can)

Spec.

Rat

Rat

Rat

Rat

Mouse

Human

Rat

Pig

Rat

Rat

Mouse

Mouse

Mouse

Study Details

Vessel

Type

Cerebral

anenes

Cerebral

anenes

Renal

anenes

Basflar

anenes

Basilar

arteries

Cerebral

arteries

Pulmonary

arteries

Pial

anenes

Mesenteric

arteries

Cerebral

arteries

Resistance

pulmonary

arteries

Conduit

pulmonary

anodes

Mesenteric

arteries

M.T. Temp.

NA RT

NA RT

NA RT

NA RT

NA RT .

NA RT

NA RT

NA RT

NA RT

NA RT

NA RT

NA RT

NA RT
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Calcium Spark Properties

Freq.

(H!)

0.025 t

0.003’

0.36 :I:

0.07

2.85 i:

0.40

0.1

0.8 i

0.1

0.30 :I:

0.04

0.7 :I:

0.08

2.7 :t

0.31

0.74 :I:

0.12
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Table 2, continued.

Study Details Calcium Spark Prepertr'es

—

Reference Spec. Vessel M.T. Temp. Freq. Amp. FWHM FDHM

Type (Hz) (FIFO) (um) (ms)

Rueda, 2006 Rat Cerebral NA RT 0.01 :I: 1.75 i 2.6 t 55.5 t

(234) arteries 0.001* 0.04 0.1 2.6

Yang, 2005 Rat Pulmonary NA RT 0.014 :t 1.74 :I: 1.65 :I: 44.6 t

(290) arteries 0.003* 0.03 0.09 3.2

Zhang, 2003 Rat Pulmonary NA RT 0.62 :I: 1.57 35.6 :t

(299) arteries 0.08 1 .6

Gollasch, Rat Cerebral NA RT 1.30 t 1.69 :I: 46.7 i

1998 (95) arteries 2.6 0.02 4.3

Pucovsky, Guinea Mesenteric NA RT 0.34 1: 2.99 :I:

2006 (228) pig arteries 0.07 0.05

 

* reported in sparks/umz, no units are pmz, Spec. = species used in study, MT = myogenic tone,

Freq. = frequency (Hz), Amp. = amplitude (F/Fo), FWHM = full-width half-maximum (um),

FDHM = full-duration half-maximum (ms). RT = room temperature
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Table 3. Ca2+ spark properties in intact, unpressurized vessels

Study Details Calcium Spark Properties

Reference Spec. Vessel M.T. Temp. Freq. Amp. FWHM FDHM

Type (Hz) (FlFo) (pm) (ms)

Cheranov, Rat Cerebral No I; RT 1.53 1 1.36 1

2006 (48) arteries 0.01

Xi, 2009 Pig Cerebral No a 35 °C 0.12 1 1.56

(288) arterioles 0.02 10.01

Jeffries, Pig Retinal No RT 0.27 1 1.47 1 27 1 3

2009 (142) arterioles 0.03 0.02

Curtis, Rat Retinal No 37 °C 0.56 1 1.81 1 1.25 1 23.6 1

2004 (55) arterioles 0.06 0.04 0.05 1 .15

Curtis, Rat Retinal No 37 °C 0.75 1 1.93 1 1.59 1 20.6 1

2008 (56) arterioles 0.09 0.10 0.20 2.4

Gollasch, Rat Cerebral No RT 1.30 1 1.69 1 46.7 1

1998 (97) arteries 2.6 0.02 4.3

Jaggar, Rat Cerebral No RT 0.24 1 60.7 1

1998 (139) arteries 0.15 10.5

 

ti Experiments done in 30 mM K+ to mimic myogenic tone, Spec. = species used in study, MT =

myogenic tone, Freq. = frequency (Hz), Amp. = amplitude (F/Fo), FWHM = full-width half-

maximum (um), FDHM = full-duration half-maximum (ms), RT = room temperature
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Table 4. Ca2+ spark properties in intact, pressurized vessels

 

Study Details Calcium Spark Properties

 

Reference Spec. Vessel M.T. Temp. Freq. Amp. FWHM FDHM

Type (Hz) (F/Fo) (pm) (ms)

Lamont, Rat Mesenteric No RT 0.018 1

2004 (160) arteries 0.001 *

Heppner, Rat Cerebral Yes 37 °C 0.94 1

2002 (1 19) arteries 0.09

Mandala, Rat Cerebral Yes 37 °C 1.47 1

2007 (180) arteries 0.051

Miriel, 1999 Rat Mesenteric Yes 37 °C 3.9 1 2.29 1 37.4 1

(195) arteries 0.9 0.07 11.3

 

* reported in sparks/pm/second, Spec. = species used in study, MT = myogenic tone, Freq. =

frequency (Hz), Amp. = amplitude (F/Fo), FWHM = full-width half-maximum (pm), FDHM = full-

duration half-maximum (ms), RT = room temperature.
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Role of RyR isoforms. Because all three RyR isoforms may be expressed in

vascular smooth muscle (76), it is possible that the proportional distribution of the

RyR isoforms may provide an explanation for differences in Ca2+ spark

occurrence and properties. There is some evidence in the literature that the

different isoforms do impact Ca2+ sparks in these cells: RyR1 and RyR2 appear

essential for the formation of Ca2+ sparks, while the role of RyR3 is more

controversial (76). Studies using cells from neonatal RyR1 (-/-) and RyR1 (+/-)

mice suggest that RyR1 is essential for the formation of calcium sparks (168). In

rat portal vein, antisense blockade of isoform expression showed that RyR1 and

RyR2 are essential for the formation of Ca2+ sparks, while RyR3 does not have

an impact on their formation, but may alter global Ca2+ levels and ultimately

impact the regulation of myogenic tone in those vessels (54, 196). In contrast,

studies using RyR3 (-/-) mice suggest that RyR3 may actually inhibit Ca2+

sparks, as their frequency increases in animals lacking functional RyR3 (172).

Role of protein kinases.

In addition to the role of RyR isoforms in determining the properties of Ca2+

sparks, protein kinase signaling pathways can also act on RyR to alter Ca2+

sparks. PKC activation is known to contribute to myogenic tone (121, 212), and

it has also been shown that activation of this pathway can decrease the

occurrence of sparks in some cells (29, 170). The cAMP-PKA pathway has two

targets in smooth muscle cells that can alter sparks: RyR (53, 253) and
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phospholamban (246, 280), whose phosphorylation by PKA leads to disinhibition

of the SR Ca2+ ATPase and increased Ca2+ in the SR, which then increases

spark activity. Like PKA, NO-dependent signaling and cGMP-dependent PKG

may also increase Ca2+ activity by increasing SR Ca2+ and sensitizing RyR to

CaZ+-dependent activation (29, 138).

2. Inositol1,4,5-triphosphate Receptors (IP3R)

2.1. Structure.

Like RyR, inositol 1,4,5-trisphosphate receptors (IP3R) are large, tetrameric Ca2+

release channels located on the endoplasmic reticulum of all animal tissues (87).

They are somewhat similar in structure to RyRs, but have a much more compact

design that may explain some of the functional differences between the receptors

(149, 258). Each IP3R monomer has a mass of approximately 310 kDa and

contains one‘binding site for the |P3 molecule (87). Because RyR have been

studied in greater detail than IP3R, a large amount of structural information on

IP3R has been extrapolated from RyR structure (258). Like the RyR, the large

size of IP3R makes it difficult to resolve the exact structure of the receptors and

therefore, the details remain to be definitively defined (258). IP3R have a

pinwheel-like shape, with the head of the pinwheel consisting of a very large,

square cytoplasmic domain containing the majority of the IP3R monomers and
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channel domain (57). The center of the pinwheel contains the channel domains,

which join to the rest of the cytosolic portion of the channel by slender linkages

that may be involved in conformational changes in the receptor (87, 112). The

three-dimensional structure of IP3R can be seen in (Figure 3).

Two conformations have been identified for IP3R- the windmill and the square,

which occur based on the absence or presence of luminal Ca2+, respectively

(112), and one study has suggested that other compounds may also cause

conformational changes in the receptor (149). The channel’s ligand, IP3, also

plays an important role in conformational changes, as IP3 binding to the receptor

may expose a stimulatory Ca2+ binding site on the receptor and also lead to

occlusion of an inhibitory site (4). However, further evidence for these changes

has been difficult to obtain, as the locations of these Ca2+ binding sites on the

proteins has yet to be clearly defined (258). Similarly, the pore structure and

exact location of the IP3 binding site on IP3R remain unclear. While all studies

agree that the IP3 binding site is on the cytoplasmic region of the channel (258),

some show it in the peripheral region (112, 242), while others suggest a more

central location (57).
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Figure 3. Three-dimensional structure of inositol 1,4,5 triphosphate

receptors

The top picture shows a top-down view of an IP3 receptor, with the center

channel and clamp domains highlighted. The bottom image shows a side view of

the receptor with the large cytoplamic domain and the smaller transmembrane

domain labeled accordingly. Adapted from Taylor et al, 2004 (259).
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2.2. Isoforms and Expression.

Similar to RyR, IP3R exist in three isoforms (lP3R1-IP3R3), which are the

products of distinct genes in mammals (87). These isoforms have ~70%

homology in amino acid sequence, and the pore and ligand-binding regions are

very highly conserved across the isoforms (87). Invertebrates and some central

nervous system tissues express only IP3R1, but the majority of body tissues,

including vascular smooth muscle, express multiple IP3R isoforms (87, 148).

Several studies have examined the expression of IP3R isoforms in smooth

muscle cells. Early studies in the vas deferens and in aortic smooth muscle

cells showed relatively high amounts of IP3R1 (207). Tasker et al. (256),

demonstrated that the other isoforms are important in smooth muscle

developmentally, and their expression decreases over time as the expression of

IP3R1 increases. Later studies by the same group also found that IP3R2 and

IP3R3 are expressed in higher amounts in proliferating smooth muscle cells,

suggesting specialized functions of the various IP3R isoforms (257). Grayson et

al. (100), compared the relative contribution of each isoform in basilar,

mesenteric and thoracic arteries and found that IP3R1 made a relative

contribution of about 75% of all IP3Rs in each of the vessel types. All three

vessels also had greater expression of IP3R3 than IP3R2, and thoracic arteries

had considerably less total IP3R than basilar or mesenteric artery. In contrast to



smooth muscle cells, cardiac (218) and skeletal (64) muscle cells express IP3R2

at levels much higher than IP3R1 or IP3R3, although total IP3R expression in

these cells is much lower than that of smooth muscle (270). This larger

proportion of IP3R2 could have great functional implications in cardiac and

skeletal muscle because IP3R2 has a higher Ca2+ sensitivity than either IP3R1 or

IP3R3 (87).

2.3. Splice Variants.

Alternative splicing of the genes for lP3R1-3 leads to an increase in the diversity

of IP3Rs in some tissue types. There are three main regions of the IP3R genes in

which alternative splicing takes place- SI, SH and Slll, with most studies focusing

on the Sll variants (59, 87). The functional consequences of these splice

variants has not been studied in detail, and little is known about their presence or

significance in smooth muscle, as the majority of studies have been conducted in

neuronal tissues, where only IP3R1 are expressed (87). In the brain, the SH

variants may lead to changes in channel phosphorylation that cause allosteric

modification of the receptors and alterations on Ca2+ signaling (251 ). The Sll

region of the IP3R gene only exists in the IP3R1 isoform, making it difficult to

predict the effects of variants in tissues such as vascular smooth muscle where

all three IP3Rs are expressed (87).
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2.4. Regulation.

Inositol 1,4,5 trisphosphate. As the name suggests, the IP3 molecule is a

critical modulator of IP3R. In vascular smooth muscle, IP3 is generated and

activates its receptor via a specific signaling mechanism. Binding of

vasoconstrictor ligands to their G-protein coupled receptors on the plasma

membrane lead to activation of Ga(q) subunit, which then directly activates

phospholipase C (PLCB) inside the cell. Once activated, PLCB cleaves

phosphatidylinositol 1,4 bisphosphate (PIP2), producing diacylglycerol (DAG) and

the lP3 that is then free to bind to IP3R on the endoplasmic reticulum (19). lP3

and Ca2+ are both critical regulators of channel activity (and must be present for

activation to occur), but their mechanisms of regulation of |P3R function are very

different (87). Overall, IP3 affects IP3R activity by altering the sensitivity of the

channel to Ca2+ inhibition, meaning a decreased concentration of IP3 makes

IP3R more sensitive to Ca2+-dependent channel inhibition, while a higher

concentration of IP3 decreases the sensitivity of the channel to Ca2+ inhibition

(131, 179). Unfortunately, the details of the mechanism are unclear and are

especially understudied, in vivo (87).

Calcium. Aside from IP3 , 032+ Is the most important regulator of IP3R function.

Ca2+ is not capable of activating the receptor in the absence of IP3. Much like
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RyR, the sensitivity of IP3R to IP3 is determined by the concentration of Ca2+ in

the cytosol (66). Across all three isoforms, IP3R activity correlates to cytosolic

Ca2+ concentration, forming a bell-shaped curve, meaning that Ca2+ can be

either excitatory or inhibitory at these receptors (263). Because the structure of

IP3R have not been definitively resolved, the exact number and location of Ca2+

binding sites is not clear (66). The stimulatory binding sites are likely located on

the receptor itself, and Ca")+ binding appears to be essential for channel opening,

as removing Ca2+ impairs channel opening (86). It also has been shown that at

nanomolar C82+, lP3 binding to the receptor is increased via a stabilization of the

IP3 binding site containing an IP3 molecule (258). The inhibitory Ca2+ binding

site may be located either on the receptor itself, or on an accessory protein (66).

Devogelaere et al. (66), suggested in their review of the IP3R ligand-binding

domain, that a low-affinity Ca2+ binding site would account for CaZ+-dependent

inhibition, but no studies have confirmed the presence of this site, and the

mechanism of inhibition is still undefined.

Calmodulin. Calmodulin importantly regulates the function of IP3R due to its

ability to bind to and alter the activity of the receptors. The calmodulin binding

site has been definitively defined, in vitro, on the coupling domain of the IP3R1

receptor (177). The nature of the interaction of calmodulin with IP3R1 and IP3R2

appears similar to that of the Ca2+-dependent inhibition seen in RyR: 032+
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binding to calmodulin causes a conformational change in the molecule, which

alters its interaction with IP3R and decreases channel activity (233). However,

IP3R3 does not bind calmodulin, and is therefore not subject to the Ca2+-

dependent inhibition of the receptor via calmodulin seen in the other two isoforms

(40). The exact relationship between calmodulin and IP3R, in vivo, Is still

unknown. Almost all of the studies to date have been binding studies conducted

in vitro, and concrete evidence of complex formation such as

coimmunoprecipitation of calmodulin and IP3R does not exist (87).

Phosphorylation. IP3R function can be regulated by phosphorylation by the

activity of many different kinases. However, the vast majority of these studies

have been conducted in vitro and in non-smooth muscle cell types, making the

correlation to vascular smooth muscle less clear (66). Protein kinase A (PKA)

and protein kinase G (PKG) have two identical phosphorylation sites on IP3R1,

and increases in cyclic AMP (cAMP) lead to the phosphorylation of these sites by

PKA (83), while increases in cyclic GMP (cGMP) lead to phosphorylation by PKG

(250). Once these sites are phosphorylated, the majority of studies report an

increase in Ca2+ release from IP3R (87), although the presence of splice variants,

especially in the SII region can lead to PKG insensitivity (87). Similar to RyR,

IP3R can also be phosphorylated by both PKA and CamKlI, which each have

consensus sites on the receptor, and although there is limited evidence that
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these modifications decrease IP3R activity, the functional consequences are

essentially unknown (84).

Protein Partners. There are many proteins within smooth muscle cells which

are capable of interacting with IP3R to alter their activity (87). IRBIT (IP3 binding

protein released with inositol 1,4,5 triphosphate) is a protein that, when

phosphorylated, interacts with the N-terminus of IP3R (9). Recently, it was

determined that IRBIT binding reduces the sensitivity of IP3R to IP3, and that

knockdown of IRBIT caused an increase in Ca2+ release from IP3R (8). RACK1,

a scaffold protein linking PKC to its substrates, also interacts with |P3 receptors

by binding to two separate sites on the IP3R N-terminus (215). RACK1 binding

increases the sensitivity of IP3R to lP3 and increases Ca2+ release from the SR,

and this potentiation of activity is further increased in cells with overexpression of

RACK1 (215). Like RyR, the immunophillin FKBP12 may also be an important

regulator of IP3R activity, but the exact nature of their interaction is more

controversial than with RyR (87). It has been proposed that FKBP12 alters the

interaction between PKC and IP3R to augment Ca2+ release from the receptors

(214). The adapter proteins ankyrin and Homer each interact with IP3R and

impact its function (87). Ankyrin, which couples its protein targets to the

cytoskeleton, binds to IP3R near the pore sequence and inhibits Ca2+ release by

decreasing the sensitivity of the channel to IP3 (117). Homer has been indirectly
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linked to the activity of IP3R- although a direct modification of IP3R by Homer

has not been demonstrated, IP3R possess a consensus sequence for Homer

binding (264), and disruption of Homer's cross—links to TRPC1 channels

decreases the activity of IP3R (294).

2.5. Pharmacology.

Similar to RyR, there are several substances that can be used as tools to

pharrnacologically modulate the activity of IP3R. While IP3 is not cell perrneant,

analogs with additional side groups such as Bt-l P3 (287) that can enter vascular

smooth muscle cells have been synthesized and used to study IP3R function in

intact cells and tissues. There are currently no isoform-specific lP3R-targeting

drugs, and future research in this area would help improve our understanding of

the functional role that the different types of IP3R play in various cell types.
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Table 5. Common pharmacological modulators of IP3 receptors

Compound Concentration
Ca2+

Release

Effect on IP3R

|P3

Adenophostin B

Xestospongins

Heparin

2-APB

mAb18A10

pM

nM- uM

uM

2-50 ug/ml

(+)

(+)

increased Po; decreased C32+ inhibition (87)

increased Po; cooperative binding increases

effect (163)

unclear; may block pore or uncouple IP3 binding

from Ca2+ release (163)

completely inhibits lP3 binding (87)

decreased P0 with no affect on IP3 binding

(163)

monoclonal antibody blocks lP3 binding (199)

 

. 2+

(+) = Increased Ca release

(-) = decreased Ca2+ release

P0 = probability of channel opening
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2.6. Calcium Waves.

Calcium waves, which are transient, global oscillations in intracellular Ca2+ within

. . + . . . . .

a cell, are a critical Ca2 Slgnallng mechanlsm In smooth muscle and other cells.

Calcium release from the SR plays a major role in these 032+ waves in multiple

types of vascular smooth muscle including cerebral (107), mesenteric (216), and

pulmonary (223) arteries. Because IP3R are very sensitive to intracellular Ca2+

and IP3 concentrations, it is not surprising that oscillating levels of these two

second messengers leads to nearly identical patterns of oscillation in the activity

of IP3R (166). The regulation of IP3R by multiple mechanisms also means that

there are multiple ways in which IP3R can be involved in the generation of Ca2+

waves. IP3R are sensitive to both positive and negative feedback based on Ca2+

concentration (19). Each global Ca2+ wave can be triggered by a local increase

in 032+ that activates one or more nearby IP3R, leading to increased cytosolic

Ca2+ and activation of adjacent IP3R via CICR. Once the global (3a2+

concentration increases to a specific level, the IP3R close due to the negative

feedback inhibition by Ca”. This allows sequestration of Ca2+ back into stores

and the termination of the Ca2+ wave (127). Studies in non-smooth muscle cells

also have suggested that feedback regulation by Ca2+ of PLC can lead to

oscillations in the levels of IP3, contributing to calcium waves (116). Similarly,

protein kinase C (PKC), whose activator diacyl glycerol (DAG) is produced

42



alongside IP3, may act as a negative feedback regulator of IP3 formation (109)

and contribute to Ca2+ waves.

3. Myogenic Tone.

Myogenic tone is a hallmark feature of many types of vascular smooth muscle

that is observed in almost all small blood vessels with a diameter less than 150

um (63). This state of partial constriction is essential for physiological function

because it allows blood vessels to either constrict or dilate from their steady-state

diameters in response to various stimuli, which ultimately regulates blood flow to

tissues throughout the body (124). This constant, steady-state myogenic tone is

distinct from the myogenic response, in which vessels constrict in response to an

increase in intraluminal pressure, although many similar mechanisms apply to

both phenomena (63). Intracellular Ca2+ concentration is the most significant

determinant of myogenic tone, and many extracellular stimuli such as pressure,

stretch, hormones, neurotransmitters and endothelial factors contribute to the

regulation of intracellular Ca2+ concentration (63, 124, 133). Regardless of the

origin, vascular smooth muscle cells need to integrate each of these

vasoconstrictor or vasodilator signals, and ion channels are importantly used to

convert each of these extracellular stimuli into the intracellular changes in Ca2+

and membrane potential (133).
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Mechanism of contraction

Smooth muscle cells do not have the striated arrangement of actin and myosin

seen in skeletal muscle. They have proportionally more actin than skeletal

muscle, and their thin filaments attach to dense bodies within the cell that that

ultimately allow for contraction of the cell. Smooth muscle cell contraction can be

initiated by mechanical, electrical, or chemical stimuli. The magnitude of

contraction depends on two factors: the intracellular Ca2+ concentration and the

degree of phosphorylation and crossbridge cycling between actin and myosin.

Regardless of the initial stimulus, Ca2+ that enters into smooth muscle cells binds

to calmodulin, which then activates Myosin Light Chain Kinase (MLCK). MLCK

phosphorylates Myosin Light Chain (MLC), allowing for the formation of actin-

myosin crossbridges, which cycle due to myosin ATPase activity and cause the

shortening and force genertaion of the smooth muscle cell. This ATPase activity

is much slower than that of skeletal muscle, leading to a slower power stroke

velocity. Other kinases in smooth muscle cells, such as PKC and Rho Kinase

contribute to contraction through phosphorylation and inhibition of Myosin Light

Chain Phosphatase (MLCP). MLCP facilitates relaxation of smooth muscle cells

through dephosphorylation of MLC. Relaxation of smooth muscle cells occurs

through loss of Ca2+ stimulus via decreased influx through plasma membrane

channels or by increased reuptake into intracellular stores. This decrease in

Ca2+ lowers the rate of MLC phosphorylation and promotes relaxation of the

smooth muscle cells (125, 261, 273).



Signaling pathways

Changes in intraluminal pressure are very important in the signaling pathways

underlying myogenic tone because the mechanical events related to a change in

intraluminal pressure activate signaling pathways, which then modulate Ca2+

availability and contraction (31, 201 ). This ability to constrict in response to

pressure changes is inherent to the smooth muscle cells: studies using

endothelial denudation (63) and pharmacological inhibition of nerve activity (115)

both lacked an effect on myogenic tone. In arterioles, several studies have

shown that increases in pressure lead to graded membrane depolarization and

increased myogenic tone (61). Similar studies looking at the effects of

membrane stretch have linked stretch-induced contraction and membrane

depolarization (210, 244). Despite the evidence linking pressure and stretch to

changes in membrane potential and myogenic tone, the specific mechanisms are

undefined. It is clear, however, that both global and local Ca2+ signaling

pathways within smooth muscle cells are very important (61). Globally,

increased intraluminal pressure increases Ca2+ in rat cremaster arterioles (307)

and cerebral arteries (152). The contribution of VGCC is significant, as they are

responsible for a large proportion of depolarization-mediated Ca2+ entry in

vascular SMC (204). The mechanisms linking VGCC activity to changes in

pressure are not completely clear, but there are three basic possibilities, which

may all play a role (63). First, VGCC may open due to depolarization caused by

an upstream stimulus (likely membrane stretch) (60, 244). Second, actions on
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the VGCC such as phosphorylation in response to agonists could change the

threshold of activation or inactivation to increase channel opening probability (2,

15). Third, a mechanical stimulus could have a direct effect on VGCC gating

(162, 189). The current evidence suggests that VGCC activation is secondary to

membrane depolarization, which occurs due to the activity of nonselective cation

channels and mechanosensitive channels (60, 244, 286). Transient Receptor

Potential (TRP) channels, in particular, have been implicated in

mechanosensation in vascular smooth muscle cells (61). Some TRP channels

+ . + . . .

are Ca2 -permeable, whlle others are Na -selectlve or nonselective catlon

channels. Welsh et al. (281) and Earley et al. (74, 75) used antisense

knockdowns of TRPC6 and TRPM4, respectively, to demonstrate that the

channels are linked in series in an important pathway regulating tone. TRPC6 is

the mechanosensor, and it’s Ca2+ influx leads to the activation of TRPM4, which

then depolarizes the membrane. The authors also suggested a role for PKC-

mediated sensitization of TRPM4 to increase tone.

The activity of G protein-coupled receptors (GPCR) and their downstream

signaling pathways are also important to the modulation of myogenic tone.

Mechanical stimulation of the smooth muscle membrane by pressure or stretch

has been proposed to activate GPCR, which are coupled to Phospholipase C

(PLC) (141, 213). Numerous studies support a significant role for PLC in the

mechanisms underlying myogenic tone (10, 141, 213). Also, membrane

depolarizationmay activate/modulate GPCR and/or PLC (178). Increased PLC
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activity leads to an increase in the production of IP3 and DAG. IP3 goes on to

activate IP3R and facilitate the production of Ca2+ waves, discussed below. DAG

activates PKC, which has been shown to increase tone by enhancing the activity

of nonspecific cation channels, causing membrane depolarization (248). PKC is

also involved in Ca2+ sensitization (94, 292) in smooth muscle, and a number of

studies have implicated PKC in pressure-induced myogenic tone (121, 186, 212).

Role of Ca2+ sparks and waves

As described previously, Ca” sparks are the result of local 032+ release from

ryanodine receptors in the SR and are reported to play an integral role in the

modulation of tone (28). Several investigators have characterized this negative-

feedback role of RyR in vascular smooth muscle (155, 195, 202, 231 ).

Depolarization—induced Ca2+ influx into smooth muscle cells activates RyR, which

produce Ca2+ sparks. The resulting local increase in Ca2+ activates nearby

BKCa, whose K+ efflux hyperpolarizes the membrane, causing closure of VGCC

and a decrease or stabilization of tone. Vasodilators can also affect this

pathway to relax vascular smooth muscle, as PKA and PKG have both been

reported to increase spark frequency (221). In contrast, Wellman et al. (279)

demonstrated in human cerebral arteries that the activity of RyR and BKCa

channels are not tightly correlated. Also in contrast to the negative feedback role

of Ca2+ sparks are studies by Yang et al. (291) showing a lack of Ca2+ sparks in

first-order rat cremaster arterioles. These differences suggest heterogeneity
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between species, vascular bed, or vessel type in the role that RyR sparks play in

the regulation of myogenic tone.

Ca2+ waves, both synchronous and asynchronous, have been reported in many

types of vascular smooth muscle , but their role in the modulation of myogenic

tone is still not clear (61). Both synchronous and asynchronous waves are the

result of IP3-mediated Ca2+ release from the SR, but few studies have addressed

the effects of pressure on Ca2+ waves. Jaggar (136) showed in cerebral arteries

that increasing pressure from 10 to 60 mm Hg leads to a doubling in Ca2+ wave

frequency. The waves were also inhibited by ryanodine, suggesting the

involvement of RyR and SR stores. However, even though Ca2+ waves were

inhibited, ryanodine actually increased tone, suggesting that waves may not be a

major determinant of tone in this system. In contrast to these findings, Zacharia

et al. (296) saw a decrease in asynchronous waves as myogenic tone increased

in mouse mesenteric arteries, presumably because VGCC activation and Ca2+

influx led to inactivation of IP3R. More studies are needed in order to determine

the specific role of IP3R and Ca2+ waves in the regulation of myogenic tone.
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CHAPTER 2: MATERIALS AND METHODS

1. Animals

All animal protocols were conducted within the guidelines of the Institutional

Animal Care and Use Committee at Michigan State University and followed the

Guide for the Care and Use of Laboratory Animals of the National Research

Council (USA) (1). Male golden Syrian hamsters, 6-10 weeks of age and

weighing 75—150 9 were obtained from Harlan Laboratories. Male C57BL/6 mice,

6-10 weeks of age weighing 20-309 were obtained from Jackson Labs. Upon

arrival, both hamsters and mice were group housed In a temperature and

humidity controlled room with a 12-hour light/dark cycle, and all animals had free

access to food and water. All animals were allowed to acclimate to these

conditions after arrival for 7 days before they were used in any experiments.

2. Euthanasia

All animals were euthanized in the laboratory by carbon dioxide (COz)

asphyxiation followed by cervical dislocation. Lack of response to a painful

stimulus was verified before proceeding with tissue dissection.
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3. Isolation of blood vessels

Following euthanasia, hamster or mouse testes were removed and placed In 4°C

Ca2+-free physiological salt solution (OCa2+ PSS) containing in mM: NaCI 137,

KCI 5.6, MgCl2 1, HEPES 10, glucose 10, pH 7.4, 295 mOsm). The cremaster

muscle was dissected from the testicle and then pinned flat to a Sylgard pad

positioned in a recirculating/cooled bath containing 0 Ca2+ PSS and 10pM each

of sodium nitroprusside and diltiazem. Second-order cremaster arterioles were

isolated by hand dissection using a stereomicroscope as previously described

(38, 135). Cremaster feed arteries were dissected, in situ, by surgically

exposing the iliac arteries and carefully isolating small artery branches that were

upstream from the first-order arterioles in the cremaster muscle microcirculation.

Visualization of both the cremaster feed artery and arterioles is shown in Figure

4.
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Figure 4. Visualization of cremaster feed arteries and arterioles

Top panel: Cremaster feed arteries are small branches off the iliac artery that

are located proximal to the first-order cremaster arterioles. The inset box shows

a magnified image of the cremaster feed artery. Bottom panel shows a

cremaster muscle that was been pinned flat and transilluminated. First-order

cremaster arterioles are indicated In both the top and bottom panels. Bottom

panel modified from Jackson et al. (135).
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4. Vessel cannulation

Arterioles or feed arteries were moved to a cannulation rig using a 50-100 UI

Wiretrol pipette (Drummond Scientific Company, Broomal, PA). Each vessel was

then cannulated onto two glass micropipettes (prepared by pulling, breaking and

fire-polishing glass capillary tubes (World Precision Instruments», and secured to

the pipettes using 11-0 ophthalmic suture (Ashaway Line and Twine Mfg. Co.,

Ashaway, RI). The chamber then was secured to the stage of a microscope

(Leica DMIL, Wetzlar, Germany), where the vessels were visualized and heated

to 34°C (cremaster arterioles) or 37°C (feed arteries). The vessels were then

pressurized to 80 cm H20, and allowed to develop myogenic tone, as previously

described (38, 134). All vessels studied had a minimum of 20% resting

myogenic tone when compared to the maximum passive diameter of the vessel

obtained In 0 Ca2+ PSS at 80 cm H20. Throughout all experiments, cannulated

vessels were constantly superfused with physiological salt solution (P88: 140

mM NaCl, 5 mM KCI, 1.8 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 10 mM

glucose, pH 7.4) alone or containing a drug.

5. Diameter measurement

The diameters of all vessels not loaded with Fluo 4 dye were measured

throughout the experiment using Diamtrak software (T.O. Neild, Adelaide,

Australia) (200). Diamtrak was set to record the diameter of the vessels, and the

plane of focus was set such that the inner diameter of all vessels was constantly

tracked. Following each experiment, the diameters were extracted from the
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Diamtrak files using the DT Review portion of the Diamtrak software. In Fluo 4-

loaded arterioles, steady-state diameters were measured separately from Ca2+

measurements. A different procedure was used in the Fluo 4-loaded vessels:

Immediately prior to Ca2+ measurements, the vessels were briefly

transilluminated with dim, 586 nm light, the microscope was focused on the

vessel wall at midplane and and recordings of the transilluminated vessels made

using Piper software and stored on a personal computer for later analysis. The

microscope then was returned to the plane of focus for Ca2+ measurements.

After the experiments were concluded, the internal vessel diameters then were

measured using the Image J (3) using the acquired transilluminated Images.

6. Calcium imaging:

The smooth muscle cells of cannulated vessels were loaded with the

intensiometric Ca2+ Indicator, Fluo—4 by bath incubation. The dye solution

contained 5 pM Fluo 4-AM dye (lnvitrogen, Carlsbad, CA) in 0.5% dimethyl

sulfoxide (DMSO) and 0.1% bovine serum albumin (USB Corp., Cleveland, OH)

in PSS (mouse vessels) or 0 Ca2+ PSS (hamster vessels), and it was applied to

the vessels for 2 hours at room temperature, followed by a 30 minute superfusion

with PSS to wash FIuo-4 from the bath, and allow for dye de-esterification and

gradual temperature increase. All vessels were imaged using along working—

distance 40x water-Immersion objective (NA. 0.8, working distance 3 mm; Leica,

Wetzlar, Germany). The z-resolution with this objective in PSS was 2.186 pm.

Fluo 4 fluorescence at 526 nm was acquired at 30 frames per second using a
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spinning—disc confocal system (CSU-10B, Solamere, Salt Lake City, UT) with 488

nm laser illumination (Solamere, Salt Lake City, UT) and an intensified CCD

camera (XR Mega-10, Stanford Photonics, Palo Alto, CA). Each recording

period consisted of 500 frames (16.67 seconds at 30 fps). Images were

recorded using Piper software (Stanford Photonics, Palo Alto, CA) and analyzed

using SparkAn (courtesy of Drs. M.T. Nelson and AD. Bonev, University of

Vermont) and Image J (3) software. The occurrence of both Ca2+ sparks and

Ca2+ waves were counted manually by visualizing each smooth muscle cell

within a vessel separately using a masking procedure, and scoring whether any

Ca2+ sparks and/or waves appeared during the recording period (500 frames

over 16.6 seconds). These occurrences were then verified using SparkAn as

increases in fluorescence that were at least 15% above basal levels for sparks

and 20% above baseline for waves. SparkAn was also used to calculate the

average frequency, amplitude (F/Fo) and Full Duration Half Maximum (FDHM) of

Ca2+ events recorded from a single cell. In Sparkan, an ROI (10 x 10 pixels) was

placed on each cell that displayed at least one Ca2+ event during the recording

period. The frequency, amplitude and FDHM therefore provides the average rate

of spark or wave occurrence, peak amplitude and duration of Ca2+ events,

respectively, per cell within a vessel. To calculate the spatial spread (Full Width

Half Maximum, FWHM) of each Ca2+ spark and wave using Image J, a hand-

drawn ROI first was used to calculate the pre-spark/wave basal Ca2+ of each

smooth muscle cell. Next, FWHM was calculated by comparing the basal



intensity of each cell to plot profiles for the peak fluorescence of each spark or

wave. Plot profiles were generated by drawing a longitudinal line through the

center of each cell in which a spark or wave was recorded. The cross-sectional

length of each smooth muscle cell within the appropriate confocal slice was also

measured using Image J. Calcium transients in smooth muscle cells induced by

caffeine (10 mM) were assessed using Fura 2 as described previously (38, 134)

with simultaneous measurement of internal diameter as described above.

7. Measurement of Ca2+ wave synchronicity

To determine whether Ca2+ waves inHCA and HFA were synchronous, SparkAn

was used to produce a graph of Ca2+ activity in every cell by placing a 10 x 10

pixel ROI on each cell that exhibited at least one wave within a vessel. The data

from each ROI then was combined by averaging the ROl’s across each time

point to produce an overall representative trace of global Ca2+ activity In the

whole vessel during the recording period. This averaged tracing was then

analyzed to determine the presence of any peaks with a fluorescence greater

than 1.2 FIFO.

8. Vessel dissociation

Mouse cremaster feed arteries or cremaster arterioles were dissected as

described above, and subjected to a dissociation protocol as previously

described (135), with some modifications. All possible vessels from one animal
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were pooled into 1ml of dissociation solution (0 Ca2+ PSS containing: 10 pM

sodium nitroprusside, 10 pM diltiazem. 1% bovine serum albumen (BSA), and

100 uM CaClz). Vessels were then incubated for 35 minutes in a 37°C solution

containing 26 Units/mL papain and 1 mg/ml dithioerythritol. The vessels were

then incubated for 19 minutes in a 37°C solution containing 1.95 Units/ml

collagenase, 0.15 mg/ml elastase and 1mg/ml soybean trypsin inhibitor. Next,

the solution was pipetted off, and the 4 ml cold dissociation solution was carefully

added and allowed to sit at room temperature for 10 minutes. This solution was

then carefully removed without disturbing the vessels at the bottom and replaced

with 1 ml CaZ+-free PSS. The vessels were then triturated 1-3 times to release

the smooth muscle and endothelial cells. This solution was transferred to a

siliconized centrifuge tube to prevent cell adhesion.

9. RNA Isolation and Quantitation

Control tissues (heart, brain, diaphragm and intestinal smooth muscle) were

hand dissected and immediately submerged in RNAlater (Ambion, Austin, TX).

Tissues were removed from RNAIater, processed using RNeasy tissue kits

(Qiagen, Germantown, MD) per manufacturer’s protocol and resultant RNA

quantitated with a Nanodrop 1000 (Therrno Scientific, Wilmington, DE).

Feed arteries and cremaster arterioles were enzymatically dissociated to obtain

single smooth muscle cells, as described previously (135). Smooth muscle cells

from the small intestine were isolated as described previously (111), with slight
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modification. After .35 min incubation of tissue with enzyme containing

dissociation buffer, supernatant was removed and replaced with 4 ml cold

enzyme-free dissociation solution, incubated for 10 min at room temperature,

supernatant aspirated, and sample resuspended in 1 ml enzyme-free cold

dissociation solution. Resultant cells were separated by trituration using a 1 ml

pipette. Cells were viewed with bright field microscopy for collection as

previously described (111) using 70 pm diameter, heat-polished glass pipettes.

Only long, relaxed cells were collected and all vascular smooth muscle samples

contained 50 cells. Bath solution samples were collected as controls.

10. Real-time qPCR (RT-qPCR)

For heart, brain, diaphragm and intestinal smooth muscle, RNA isolates were

reverse transcribed (RT) (2 pg per reaction) using a High Capacity RNA to cDNA

kit (Applied Biosystems, Foster City, CA, # 4387406), per manufacturer’s

protocol. Resultant cDNA was quantitated with a Nanodrop 1000. RT-qPCR 20

uL reactions were prepared with Applied Biosystems TaqMan Gene Expression

Master Mix (# 4369016), Inventoried Gene Expression Assays RYR1

(Mm01 175172_g1), RYR2 (Mm00465877__m1), RYR3 (Mm01328421_m1), a-

smooth muscle actin (Mm01204962_gH) and run for 40 cycles on an ABI 7500

Thermocycler, per manufacturer’s instruction. All reactions were run in triplicate

including no reverse transcription (NRT) controls. Samples of 50 smooth muscle

cells or an equivalent volume of bath solution (control) were prepared for RT-

qPCR using the Cells-to-PreAmp CT kit (Applied Biosystems, Foster City, CA, #
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4387299) per manufacturer’s instructions. RT-qPCR 20 uL reactions were

prepared and run as described above. Relative abundance of target RNA was

normalized to a -smooth muscle actin RNA which showed no differences among

O(-1/slope)

samples. PCR efficiency (E) was 1 with slope estimated from serial

dilutions of cDNA from each of the control tissues. Because of the low level of

expression of transcripts in the arterial and arteriolar smooth muscle samples,

serial dilutions of cDNA from intestinal smooth muscle was used to compute PCR

efficiencies for these samples. Relative abundance of target RNA was calculated

from (E,,_.acti.nCT )/ (EtargetCT), where PCR crossing points (CT) were determined

using ABI 7500 software (v2.02).

11. RyR immunofluorescence

For single cell immunofluorescence (IHF), feed arteries or arterioles were

dissected and dissociated as described above. As soon as the dissociation was

complete, the cell suspensions were spun onto glass microscope slides using a

Shandon Cytospin 4 Centrifuge for 3 minutes at 750 rpm. The samples on the

slides then were fixed with 4% parafomlaldehyde for 20 minutes followed by 3

washes in phosphate-buffered saline (PBS), with a 15 minute incubation in PBS

between each wash. For whole-vessel IHF, individual feed arteries or cremaster

arterioles were cannulated and pressurized as described above. They were fixed

In 4% paraforrnaldehyde for 20 minutes while still cannulated and pressurized.

After 3 washes in PBS, vessels were removed from the cannula and pinned to 35

mm Sylgard-containing culture dishes. Both the single cells and whole vessels
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then were subjected to the same IHF protocol. Incubation in all solutions took

place at 4 °C, and primary and secondary antibodies were diluted in PBS + 0.1%

Triton X-100 to perrneabilize the cells. Samples were Incubated in 10% normal

goat serum for 60 minutes then washed as described above and placed

overnight in the primary antibody against RyR1/2 (mouse monoclonal, Sigma).

Samples were washed with PBS, placed into 10% normal goat serum for another

60 minutes, washed again In PBS, incubated 90 minutes in AlexaFluor 488

secondary antibody (Molecular Probes). After a final wash in PBS, slides were

mounted using ProLong Gold with DAPI (lnvitrogen) to stain the cell nuclei, and

coverslips were sealed into place using clear nail polish.

All slides were imaged at the Center for Advanced Microscopy at Michigan State

University on an Olymous FlroIew FV1000 confocal laser scanning microscope.

Slides were imaged with an Olympus PLAPON 60x oil Immersion objective, with

numerical aperture 1.42. Whole vessels were imaged with a 2x optical zoom and

2 pm z—slices, and single cells were images with a 4x optical zoom and 0.5 pm 2-

slices. Every image set was taken with identical PMT, gain and offset settings.

RyR expression patterns for single cell and whole-vessels were quantified using

Image J. A line was drawn through a single cell or whole vessel (avoiding the

nucleus), and a plot profile of the Intensity of RyR staining along the line was

generated. The data points from this line then were used to determine the
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coefficient of variation (standard deviation divided by mean intensity) for MFA

and MCA as an index of the non-uniformity of staining.

12. Chemicals

Ryanodine was obtained from Ascent Scientific (Bristol, UK), and xestospongin D

and 2-APB, from Calbiochem (San Diego, CA). Fluo-4 was obtained from

Invitrogen (Carlsbad, CA). All other drugs and chemicals were obtained from

Sigma-Aldrich (St. Louis, MO) unless noted otherwise in the text. Caffeine and

tetraethyl ammonium were dissolved directly Into PSS. All other drugs were

dissolved in DMSO and then diluted to their final concentrations in PSS. DMSO

alone was without effect in cannulated vessels.

13. Data analysis and statistics

Data are shown as means 1 95% confidence intervals for the occurrence of Ca2+

sparks and waves, or means 1 SE for all other data. Statistical significance was

determined using Student’s t test or ANOVA followed by a post hoc Tukey’s test.

All statistical comparisons were performed at the 95% confidence level.
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CHAPTER 3: Heterogeneous function of ryanodine receptors, but not IP3

receptors in hamster cremaster muscle feed arteries and arterioles

Rationale:

The sarcoplasmic reticulum of vascular smooth muscle cells contains at least two

types of Ca2+-release channels: ryanodine receptors (RyR) and inositol 1,4,5

trisphosphate receptors (IP3R) (284). Ryanodine receptors underlie Ca2+sparks,

(46) and they also may participate in more global intracellular Ca2+ events

through Cay-induced Ca2+-release (CICR) (284). Calcium release during G-

protein coupled receptor activation is mediated by IP3R, and these Ca2+ release

channels also underlie Ca2+ waves (284). In some systems, both RyR and. IP3R

contribute to Ca2+ signals (20, 284). What remains unclear is the role played by

these channels in microvascular smooth muscle and the regulation of myogenic

tone.

Ryanodine receptor-mediated Ca2+ sparks have been observed in retinal

arterioles (36, 55, 56, 265). In contrast, recent studies of cells isolated from first-

order rat cremaster arterioles failed to detect Ca2+ sparks (291 ). In addition,

further studies of ureter arteriolar smooth muscle cells (30) found no role for RyR

in these microvessels. While most studies of smooth muscle from larger vessels

suggest that Ca2+ sparks activate sarcolemmal large conductance, Ca2+-

activated K+ channels (BKCa) participating in the negative feedback regulation of
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membrane potential and vascular tone (284), studies of renal arterioles suggest

that RyR participate in the positive feedback regulation of vascular tone through

CICR in this microcirculation (11, 80, 81). Thus, there appear to be substantial

regional differences in the function of RyR in the microcirculation.

Similarly, the role played by IP3R in the regulation of myogenic tone in the

microcirculation is largely unknown. Recent studies of ureter arterioles suggest

that IP3R play a dominant role in Ca2+ signaling in these vessels during agonist-

induced constriction (30). However, the arterioles in these studies were

unpressurized, hence the function of IP3R during pressure-induced myogenic

tone was not addressed. In rat first—order cremaster arterioles, the IP3R

antagonist, 2-aminoethoxydiphenylborate (2-APB), has been reported to inhibit

myogenic tone (222) (consistent with a major role for IP3R) or have little effect

(157). The lack of Ca2+ waves observed in small, Fluo 4-loaded pressurized

mesenteric arteries with substantial myogenic tone (195) would appear to argue

against a major role for IP3R in basal myogenic tone In these vessels. Thus, the

function of IP3R in arteriolar and resistance artery smooth muscle and their role

in myogenic tone remains unclear.

The purpose of the present study was to characterize the subsarcolemmal Ca2+

signals In smooth muscle cells of small skeletal muscle arterioles compared to

those observed in upstream feed arteries, and to test the hypothesis that RyR
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and IP3R contribute to Ca2+ signals and myogenic tone In both vessel types.

We found that RyR participate in both Ca2+ sparks and 032+ waves in feed artery

smooth muscle cells, and contribute to the negative feedback regulation of

myogenic tone in these small arteries. In contrast, RyR appeared silent in smooth

muscle cells of cremaster arterioles contributing neither to Ca2+ sparks, 032+

waves nor myogenic tone. On the other hand, we observed that IP3R and

upstream phospholipase C importantly contributed to Ca” waves, global Ca”

levels and myogenic tone in smooth muscle cells of both feed arteries and

arterioles. Our findings emphasize the differences in function between RyR and

IP3R in feed arteries and demonstrate heterogeneity In the function of RyR in

feed arteries compared to their downstream arterioles.

Results:

Role of RyR in feed arteries:

We observed both Ca2+ sparks and Ca2+ waves in Fluo 4-loaded feed arteries

studied at physiological temperature and pressure (Figures 5 and 6, Table 6).

The two Ca2+ signals were differentiated based on their spatial spread within the

cells: Ca2+ sparks were localized to small microdomains within a smooth muscle

cell, while Ca2+ waves Involved a more global increase in 032+ (Figures 5, Table

6). Spatial properties of both sparks and waves were quantified using Image J.

The length of smooth muscle cross sections in confocal slices were measured in

Fluo-4-loaded vessels and compared to the full-width, half maxima (FWHM) of
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each Ca2+ event. The average length of smooth muscle cell optical cross

sections was 77.1 1 1.0 pm (n = 45 cells from 5 vessels) in feed arteries.

Calcium sparks had a FWHM that was considerably smaller than the cross-

section length (6.5 1 0.1%, n = 45 cells from 5 vessels), while Ca2+ waves had

FWHM that were much closer to the entire length (66.4 1 2.7%, n = 42 cells from

5 vessels). Calcium sparks differed significantly in frequency, amplitude, and

duration (Full-duration, half-maximum; FDHM) compared to waves (Table 6).

Calcium sparks were observed in 39 1 14% of feed artery smooth muscle cells,

and Ca2+ waves were observed In 26 1 14% of cells (n = 5 arteries, p < 0.05,

Figure 6) A representative trace of both a Ca2+ spark and a Ca2+ wave are

shown in Figure 7. We also looked at the synchronicity of the Ca2+ waves and

found that the waves were asynchronous. While many waves occur per cell

during the recording period, an average (global) measurement of the Fluo-4

signal showed no peaks with an F/Fo greater than 1.2 (Figure 8), Indicating that

the waves occurred asynchronously.
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Table 6. Properties of Ca2+ signals in cremaster feed arteries and arterioles

 

Vessel (332+

type signal

Feed sparks

arteries

Feed waves

arteries

Arterioles waves

Cross-section

length (urn)

77.13 11.00

71.181107

36.8 1 0.64 1’

Fre enc

FWHM (pm) 832) V

5.08 1 0.71 0.14 1 0.01

47.83 1 2.40 0.38 1 0.25 *

21.0 1 0.39 ‘l’ 0.40 1 0.02 *

Amplitude

(FIFO) FDHM (s)

1.56 1 0.03 0.37 1 0.07

1.81 1 0.33 * 0.80 1 0.30 *

1.72 1 0.04 * 0.91 1 0.08 *

 

FWHM = full-width, half-maximum, FDHM = full-duration, half-maximum, Values are means 1 SE, *

p < 0.05 compared to feed artery C32+ sparks, t = p < 0.05 compared to feed artery. See text for

details.
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Figure 5. Representative fluorescent Images of Ca2+ sparks and waves in

cremaster feed arteries and arterioles

Shown are confocal images of Fluo 4-loaded hamster feed arteries (HFA) and

hamster cremaster arterioles (HCA), as indicated. The upper panels show basal

Ca2+ levels, and the bottom panels show peak Ca2+ levels for: (left to right) a

feed artery spark (position Indicated by the arrow), feed artery waves and

cremaster arteriole waves. Sparks occur in a small, restricted area of smooth

muscle cells, while waves occur in a much larger area of the cells.
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Figure 6. Ryanodine receptors contribute to Ca2+ sparks, Ca2+ waves, and

myogenic tone in cremaster feed arteries.

Data are: means 1 95% confidence intervals for (A) occurrence of Ca2+ sparks

and waves; means 1 SE for (B) Global Fluo 4 signal, an index of global

Intracellular Ca2+; and (C) diameter, in Fluo 4-loaded cremaster feed arteries at

80 cm H20 in the absence (PSS) and presence of ryanodine (10pM) as

indicated. * = significantly different from value in PSS, p < 0.05. Maximum

diameter of arteries is shown by dashed line in panel C.
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Figure 7. Representative SparkAn tracing for a Ca2+ spark and wave in

hamster feed artery.

The graph depicts the change in amplitude over time of one representative spark

(dashed line) and one wave (solid line), as measured by a 10 x 10 pixel ROI in

the SparkAn program. The spark occurs over a shorter period of time and has a

much smaller amplitude than the calcium wave.
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Figure 8. Calcium waves in hamster cremaster feed arteries and arterioles

are asynchronous.

(A) and (B) depict representative SparkAn amplitude vs. time tracings for each

cell that displayed at least one Ca2+ wave during the recording period for HFA

and HCA, respectively, and many waves with amplitude greater than 1.2 F/Fo

were recorded for both vessel types. (C) and (D) show graphs averaging all of

the individual tracings above for HFA and HCA, respectively. In these average

traces, no peaks with amplitude greater than 1.2 F/Fo were generated.
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Superfusion of feed arteries with the RyR antagonist, ryanodine (10 pM),

decreased the proportion of smooth muscle cells that displayed Ca2+ sparks and

Ca2+ waves to 2 1 5% and 5 1 6%, respectively (n = 5 vessels, p < 0.05

compared to control) (Figure 6A). Application of ryanodine also led to significant

vasoconstriction (Figure 68) that was associated with a significant increase in

global Fluo-4 intensity, suggesting an increase in Intracellular Ca2+ (Figure 6C).

The ryanodine-Induced increase in global Ca2+ and the associated

vasoconstriction are consistent with the negative feedback role that has been

reported for RyR in other systems (284). To further test this hypothesis, we

compared the vasomotor effects of ryanodine with those of the BKCa channel

blocker, tetraethyl ammonium (TEA), at a concentration of TEA (1 mM) that we

have previously shown to selectively inhibit BKc,a channels in hamster vascular

smooth muscle (33, 34). Alone, both ryanodine (10 pM) and TEA (1 mM) caused

significant constriction of feed arteries (Figure 9). However, in the presence of

TEA (1 mM), ryanodine (10 pM) failed to produce vasoconstriction, consistent

with numerous previous studies (284) implicating coupling of RyR function to the

function of BKCa channels. The lack of effect of ryanodine in the presence of

TEA was not due to the lack of ability of the smooth muscle to contract, because

in the presence of both TEA and ryanodine, the L-type Ca2+ channel agonist, Bay

K 8644 still was able to produce constriction of the same magnitude as that
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induced by ryanodine alone (Figure 9). Thus, In feed arteries, ryanodine

receptors appear play an important role in the negative feedback regulation of

myogenic tone.

To verify these observations and rule out any nonspecific effects of TEA, we also

compared the effects of ryanodine to those of paxilline, a more selective BKCa

Inhibitor. Paxilline (100 nM) and TEA caused similar constrictions in HFA, and

ryanodine did not constrict HFA in the presence of paxilline. Paxilline-induced

constriction of HFA was also inhibited in the presence of ryanodine (Figure 10, n

= 3, p < 0.05). These data confirm the previous observation that ryanodine

receptors participate in the regulation of tone in HFA. The data also suggest that

TEA is specific for BKCa channels In these smooth muscle cells, as reported

previously (33, 34)

Lack of a role for RyR in arterioles:

In contrast to our findings in feed arteries and prior studies in other larger

vessels, Ca2+ sparks were not observed in the smooth muscle cells of Fluo 4-

loaded cremaster arterioles (2 sparks observed In 1015 cells from 49 vessels).

Calcium waves, however, were routinely observed: 48 1 9% of cells in arterioles

at physiological pressure and temperature displayed Ca2+ waves (Figure 6).

The frequency, amplitude and FDHM of Ca2+ waves were similar to those

observed in feed arteries (Table 6). The FWHM of the Ca2+ waves in arteriolar
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smooth muscle cells was less than that of the feed arteries (21.0 1 0.39 pm, n =

40 cells from 5 vessels; 57.7 1 1.5% of slice length; p < 0.05), even with the

smaller average cross section lengths of confocal slices in the arterioles (36.8 1

0.64 pm) (Table 6). These events, however, were much larger than Ca2+ sparks

observed in the feed arteries (Table 6).
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Figure 9. Blockade of BK¢a channels inhibits ryanodine-induced

constriction of feed arteries.

Data are mean constrictions 1 SE (pm, n = 4) induced by ryanodine (Ryd, 10

pM), the BKCa channel blocker tetraethyl ammonium (TEA, 1 mM), Ryd in the

presence of TEA, or the L-type Ca2+ channel agonist, Bay K 8644 (Bay K, 5 nM)

in the presence of Ryd + TEA as indicated. Resting diameters of the feed

arteries were 133 1 8 pm and maximum diameters were 183 1 11 pm upon

removal of extracellular Ca2+. * = significantly different from 0, p < 0.05.
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Figure 10. Ryanodine receptors and BKca are functionally coupled In

hamster feed arteries

Data are mean constrictions 1 SE (pm, n = 4). (A) TEA (1 mM) and paxilline

(PAX; 100 nM) cause similar constrictions in HFA. (B) FAX-induced blockade of

BKc,-,I inhibits ryanodine-induced constriction. * = significantly different from RYD

alone. (C) In the presence of ryanodine, FAX-induced constriction is inhibited.

Resting diameters of the feed arteries were 159 1 7 pm and maximum diameters

were 226 1 1 pm upon removal of extracellular Ca2+. * = significicantly different

from PAX alone.
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Consistent with the absence of Ca2+ sparks in smooth muscle cells of cremaster

arterioles, we found that ryanodine (10 nM) had no significant effect on Ca2+

signals in these microvessels: in the presence of ryanodine, Ca2+ waves were

still observed in 47 1 9% of cells (n = 10, p > 0.05), and this RyR-antagonist had

no effect on their amplitude or frequency (Figure 11A). Ryanodine also was

without significant effect on global Intracellular Ca2+ (Figure 113) or arteriolar

diameter (Figure 110). To rule out the possibility that the concentration of

ryanodine used was insufficient, we repeated the experiments outlined above

using a higher concentration (50 (M) of this alkaloid and obtained similar results:

ryanodine (50 pM) had no effect on 032+ wave parameters, global Ca2+ or

diameter (Figure 12, n = 7, p > 0.05 for each).
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Figure 11. Ryanodine receptors do not contribute to Ca2+ signals or

myogenic tone In hamster cremaster arterioles

In Fluo 4-Ioaded cannulated arterioles at 80 cm H20, Ca2+ waves, but not Ca2+

sparks, were routinely observed. Data are: means 1 95% confidence intervals

for (A) occurrence of Ca2+ waves; means 1 SE for amplitude (Amp.) and

frequency (Freq.) of Ca2+ waves (n = 6, p > 0.05); (B) Global Fluo 4 signal, an

index of global intracellular Ca2+ (n = 6, p > 0.05); and (C) diameter (n = 8, p >

0.05) in the absence (PSS) or presence of ryanodine (10 pM) as indicated.
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Figure 12. Increased concentration of ryanodine has no effect on Ca2+

waves, global Ca” or diameter in hamster cremaster arterioles

In Fluo 4-loaded cannulated arterioles at 80 cm H20, Ca2+ waves, but not Ca2+

sparks, were routinely observed. Data are: means 1 95% confidence intervals

for (A) occurrence of Ca2+ waves; means 1 SE for amplitude (Amp.) and

frequency (Freq.) of Ca2+ waves (n = 6, p > 0.05); (8) Global Fluo 4 signal, an
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index of global intracellular 032+ (n = 6, p > 0.05); and (C) diameter (n = 8, p >

0.05) in the absence (PSS) or presence of ryanodine (50 pM) as Indicated.

Ryanodine (10 pM) also had no significant effect on TEA-induced constriction of

the arterioles (Figure 13). As in the feed arteries, we verified the specificity of

TEA in HCA by looking at the effects of ryanodine and paxilline on myogenic

tone. As in HFA, TEA and paxilline produced similar constrictions in HCA,

ryanodine did not constrict arterioles or alter paxilline-induced constriction

(Figure 14, n = 3, p < 0.05).
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Figure 13. Ryanodine does not alter TEA-induced constriction of arterioles

Data are mean constrictions 1 SE (um, n = 5) induced by the BKca channel

blocker, tetraethyl ammonium (TEA, 1 mM), the RyR antagonist, ryanodine (Ryd,

10 pM), or TEA in the presence of Ryd as indicated. Resting diameters of the

arterioles were 24 1 2 pm and the vessels dilated to 33 1 3 pm upon removal of

extracellular Ca2+. * = significantly different from 0, p < 0.05.
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Figure 14. Ryanodine has no effect on paxilline-induced constriction of

arterioles.

Data are mean constrictions 1 SE (pm, n = 4). (A) TEA (1 mM) and paxilline

(PAX; 100 nM) cause similar constrictions in HCA (p > 0.05). (B) Ryanodine has

no significant effect on arteriolar diameter in the absence or presence of PAX (p .

0.05), whereas PAX constricts arterioles. * = significantly different from 0, p <

0.05. (C) the ryanodine receptor antagonist, ryanodine (10 pM) does not inhibit

PAX-induced constriction of HCA (p > 0.05 compared to PAX alone).
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The higher concentration of ryanodine (50 pM) also had no effect on responses

induced by the BKCa channel blocker, TEA (1 mM) (n = 5, p < 0.05). Thus, in

contrast to our findings in feed arteries, RyR appeared to be silent in arteriolar

smooth muscle cells, contributing to neither Ca2+ signals nor myogenic tone in

arterioles under the conditions of our experiments.

Functional evidence for expression of RyR in arterioles and efficacy of ryanodine:

Because ryanodine had no effect in the arterioles, we examined the functional

expression of RyR using the RyR agonist, caffeine (284) (10 mM, Figure 15-17),

and the ability of ryanodine to block the effects of caffeine as a test of the efficacy

of ryanodine (Figure 16). Similar to Potocnik and Hill (123), we found that

caffeine had biphasic effects on both intracellular Ca” and vessel diameter in

arterioles pressurized to 80 cm H20 that were difficult to interpret (Figure 15).

However, vessels pressurized to 20 cm H20, with little myogenic tone,

consistently responded to caffeine (10 mM) with a typical, transient Increase in

intracellular Ca2+ that was associated with a transient constriction (Figure 17, n =

7, p < 0.05). In separate experiments, we found that ryanodine (10 uM)

abolished the caffeine-induced constriction (Figure 17), confirming that

ryanodine effectively blocks RyR in the arterioles. As above, ryanodine, alone,

did not affect arteriolar diameter, and diameter was not changed when caffeine

was added in the presence of this RyR antagonist (n = 7, p > 0.05, ).
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Figure 15. Effect of caffeine in arterioles at 80 cm H20

Representative trace of a Fura 2-loaded HCA in the presence of caffeine. The

RyR agonist, caffeine (10 mM) causes a transient constriction followed by a

sustained dilation of HCA (dashed line). The diameter effects are Immediately

preceded by a transient increase and sustained decrease in Fura 2 ratio (solid

line).
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Figure 16. Functional evidence for ryanodine receptors In cremaster

arterioles

Shown are means 1 SE (n = 7) for arteriolar internal diameter normalized to the

resting diameter of the vessels (Top tracing - black) and intracellular Ca2+

measured as the ratio of emission intensity for 340 nm/380 nm illumination

(Bottom tracing — gray) for cannulated cremaster arterioles at 20 cm H20. Heavy

solid line represents the time of exposure to 10 mM caffeine as indicated.
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Figure 17. Caffeine-induced constriction of arterioles is blocked by

ryanodine

Data are mean diameters 1 SE (n = 7) of arterioles pressurized to 20 cm H20

before (PSS) and at the peak of the constriction induced by caffeine (10 mM), in

the absence or presence of ryanodine (10 pM) as indicated. * = significantly

different from diameter in PSS, p < 0.05.



Role of IP3 receptors and phospholipase C in feed arteries:

We next investigated the role played by IP3R in the regulation of Ca2+ signals

and myogenic tone in feed artery smooth muscle cells. Similar to the effects of

ryanodine on Ca2+ waves in these vessels, the IP3R antagonist, xestospongin D

(5 uM) nearly abolished the occurrence of Ca‘?+ waves and significantly

decreased the amplitude and frequency of what few waves remained (Figure

18A). Similar results were obtained using 2—APB (100 uM) another IP3R

antagonist (Figure 18E). Consistent with a role for IP3 and IP3R in the

mechanisms underlying Ca2+ waves, we found that an inhibitor of phospholipase

C (PLC), U73122 (10 nM), also greatly attenuated the occurrence, amplitude and

frequency of Ca2+ waves in feed artery smooth muscle cells (Figure 19). The

inactive analog of this compound (U73343, 10 (M) was without effect (data not

shown, p > 0.05). However, in distinct contrast to the effects of ryanodine on

Ca2+ sparks, neither the IP3R antagonists (xestospongin D or 2-APB) nor the

PLC inhibitor (U73122) had any effect on the occurrence, amplitude or frequency

of Ca2+ sparks in feed artery smooth muscle cells (Figure 188, Figure 18F and

Figure 198). Furthermore, in contrast to the effects of ryanodine on global Ca2+

and diameter in feed arteries, xestospongin D, 2-APB or U73122 each reduced

global Ca2+ signals and dilated the feed arteries (Figure 18C-D, Figure 18G-H

and Figure 19C-D). The dramatic effects of the IP3R antagonists in feed arteries
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indicates that unlike RyR, lP3R are not involved in the negative feedback

regulation of myogenic tone in these small arteries.
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Figure 18. IP3 receptors contribute to Ca2+ waves and myogenic tone, but

not Ca2+ sparks in cremaster feed arteries

Data are: (A) means i 95% confidence intervals for occurrence (Occ.) of Ca2+

waves; means t SE for amplitude (Amp.), and frequency (Freq.) of Ca2+ waves;

(B) occurrence, amplitude and frequency of Ca2+ sparks as in (A); (C) Global

Fluo 4 intensity, an index of global intracellular Ca2+; and (D) diameter, in the

absence (PSS) and presence of the |P3 receptor antagonist, xestospongin D (5

(M) as indicated. Panels E-H as in A-D but in the absence or presence of 2-

aminoethoxydiphenyl borate (2-APB, 100 nM). * = significantly different from

value in PSS, p < 0.05.
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Figure 19. Phospholipase C contributes to Ca2+ waves and myogenic tone,

but not Caz” sparks in cremaster feed arteries

Data are: (A) means i 95% confidence intervals for occurrence (Occ.) of Ca2+

waves; means i SE for amplitude (Amp.), and frequency (Freq) of Ca2+ waves;

(B) occurrence, amplitude and frequency of Ca2+ sparks as in (A); (C) Global

Fluo 4 intensity, an index of global intracellular Ca2+; and (D) diameter, in the

absence (PSS) and presence of the phospholipase C inhibitor, U78122 (10 pM)

as indicated. * = significantly different from value in PSS, p < 0.05.
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Role of IP3 receptors in arteriolar smooth muscle

Similar to our observations in feed arteries, we found that antagonists of IP3R

(xestospongin D or 2-APB) and an inhibitor of PLC (U73122) abolished the

occurrence of Ca2+ waves in HCA and significantly decreased the amplitude and

frequency of any remaining waves ( Figure 20A, Figure 200 and Figure 21A).

As was observed in feed arteries, these antagonists also dilated the arterioles

and reduced global Ca2+ levels ( Figure ZOB-C, Figure 21 B-C). To rule out

nonspecific effects of U73122, we also tested the effects of the constriction

induced by the VGCC agonist, BayK 8644 (5 nM). Alone, 5 nM Bay K

constricted arterioles 20.9 +/- 2.6 urn. The constriction was unchanged in the

presence of 10 pM U73122 (25.6 +/- 2.1 n = 3, p > 0.05). Thus, U73122 did not

inhibit the ability of the smooth muscle to contract.

Role of intraluminal pressure on Ca2+ events in hamster cremaster feed arteres

and arterioles.

To rule out the possibility that 80 cm H20 may not be a physiologically equivalent

pressure between HCA and HFA, we documented the active and passive

diameters of the vessels in PSS and 0 Ca2+-PSS at 20, 40, 80 and 120 cm H20

(Figure 22) Each pressure produced a similar amount of myogenic tone

between HCA and HFA, and 80 cm H20 generated the largest amount of

myogenic tone in both vessel types (Figure 22). We then repeated the

experiments in Fluo 4-loaded HCA and HFA to determine the effect of the same
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pressures on the occurrence, amplitude and frequency of Ca2+ waves and sparks

(Figure 23-25). In both HFA (Figure 23) and HCA (Figure 24), increased

pressure increased the occurrence (proportion of cells which display at least one

wave per recording period), and frequency of waves, while Ca2+ amplitude was

unaffected by changes in intraluminal pressure. For Ca2+ sparks measured in

HFA, occurrence, amplitude and frequency were all unchanged by the pressure

changes (Figure 25).
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Figure 20. IP3 receptors contribute to Ca2+ waves and myogenic tone in

cremaster arterioles

Data are: (A) means i- 95% confidence intervals for occurrence (0cc.) of Ca2+

waves; means t SE for amplitude (Amp.), and frequency (Freq.) of Ca2+ waves;

(C) Global Fluo 4 intensity, an index of global intracellular Ca2+; and (D)

diameter, in the absence (PSS) and presence of the IP3 receptor antagonist,

xestospongin D (5 uM) as indicated. Panels D-F as in A-C but in the absence or

presence of 2-aminoethoxydiphenyl borate (2-APB, 100 pM). * = significantly

different from value in PSS, p < 0.05.
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Figure 21. Phospholipase C contributes to Caz+ waves and myogenic tone

in cremaster arterioles.

Data are means i 95% confidence intervals for: (A) occurrence (Occ.), means i

SE for amplitude amplitude (Amp), and frequency (Freq.) of Ca2+ waves; (B)

Global Fluo 4 intensity, an index of global intracellular Ca2+; and (C) diameter, in

the absence (PSS) and presence of the phospholipase C inhibitor, U73122 (10

nM) as indicated. * = significantly different from value in PSS, p < 0.05.
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Figure 22. Effects of pressure on myogenic tone in cremaster feed arteries

and arterioles.

Data are mean steady-state diameters t SE (n = 3) for HFA (top panel) and HCA

(bottom panel) pressurized to 20, 40, 80 and 120 cm H20 in PSS with active tone

(solid lines) and passive diameters in Ca2+-free PSS (dashed lines).
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Figure 23. Effect of intraluminal pressure on Ca2+ wave properties in feed

arteries.

(Top panel) Data are means :t 95% confidence intervals for the occurrence of

Ca2+ waves in HFA; (Center panel) Data are means t SE for Ca2+ wave

amplitudes; (Bottom panel) Data are means t SE for Ca2+ wave frequency. (n =

3 vessels). * = p < 0.05 compared to 20 cm H20. # = p < 0.05 compared to 40

cm H20.
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Figure 24. Effect of intraluminal pressure on Ca2+ spark properties in feed

arteries

(Top panel) Data are means 1 95% confidence intervals for the occurrence of

Ca2+ sparks in HFA; (Center panel) Data are means 1: SE for Ca2+ spark

amplitudes; (Bottom panel) Data are means :I: SE for Ca2+ spark frequency. ( n =

3 vessels, p > 0.05 for all values).
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Figure 25. Effect of intraluminal pressure on Ca2+ wave properties in

cremaster arterioles

(Top panel) Data are means :1: 95% confidence intervals for the occurrence of

Ca2+ waves; (Center panel) Data are means :l: SE for Ca2+ wave amplitudes;

(Bottom panel) Data are means 1 SE for Ca2+ wave frequency. (n = 3 vessels). *

= p < 0.05 compared to 20 cm H20.
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Discussion:

Our studies highlight that significant differences exist in the role played by RyR in

regulating both subsarcolemmal Ca2+signals and myogenic tone in feed arteries

and their downstream arterioles, and show that RyR and |P3R serve different

roles in regulating myogenic tone. While RyR underlie Ca2+ sparks in feed artery

smooth muscle cells, contribute to Ca"2+ waves in these cells, and participate in

the negative feedback regulation of myogenic tone in these arteries, RyR appear

to be silent in cremaster arterioles and contribute neither to the regulation of

2+ . . . .

smooth muscle Ca Signals nor myogenic tone In these microvessels. In

contrast, lP3 receptors importantly contribute to 032+ waves and myogenic tone,

likely through a positive feedback mechanism (see below), in both feed arteries

and their downstream arterioles.

in feed arteries, we found that ryanodine (10 pM) inhibited Ca2+ sparks and Ca2+

waves, led to an elevation in global Ca2+ and produced vasoconstriction. These

data are consistent with a number of prior studies and further support the

hypothesis that RyR, likely through their functional coupling to BKCa channels,

participate in the negative feedback regulation of myogenic tone in resistance

arteries (96, 139, 155, 202). Consistent with this hypothesis, we found that

ryanodine-induced constriction of feed arteries was eliminated in the presence of

the BKCa channel blockers, TEA (1 mM) or paxilline (100 nM).
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Our finding that ryanodine also inhibits Ca2+ waves supports prior studies in

several smooth muscles (99, 118, 130) including retinal arteriolar smooth muscle

cells (265) where RyR also contribute to Ca2+ waves, likely through CICR. Our

studies differ from reports in renal afferent arterioles where ryanodine dilates the

arterioles and reduces agonist-induced vasoconstriction (11). These data support

our contention that there is significant regional heterogeneity in the function of

RyR in vascular smooth muscle cells.

In contrast to our findings in the feed arteries, we were unable to detect Ca2+

sparks in cremaster arterioles using identical methods. Supporting these

observations, we found that the RyR antagonist, ryanodine (10-50 (M), had no

effect on Ca2+ wave dynamics, global intracellular Ca2+, myogenic tone or

constriction induced by the BK¢a channel blockers, TEA (1 mM) or paxilline (100

nM) in pressurized second—order cremaster arterioles. These data suggest that

RyR do not participate in Ca2+ signaling underlying myogenic tone in second-

order skeletal muscle arterioles, at least under the conditions of our experiments.

Our findings are in agreement with recent studies on smooth muscle cells

isolated from first-order rat cremasteric arterioles by Yang et al. (291), who also

failed to detect Ca2+ sparks in their experiments, and recent observations in

precapillary arterioles in ureter and vas deferens (30). However, in contrast to

the study by Yang et al. (291), who found that ryanodine significantly constricted

first-order rat cremaster arterioles studied via pressure myography, we found that
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ryanodine had no significant effect on diameter or intracellular Ca2+ signals in

second-order hamster cremaster arterioles. This difference between arteriolar

branch-order may mean that first-order arterioles are transitional between feed

arteries, where we found that ryanodine inhibited Ca2+ sparks and waves and

produced robust vasoconstriction, and second-order arterioles, where RyR

appeared to be silent. We do not think that our data can be explained by a

complete lack of RyR or a lack of efficacy of ryanodine in the arterioles. Caffeine

produced robust Ca2+ transients in arteriolar smooth muscle cells demonstrating

the functional presence of RyR. Furthermore, we were able to block the effects

of caffeine with ryanodine verifying that the concentration used of this alkaloid

effectively inhibited RyR. In addition, a high concentration of ryanodine (50 pM)

also was found to have no effect on Ca2+ signals or diameter in the arterioles.

Thus, our data suggest that RyR play little role in the regulation of basal

myogenic tone in second—order arterioles, in contrast to the negative feedback

role reported in arterial smooth muscle (138, 155, 202, 295). Our findings are

also in contrast to observations made in retinal arterioles, where RyR-based Ca2+

sparks previously have been reported (55, 56) and appear to contribute to global

calcium signaling (265). Ryanodine receptors also appear to contribute to

positive-feedback CICR in renal pre-glomerular arterioles (80, 81). Taken with

our results, these data from retinal and renal arterioles support the hypothesis

that there are substantial regional differences in the function of RyR in arteriolar

smooth muscle cells, as well as differences in RyR function between arterioles

and upstream feed arteries.
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The lack of effect of ryanodine on Ca2+ signals, myogenic tone, and TEA- or

paxilline-induced constriction in second-order arterioles also suggests that the

source of Ca2+ responsible for regulation of BKCa channels in these vessels is

likely different than what has been reported in arterial smooth muscle, where

Ca2+ sparks importantly control BKCa channel function and smooth muscle

excitability (96, 138, 155, 202). Studies in neurons (18, 101, 252) and coronary

smooth muscle (103) have suggested that Ca2+ influx through voltage-gated

Ca2+ channels also may regulate BKCa channels. Our preliminary studies in

cremaster arterioles are consistent with this hypothesis (24). Further studies will

be required to test this hypothesis.

Our studies do not illuminate the mechanisms responsible for the differences in

function of RyR between vessels. However, prior studies in other smooth

muscles have suggested that the pattern of RyR isoform expression can

significantly alter the function of RyR (54, 144, 145, 172, 302). Ryanodine

receptor isoforms 1 and/or 2 appear essential for Ca2+-spark formation (54, 144),

whereas RYR3 (172), or a spliced variant of this isoform (146) may be inhibitory.

Preliminary studies in mouse cremaster feed arteries and their downstream

arterioles are consistent with our functional studies performed in hamster

vessels, and indicate differences in expression of RyR isoforms that could
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underlie the functional differences between arteries and arterioles (161 ).

Additional studies will be required to critically test this hypothesis.

We found that smooth muscle cells in pressurized small arteries and their

downstream arterioles, which develop similar levels of myogenic tone,

consistently displayed Ca2+ waves in the absence of added agonist. Our

observations are different from those obtained in rat small mesenteric arteries

(195) where only 7% of cells generated Ca2+ waves during myogenic tone, and

recent studies from rat mesenteric and vas deferens arterioles and arteries

where Ca2+ oscillations were not observed in unpressurized vessels in the

absence of vasoconstrictor agonists (30). These data support the notion that

there are significant regional differences in mechanisms regulating and

underlying Ca2+ signaling and myogenic tone. To control for pressure-related

differences. in the regulation of Ca2+ signals, we looked for differences in the

properties of HFA and HCA Ca2+ signals over a range of different intraluminal

pressures and found that the primary pressure used (80 cm H20) appears to be

physiologically equivalent in these vessels and does not likely play a role in the

differences we observed. Similarly, we looked at the synchronicity of Ca2+

signals in HFA and HCA. Calcium waves were asynchronous in both vessel

types, and therefore the pattern of rhythmicity of the Ca2+ signals does not

underlie the differences observed between HFA and HCA.
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We found that a phospholipase C inhibitor (U73122, 10 pM) and two structurally

different IP3 receptor antagonists (xestospongin D, 5 (M or 2—APB, 100 pM)

nearly abolished the occurrence of Ca2+ waves, reduced global intracellular Ca2+

and inhibited myogenic tone in feed arteries and cremaster arterioles. These

data support a large body of evidence implicating phospholipase C in the genesis

of myogenic tone (10, 50, 132, 140, 141, 213) and extend a recent report in vas

deferens arterioles suggesting a central role for IP3 receptors in the regulation of

agonist-induced arteriolar tone (30). Recent studies suggest that U73122 may

act to deplete intracellular Ca2+ storesfl(176). We do not think that such an effect

can explain the inhibitory effect of U73122 that we observed on Ca2+ waves

because this phospholipase C inhibitor had no effect on RyR-based 032+ sparks

in feed arteries. In smooth muscle, RyR and lP3R appear to access the same

pool of Ca2+ (190), thus lack of effect of U73122 on Ca2+ sparks argues against

this agent working by depletion of intracellular Ca2+ stores.

Calcium influx through voltage-gated Ca2+ channels and other ion channels

importantly contributes to myogenic tone (63, 124). Our finding of a major role

for the phospholipase C - IP3 - IP3R pathway in the regulation of global Ca2+ and

myogenic tone suggests that IP3R may play a positive feedback role, likely

amplifying Ca2+ signals from other sources and contributing to the Ca2+-

dependent component of myogenic tone in small arteries and arterioles. In small
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arteries, while RyR may contribute to this amplification (as we found that

ryanodine inhibited not only Ca2+ sparks, but also Ca2+ waves in hamster feed

arteries), the major function of RyR in the feed arteries appears to be in the

negative feedback regulation of myogenic tone, as discussed above. Thus, RyR

and lP3R serve distinct, contrasting roles in the regulation of myogenic tone in

feed arteries, whereas only the positive feedback function of IP3R appeared

functional in cremaster arterioles.

Overall, these studies demonstrate that there are important differences in the

regulation of both smooth muscle cell Ca2+ signals and myogenic tone between

feed arteries and their downstream arterioles. The well-documented negative-

feedback role played by RyR in the regulation of myogenic tone does not appear

to hold true in second order cremaster arterioles. In contrast, PLC and lP3R

appear to function similarly in cremaster feed artery and arteriolar smooth muscle

cells. The differences we observed between feed arteries and downstream

arterioles caution the extrapolation of data gathered in arteries to arterioles and

vice versa, even in closely related vasculatures. These differences in

mechanisms also point to potential, novel therapeutic targets to modulate the

tone of arterioles, for example, independent from upstream resistance arteries.

Such microvessel-specific therapeutic targeting would allow modulation of tissue

blood flow and within-organ blood flow distribution potentially without substantial

effects on systemic blood pressure and side-effects, like orthostatic hypotension,
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which often result from drugs that non-specifically target both resistance arteries

and arterioles.
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CHAPTER 4: Expression and localization of RyR and IP3R isoforms

underlie differences in their role in Ca2+ oscillations and myogenic tone

Rationale

In Chapter 3, we showed that there are important functional differences in the

role played by RyR in hamster cremaster feed arteries and their downstream

arterioles in Ca2+ signaling and myogenic tone. While RyR are important

regulators of Ca2+ signaling and tone in HFA, they appear to be silent in HCA,

despite the presence of functional receptors. We propose here that expression

and distribution of ryanodine receptors (RyR) may underlie their variable roles in

different types of vascular smooth muscle.

Ryanodine receptors exist in 3 different isoforms (RyR1-3), all of which can be

expressed in vascular smooth muscle (54, 113, 206). Several studies have

looked at the gene expression of RyR isoforms in blood vessels (54, 113, 172,

206, 290, 302). Zheng et al. (302) and Yang et al (290) found expression of all 3

subtypes in mouse pulmonary and mesenteric arteries, but Yang showed RyR2

expression 15-20 times greater than the other subtypes, suggesting its

importance in RyR Ca2+ release in pulmonary artery smooth muscle. Coussin et

al (54) and Lohn et al. (172) also showed expression of all 3 isoforms in rat portal

vein, and mouse cerebral artery, respectively, but determined functionally that

only RyR1 and RyR2 are important to the production of Ca2+ sparks, which
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importantly activate BKCa channels to regulate tone in those vessels (202). Lohn

also suggested that RyR3 may actually be inhibitory to Ca2+ sparks (172). The

RyR subtype distribution in microvascular smooth muscle remains unstudied.

The purpose of the present study was to (1) define the role of RyR in cremaster

feed arteries (MFA) and cremaster arterioles (MCA) in C57BL/6 mice in the

regulation of Ca2+ signaling and myogenic tone in comparison to HFA and HCA

and (2) to test the hypothesis that it is the expression of RyR isoform genes and

the location of those proteins within the cell that determines the functional role of

RyR in vascular smooth muscle cells.

Results:

Role of RyR in mouse cremaster feed arteries and arterioles

Isolated cannulated mouse feed arteries (MFA) loaded with Fluo 4 dye displayed

both Ca2+ sparks and Ca2+ waves (Figure 26), similar to our findings in HFA

from Chapter 3. Sparks occurred in 39 1 2% of cells within each vessel, and they

had average amplitude of 1.62 :t 0.15 F/Fo and average frequency of 0.20 :t 0.08

Hz. Waves occurred in 41 :t 2% of cells, and they had an average amplitude and

frequency of 1.85 :I: 0.17 F/Fo and 0.52 t 0.11 Hz, respectively ( Figure 26A-B,

Table 7). In the presence of the RyR antagoninst ryanodine (10 (M), the

occurrence, amplitude and frequency of both Ca2+ sparks and Ca2+ waves were

significantly decreased (p < 0.05, n = 5) ( Figure 26A-B). Ryanodine also led to
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a significant increase in intracellular Ca2+ and vascoconstriction in MFA ( Figure

26C-D). These data suggest that, as in HFA and other resistance arteries, RyR

participate in the regulation of subsarcolemmal Ca2+ signals and myogenic tone

in MFA.
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Table 7. Properties of Ca2+ sparks and waves in mouse cremaster feed

arteries and arterioles

 

Amplitude

 

Vessel (32.2+ Cross-section Frequency
FWHM m FDHM 3

type signal length (um) (“ ) (Hz) (FIFO) ( )

Feed sparks 55.62 1 2.01 3.10 1 0.25 0.20 1 0.08 1.62 1 0.15 0.33 1 0.07

arteries

Feed waves 52.07 1 1.84 33.73 1 2.06* 0.52 1 0.11" 1.85 1 0.17" 0.83 1 0.13*

anefies

16.7 1 1.59 T 0.38 1 0.03* 1.93 1 002* 0.74 1 0.11*Arterioles waves 22.25 11.331-

 

FWHM = full-width, half-maximum, FDHM = full-duration, half-maximum, Values are means 1 SE, *

= p < 0.05 compared to feed artery Ca2+ sparks, T = p < 0.05 compared to feed artery.
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Figure 26. Ryanodine receptors modulate Ca2+ signals and myogenic tone

in mouse feed arteries

Data are: (A) means 1 95% confidence intervals for occurrence (Occ.) of Ca2+

sparks, and means 1 SE for amplitude (Amp.), and frequency (Freq.) of Ca2+

waves; (B) occurrence, amplitude and frequency of Ca2+ waves as in (A); (C)

means 1 SE for global Fluo 4 intensity, an index of global intracellular Ca2+; and

(D) diameter, in the absence (PSS) and presence of the RyR antagonist,

ryanodine (10 (M) as indicated. * = significantly different from value in PSS, p <

005n=5.
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Like HCA, but in contrast to HFA and MFA, mouse cremaster arteriolar (MCA)

smooth muscle exhibited Ca2+ waves, but not Ca2+ sparks. Sparks did not occur

in MCA (0 of 59 cells from 3 arterioles), and waves had occurrences of 46 1 7%,

amplitudes of 1.93 1 0.02 F/Fo and a frequency of 0.38 1 0.03 Hz (Figure 27A).

As we observed in HCA, ryanodine (10 pM), had no effect on the occurrence,

amplitude or frequency of Ca2+ waves (Figure 27A, p > 0.05, n = 3 arterioles).

Ryanodine also did not constrict MCA ( Figure 276), or alter global intracellular

Ca2+ within the vascular smooth muscle layer of MCA( Figure 278). These data

suggest that RyR are not involved in the regulation of Ca2+ signals or myogenic

tone in MCA We also verified the proposed coupling of RyR and BKCa channels

in MFA, and their lack of coupling in MCA. Identical to our results in HFA and

HCA, in the presence of TEA (1 mM), ryanodine-induced constricition was

inhibited (n = 5, p < 0.05), whereas ryanodine (10 pM) had no effect on TEA-

induced constriction in MCA (n = 5, p > 0.05).

Role of IP3R in mouse cremaster feed arteries and arterioles

Next, we used IP3R inhibitors to pharmacologically determine the role of IP3R in

both MFA and MCA. In cannulated, Fluo 4-loaded MFA, the IP3R antagonist

xestospongin D (5 pM) significantly decreased the occurrence, amplitude and

frequency of Ca2+ waves, but it did not alter the occurrence or properties of Ca2+

sparks in those smooth muscle cells ( Figure 28A-B). Consistent with its effects
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on Ca2+ waves, xestospongin decreased intracellular Ca2+ ( Figure 280) and

significantly dilated HFA ( Figure 280). Repetition of these experiments with 2-

APB, another IP3R antagonist, yielded similar results: inhibition of the

occurrence of Ca2+ waves and attenuation of their frequency and amplitude with

no effect on Ca2+ sparks (Figure 29). Thus, it appears that, similar to HFA, IP3R

play an important role in the occurrence of Ca2+ waves and myogenic tone, but

not Ca2+ sparks.
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Figure 27. Ryanodine receptors do not modulate Ca” oscillations and

myogenic tone in mouse cremaster arterioles

Data are: (A) means 1 95% confidence intervals for occurrence (Occ.) of Ca2+

sparks, and means 1 SE for amplitude (Amp.), and frequency (Freq.) of Ca2+

waves; (B) means 1 SE for global Fluo 4 intensity, an index of global intracellular

Ca”; and (C) diameter, in the absence (PSS) and presence of the RyR

antagonist, ryanodine (10 (M) as indicated. * = significantly different from value

in PSS, p < 0.05, n = 3 arterioles.
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Figure 28. |P3 receptors regulate Ca2+ waves and myogenic tone, but not

Ca2+ sparks in mouse feed arteries.

Data are: (A) means 1 95% confidence intervals for occurrence (Occ.) of Ca2+

sparks, and means 1 SE for amplitude (Amp.), and frequency (Freq) of Ca2+

waves; (8) occurrence, amplitude and frequency of Ca2+ waves as in (A); (C)

means 1 SE for global Fluo 4 intensity, an index of global intracellular Ca2+; and

(D) diameter, in the absence (PSS) and presence of the RyR antagonist,

ryanodine (10 (M) as indicated. * = significantly different from value in PSS, p <

0.05, n = 3.
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Figure 29. 2-APB inhibits Ca2+ waves but not Ca2+ sparks in mouse feed

arteries

Data are: (A) means 1 95% confidence intervals for occurrence (Occ.) of Ca2+

sparks, and means 1 SE for amplitude (Amp.), and frequency (Freq) of Ca2+

waves; (B) occurrence, amplitude and frequency of Ca2+ waves as in (A); (C)

means 1 SE for global Fluo 4 intensity, an index of global intracellular Ca2+; and

(D) diameter, in the absence (PSS) and presence of the RyR antagonist,

I'Yo'alllOdine (10 (M) as indicated. * = significantly different from value in PSS, p <

005n=3.
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Although MCA do not produce Ca2+ sparks, the effect of xestospongin D on Ca2+

waves in these vessels is the same as what we observed for HFA, MFA and

HCA. Application of xestospongin (5 (M) to cannulated, Fluo 4-loaded MCA

decreased the occurrence, amplitude and frequency of waves in those vessels

(Figure 30A). It also decreased global Ca2+ and caused significant vasodilation

of the arterioles (Figure 308-0). As with MFA, we repeated the experiments

using 2-APB and saw similar results, suggesting that lP3R modulate both Ca2+

waves and myogenic tone in MCA (Figure 31).

Role ofphospholipase C in mouse cremaster feed arteries and arterioles

Because IP3R appear to play an important role in the regulation of Ca2+ waves

and myogenic tone in both MFA and MCA, we investigated a potential role for the

upstream phospholipase C (PLC) in these signaling pathways. In cannulated,

Fluo 4-loaded MFA, the PLC inhibitor U73122 (10 11M) affected myogenic tone

and Ca2+ oscillations the same as blocking IP3R directly with xestospongin or 2-

APB. U73122 did not alter the occurrence or properties of Ca2+ sparks (Figure

32A), but did significantly decrease the occurrence, amplitude and frequency of

Ca2+ waves (Figure 328) as well as reducing global Ca2+ and inhibiting

myogenic tone (Figure 32C-D) in the MFA. U73122 had similar effects in MCA:

it decreased the occurrence, amplitude an frequency of Ca2+ waves, decreased

global Ca2+ and dilated the arterioles (Figure 33). These data suggest that PLC-
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related activation of IP3R is important in the regulation of Ca2+ waves and

myogenic tone.

116



A I PSS U 5 11M Xestospongin D

 

 

 

2.5 1

2 u

1.5 1

1 1

0.5 1

:1:

o - *

OCC- Amp. Freq.

(FIFO) (HZ)

B. 1 C. 50
Maximum

- ’5 4o -

301

20"

10"

0.

F
l
u
o
4

I
n
t
e
n
s
i
t
y

.
0

.
O

.
0

.
0

N
-
F

O
)

(
n

.
1

D
i
a
m
e
t
e
r
(
p

      

O

I
_

Figure 30. IP3 receptors regulate Ca2+ waves and myogenic tone in mouse

cremaster arterioles.

Data are: (A) means 1 95% confidence intervals for occurrence (Occ.) of Ca2+

waves, and means 1 SE for amplitude (Amp.), and frequency (Freq) of Ca2+

waves; (B) means 1 SE for global Fluo 4 intensity, an index of global intracellular

032+; and (C) diameter, in the absence (PSS) and presence of the RyR

antagonist, ryanodine (10 11M) as indicated. * = significantly different from value

in PSS, p < 0.05, n = 3 arterioles.
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Figure 31. 2—APB inhibits Ca2+ waves and myogenic tone in mouse

cremaster arterioles

Data are: (A) means 1 95% confidence intervals for occurrence (Occ.) of Ca2+

waves, and means 1 SE for amplitude (Amp.), and frequency (Freq) of Ca2+

waves; (B) means 1 SE for global Fluo 4 intensity, an index of global intracellular

CaZ+; and (C) diameter, in the absence (PSS) and presence of the IP3R

antagonist, 2-APB (100 1.1M) as indicated. * = significantly different from value in

PSS, p < 0.05, n = 3 arterioles.
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Figure 32. Phospholipsae C regulates waves and myogenic tone in mouse

feed arteries

Data are: (A) means 1 95% confidence intervals for occurrence (Occ.) of Ca2+

sparks, and means 1 SE for amplitude (Amp.), and frequency (Freq.) of 032+

waves; (B) occurrence, amplitude and frequency of Ca2+ waves as in (A); (C)

means 1 SE for global Fluo 4 intensity, an index of global intracellular Ca2+; and

(D) diameter, in the absence (PSS) and presence of the RyR antagonist,

ryanodine (10 (M) as indicated. * = significantly different from value in PSS, p <

0.05, n = 3.
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Figure 33. Phospholipase C regulates Ca2+ waves and myogenic tone in

mouse cremaster arterioles

Data are: (A) means 1 95% confidence intervals for occurrence (Occ.) of Ca2+

waves, and means 1 SE for amplitude (Amp.), and frequency (Freq.) of Ca2+

waves; (B) means 1 SE for global Fluo 4 intensity, an index of global intracellular

Ca”; and (C) diameter, in the absence (PSS) and presence of the RyR

antagonist, ryanodine (10 (M) as indicated. * = significantly different from value

in PSS, p < 0.05, n = 3 arterioles.
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Expression ofRyR isoform mRNA in smooth muscle cells ofmouse cremaster

feed arteries and arterioles

Because there are important functional differences in the role of RyR between

MFA and MCA, we used quantitative real-time PCR to determine the expression

of the different RyR isoforms in the smooth muscle cells of these two vessels.

We used validated primers for RyR1, RyR2 and RyR3. In preliminary

experiments, we verified that the purchased primers identified RyR isoforms in

control tissues (diaphragm, heart and brain). Consistent with numerous studies

in the literature (85), we found that mouse diaphragm expressed a high level of

RyR1, followed by RyR3 and lesser expression of RyR2 (data not shown). In

contrast, RyR2 was most highly expressed in mouse heart, followed by RyR3

with little expression of RyR1 (data not shown). Mouse brain expressed all three

isoforms (data not shown). These results oonfirrned the manufacturer's stated

specificity of the primers used.

Using samples of 50 smooth muscle cells enzymatically isolated from mouse

feed arteries or cremaster arterioles we found no detectable expression of RyR1

(Figure 34, n = 8 per group): no signal was detected in preamplified samples

even after 40 rounds of PCR. Both RyR2 and RyR3 expression was observed in

feed artery and arteriolar smooth muscle cells. In feed artery cells, RyR2 was

detected (07 < 40) in 8 of 8 samples, whereas 7 of 8 samples were positive for

RyR2 in cremaster cells. Message for the RyR3 isoform was detected in 7 of 8
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samples from both feed arteries and arterioles. However, the level of expression

of these isoforms displayed significant regional heterogeneity. We found that

feed artery smooth muscle cells expressed 2.14 1 0.33 — fold more RyR2 than

did smooth muscle cells from cremaster arterioles (Figure 34, n = 7, p < 0.05).

Conversely, feed artery smooth muscle cells expressed only 0.65 1 0.09-fold as

much RyR3 as did cremaster arteriole smooth muscle cells (Figure 34, n = 6, p <

0.05). The ratio of RyR2/RyR3 expression was 3.66 1 0.40 - fold greater in feed

artery cells than in cremaster arteriole smooth muscle cells (n = 6, p < 0.05).

These data suggest that differences in the expression of RyR isoforms between

MFA and MCA may underlie the functional differences we observed in the

regulation of Ca2+ signaling and myogenic tone.

Expression and localization ofRyR isoform protein in intact feed arteries and

arterioles

Because we found significant differences in the expression of RyR isoform

mRNA, we next looked at potential differences in expression and localization of

these channels at the protein level using immunoflurescence of intact, pressure-

fixed MFA and MCA. Using a confocal laser scanning microscope to look at 2

pm slices through the smooth muscle layer of the vessels we found significant

differences in the staining patterns for RyR in MFA compared to MCA. While, the

feed arteries had bright, clustered staining (Figure 35), arterioles exhibited a dim,

diffuse and nonspecific staining (Figure 36). A reference line drawn across the

smooth muscle cells in Image J was used to generate a plot profile of the
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intensity of RyR staining. The coefficients of variation of staining across these

lines was significantly different between the vessel types, with MFA smooth

muscle cells displaying significantly more variation in staining than MCA

confirming the difference in RyR staining (Figure 39, n = 4, p < 0.05). These

results support the visual impression that RyR staining in feed artery smooth

muscle cells is more clustered and less uniform than staining in cremaster

arteriolar smooth muscle cells

Expression and localization of RyR isoform protein in isolated smooth muscle

cells from cremaster feed arteries and arterioles

To confirm the finding that there are differences in the staining for RyR between

MFA and MCA, we completed another set of immunofluorescence studies

looking at RyR expression in single smooth muscle cells isolated from MFA and

MCA. These experiments yielded similar results: smooth muscle cells from MFA

had bright, variegated staining (Figure 37), while cells from MCA had dimmer

and more uniform staining patterns (Figure 38). Like the whole-vessel IHC

studies, analysis of the coefficients of variation of RyR staining showed that

isolated smooth muscle cells from MFA had significantly more variable staining

than those from MCA (Figure 39, n = 4, p < 0.05), consistent with the variegated

appearance of staining in MFA compared to MCA.
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Figure 34. Heterogeneous expression of ryanodine receptor isoform mRNA

between mouse cremaster feed artery and arteriolar smooth muscle cells

Data are means 1 SE for the relative abundance of RyR isoform mRNA from

MFA (black) and MCA (white). The values were calculated by comparing the

RyR gene expression to a-smooth muscle actin, the calibrated reference gene.

RyR1 was not detectable in either MFA, RyR2 expression was greater in MFA,

and RyR3 expression was greater in MCA. (n = 6-8, * = p < 0.05 compared to

MFA).
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Figure 35. Expression and localization of ryanodine receptors in whole

mouse cremaster feed arteries.

The top panels show representative immunohistochemical images of an intact

MFA with staining for DAPI nuclear stain (left) and an anti-RyR1/2 antibody

(right) within a 2 pm thick confocal slice of the smooth muscle layer. MFA

smooth muscle show clustered, variegated staining for RyR. Scale bars are 20

pm. The bottom panels show the quantitation of variation in RyR staining across

a reference line.
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Figure 36. Expression and localization of ryanodine receptors in whole

mouse cremaster arterioles.

The top panels show representative immunohistochemical images of an intact

MCA with staining for DAPI nuclear stain (left) and an anti-RyR1/2 antibody

(right) within a 2 pm thick confocal slice of the smooth muscle layer. MCA

smooth muscle show diffuse, nonspecific staining for RyR. Scale bars are 20

pm. The bottom panels show the quantitation of variation in RyR staining across

a reference line.
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Figure 37. Expression and localization of ryanodine receptors in single

mouse cremaster feed artery smooth muscle cells.

The top panels show representative immunohistochemical images of a single

smooth muscle cell from MFA with staining for DAPI nuclear stain (left) and an

anti-RyR1/2 antibody (right) within a 0.5 pm thick confocal slice of the smooth

muscle layer. Like the whole vessels, single MFA smooth muscle cells displayed

clustered, variegated staining for RyR. Scale bars are 10 pm. The bottom

panels show the quantitation of variation in RyR staining across a reference line.
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Figure 38. Expression and localization of ryanodine receptors in single

mouse cremaster arteriolar smooth muscle cells.

The top panels show representative immunohistochemical images of a single

smooth muscle cell from MCA with staining for DAPI nuclear stain (left) and an

anti-RyR1/2 antibody (right) within a 0.5 pm thick confocal slice of the smooth

muscle layer. Like the whole vessels, single MCA smooth muscle have diffuse,

nonspecific staining for RyR. Scale bars are 10 pm. The bottom panels show

the quantitation of variation in RyR staining across a reference line.
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Figure 39. Different ryanodine receptor protein expression in mouse feed

arteries and arterioles in both whole vessels and isolated smooth muscle

cells

Data are means 1 SE for the coefficients of variation of fluorescence from

immunofluorescence RyR staining of whole MFA and MCA (left) and isolated

smooth muscle cells from MFA and MCA (right). MFA (black) displayed

significantly greater variation in staining for RyR compared to MCA (n = 4. p <

0.05).
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Discussion

These studies highlight important differences in the role of RyR in MFA and MCA

and provide insight into the molecular cause of those differences. In previous

studies (25) and in Chapter 3, we have shown that in hamsters, there are

significant differences in the regulation of Ca2+ signals and myogenic tone

between HFA and HCA smooth muscle, particularly the role that subsarcolemmal

RyR play in those cells. We hypothesized here that differences in the expression

and/or localization of RyR isoforms may underlie the functional differences we

observed. In contrast to the previous studies from our lab, these studies were

done in mice in order to access more commercially available primers and

antibodies. Therefore, our first goal in these studies was to determine the role of

RyR and IP3R in MFA and MCA and compare those data to the data from HFA

and HCA. Based on the previous finding that RyR regulate Ca2+ oscillations and

myogenic tone in HFA but not HCA, we hypothesized that these functional

differences in the role of RyR would also be seen between MFA and MCA.

Consistent with this hypothesis, we found that MFA displayed ryanodine-

sensitive Ca2+ sparks and waves, while MCA only displayed Ca2+ waves, which

were unaltered in the presence of ryanodine. These data suggest that RyR are

involved in the regulation of Ca2+ sparks, Ca2+ waves and myogenic tone in

MFA, but not MCA. As in our previous studies in hamster, it is IP3R that

importantly underlie Ca2+ waves and tone in MCA. Blocking IP3R activity directly

with xestospongin D or 2-APB or indirectly by inhibiting PLC with U73122
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decrease Ca2+ waves and myogenic tone in both MFA and MCA. These data

are consistent with our previous work in hamster arteries and arterioles and

indicate that across species there are significant regional differences in the

function of RyR. In cremaster feed arteries as has been reported in other

arteries (96, 138, 155, 202), RyR activity appears to be functionally coupled to

.BKCa channels and contribute to negative feedback regulation of vascular tone.

In contrast, RyR appear to be silent in second-order cremaster arterioles and do

not appear to contribute to the regulation of intracellular Ca2+ or myogenic tone,

at least under the conditions of our experiments.

We also found that the morphology of sparks and waves was similar across

species. There were no significant differences in the occurrence, amplitude or

frequency of either sparks or waves compared to the equivalent vessels in

hamsters (Table 7 vs. Table 6 from Chapter 3). The cross-sectional lengths of

smooth muscle cells and FWHM of sparks and waves differed between species

and vessel type, but this is attributable to the differences in size of the vessel

types in the two species. These data in the mouse are especially novel because

although many investigators have documented the properties of Ca2+ sparks in

vascular smooth muscle, few have looked at their properties in a mouse model

(see Tables 2-4 for summary of the literature).

We also tested the hypothesis that regional differences in ryanodine receptor

isoform expression underties the contrasting roles that RyR play in small arteries
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and arterioles. We found that smooth muscle cells from these vessels expressed

only RyR2 and RyR3, that RyR2 was more highly expressed in artery vs.

arteriole smooth muscle, that RyR3 was more highly expressed in arteriole vs.

artery smooth muscle, and that the ratio of expression of RyR2/RyR3 was nearly

4-times higher in the smooth muscle cells from arteries compared with their

down-stream arterioles. We think that these differences in RyR isoform

expression may account for the functional differences that we observed. First,

prior studies have suggested that RyR2 importantly contributes to calcium sparks

in other smooth muscles (54, 144). Second, while controversial, studies have

suggested that the RyR3 isoform (or one of its spliced variants) may inhibit spark

formation (58, 146, 172). Thus, the higher ratio of RyR2/RyR3 that we observed

in arteries vs. arterioles is consistent with our observation of sparks in arteries,

but not in arterioles.

In contrast to a large number of studies of vascular smooth muscle cells from

larger vessels (54, 165, 172, 206, 290, 302, 303), we found that RyR1 was not

expressed by either small artery or arteriolar smooth muscle cells. We do not

think that this is due to a technical limitation in our methods because we used

validated primers and verified that these primers appropriately identified RyR1

expression in skeletal muscle and brain. We conclude that if RyR1 is expressed

in smooth muscle cells from these vessels, then its expression must be at a level

that is below the limits of detection, and far less than RyR2 and RyR3. It is

important to note that most prior studies used whole vessel homogenates such
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that message from cells other than vascular smooth muscle cells may have been

amplified and contributed to message levels reported in those studies.

Differences in mRNA expression of the RyR isoforms may not correlate directly

with the expression of the corresponding protein, and give no insight into the

localization of those proteins within the cell. Therefore, we conducted a series of

immunofluorescence experiments to better characterize RyR protein expression

in MFA and MCA. Because we were unable to validate the specificity of all

commercially-available, isoform-specific RyR antibodies, we used an RyR

antibody that is specific for RyR1 and 2 which was validated in control tissues

(heart, brain and diaphragm) by Western blotting. In both the whole-vessel and

single-cell IHF, smooth muscle from MFA had clustered, variable staining for

RyR, while MCA had diffuse, uniform staining. Given the lack of mRNA

expression for RyR1 that we observed, these data suggest that RyR2 in MFA

may form clusters in the SR that are required for generation of Ca2+ sparks (290).

In contrast, staining in the MCA was very uniform and suggested no

concentration in any intracellular structure. Further studies will be required to

define the exact localization of RyR2 in MFA. However, the clustered staining

pattern that we observed in MFA is consistent with Yang et al. (290) who

observed discrete patches of RyR in pulmonary artery smooth muscle cells. The

diffuse staining observed in MCA may be partially due to the low affinity that the

anti-RyR antibody used for these studies has for RyR3, as the PCR showed

higher amounts of RyR3 in the cremaster arterioles. It is also possible that there
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is a spliced variant of RyR present in MCA that does not react properly with the

anti-RyR antibody. Future studies examining the expression of spliced variants

such as AS-8a which has a decreased capacity for 032+ release (146) might help

to resolve some of these issues.

Our studies demonstrate that on both a functional and molecular level, there are

important differences in the RyR of MFA and MCA. Few studies (54, 172) have

looked at how differences in RyR gene expression correlate to differences in

protein expression and how both sets of differences relate to functional changes.

No studies have characterized these properties in the microvasculature, and a

direct comparison between arterial and arteriolar RyR has also never been done.

Functionally, we found that RyR are important regulators of subsarcolemmal

Ca2+ signals and myogenic tone in MFA, but they do not appear to play an

important role in either capacity in MCA. Instead, IP3R appear to be the

important regulators of SR Ca2+ release in MCA. These functional differences are

likely the result of differences in the expression and/or distribution of RyR

isoforms, as demonstrated on the gene- and protein expression levels. It is

important to define the regulation of these different vascular beds because

understanding differences such as those we showed between MFA and MCA

can lead to the development of tissue- or vessel-specific treatments for

conditions such as hypertension and diabetes that involve ion channel-related

vasculopathies.
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CHAPTER 5: SUMMARY AND CONCLUSIONS

The overall goal of this project was to elucidate the mechanisms by which SR

+ . .

Ca2 release channels on the SR of cremaster arterioles and their upstream feed

arteries regulate subsarcolemmal Ca2+ signals and myogenic tone. We knew

from the literature that activation of BKCa channels by local Ca2+ sparks arising

from RyR was part of an important negative feedback pathway regulating

myogenic tone in the smooth muscle cells from many types of arteries (139, 155,

202). Consistent with these observations, we saw CaZ+ sparks, along with Ca2+

waves in cannulated, Fluo 4-loaded HFA. However, in the downstream HCA, we

only saw the global Ca2+ waves, suggesting important differences between HFA

and HCA. Further pharmacological experiments in cannulated vessels showed

that RyR and BKCa channels are functionally coupled in HFA, but not HCA,

despite the presence of functional RyR in HCA. Despite the obvious difference

with Ca2+ sparks, the properties of Ca2+ waves are not different between HFA

and HCA: they have similar morphology, asynchronicity and are equivalent at

several intraluminal pressures.

Because RyR did not produce sparks and are not functionally coupled to BKCa

channels in HCA, as in HFA and other arteries, we next used Ca2+ imaging

135



studies to investigate the role of RyR in subsarcolemmal Ca2+ signaling. In HFA,

blocking RyR inhibited both Ca2+ sparks and waves, increased intracellular Ca2+

and caused vasoconstriction. Conversely, it had no effect in HCA, suggesting

that RyR are silent in these smooth muscle cells. Based on these data, we

hypothesized that it must be IP3R importantly regulating Ca2+ signals and tone in

HCA. In both HFA and HCA, blocking IP3R or its upstream regulator, PLC

decreased the occurrence of waves, global Ca2+ and tone. HFA Ca2+ sparks

were unaltered. Thus, while both RyR and IP3R contribute to Ca2+ oscillations

and tone in HFA, only IP3R appear important in HCA.

The next step in the project was to determine why RyR are silent in feed arteries

but not cremaster arterioles. We hypothesized that differences in the expression

and localization of RyR isoforms accounts for these functional differences. To

test this, we performed a series of RT-qPCR experiments looking at gene

expression of RyR1-3 in MFA and MCA. Surprisingly, neither MFA nor MCA

expressed RyR1. Also, MFA expressed the greatest proportion of RyR2, while

MCA expressed more RyR3. This finding is important because not only does it

support the hypothesis, but it is also in agreement with the small literature that

RyR3 may be inhibitory to Ca2+ sparks in vascular smooth muscle (172). We

also used immunofluorescence and confocal microscopy in intact, pressure-fixed

MFA and MCA as well as their isolated smooth muscle cells to determine the

location and distribution of RyR. In both whole vessels and isolated cells, MFA
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displayed bright, clustered staining for RyR, while MCA had dimmer, diffuse

staining with significantly less variation. These data suggest that RyR are

distributed differently within MFA and MCA. Taken together with the PCR data,

they support the hypothesis that there are regional differences in the expression

and distribution of RyR and that these differences may underlie the functional

differences in Ca2+ signaling and regulation of myogenic tone that we have

observed between feed arteries and their downstream arterioles.

Based on all of our studies, we have summarized the proposed roles and spatial

organizations of RyR and IP3R in both feed arteries and arterioles (Figure 40).

Because microdomain increases in Ca2+ from Ca2+ sparks are able to activate

BKCa channels in feed arteries, we propose that the SR in these smooth muscle

cells is located in close proximity to the plasma membrane. However, because

not all BKCa activity is due to the activity of RyR, we also propose that Ca2+ from

VGCC located near BKCa also accounts for the activation of some BKCa

channels. In contrast to the feed arteries, arteriolar RyR are silent, and the SR

distance from the plasma membrane either does not play a role in the regulation

of tone or it is large enough that Ca2+ sparks are not present because they would

be unable to activate BKCa channels. Because RyR and BKCa are not coupled in

arterioles, we propose that it is Ca2+ from VGCC that activate nearby BKCa in

those smooth muscle cells. There are also important differences in the

regulation of 032+ waves in both vessel types. Because both RyR and IP3R
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underlie Ca2+ waves in the feed arteries, it is likely that these channels are

located nearby one another on the SR membrane and operate using a common

source of Ca2+. In arterioles, only the IP3R are important for the production of

feed arteries, despite the presence of functional RyR in those cells. The lack of a

role for RyR could be due to the distance between RyR and IP3R in the SR

membrane, or it could be because the IP3R and RyR operate using separate

Ca2+ pools within the SR.
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Figure 40. Proposed roles of ryanodine receptors and IP3 receptors in

cremaster feed arteries and arterioles.
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We recognize that there are some limitations in these studies, many of which will

guide the future directions of this project. By using a spinning disc confocal

microscope at 30 fps for Ca2+ imaging, it is possible that we may have missed

very brief Ca2+ events with durations shorter than 33 ms (the time required to

capture one image). This might explain the lack of observation of Ca2+ sparks in

HCA and MCA, and could partially explain why the average FDHM of Ca2+

sparks we recorded are longer in duration than the average value that has been

reported by other investigators (see Tables 2-4). However, given the large

number of cells imaged in all of the experiments performed, even short duration

events should have appeared in at least a few images, which did not seem to be

the case. Furthermore, the lack of effect of ryanodine (10—50 uM) on Ca2+

waves, global Ca2+ and diameter in both HCA and MCA imply that if such brief,

non-detected events were present, they are functionally irrelevant. Nontheless,

future studies should be performed using higher imaging rates to directly address

this issue.

We also recognize that, although pharmacology is a powerful tool for looking at

the role of ion channels in vascular smooth muscle function, the drugs used may

have some nonspecific effects. Experiments were designed, in many cases, to

rule out such effects. For example, we used two structurally different blockers of

140



IP3R (xestospongin D and 2-APB) and observed similar effects, reducing concern

that off target effects account for the results observed. However, studies have

suggested that pharmacological agents that affect RyR or IP3R may lead to

depletion of 032+ from the SR (188) and thus indirectly inhibit Ca2+ signals

originating from the SR. While we can exclude a role for SR Ca2+ depletion in

the effects of U72122, xestospongin D and 2-APB in feed arteries because of

their lack of effect on Ca2+ sparks, we cannot completely exclude a role for SR

Ca2+ depletion from the effects of ryanodine in HFA and MFA. The presence of

functional RyR in arteriolar smooth muscle (as assessed by caffeine-induced

Ca2+ transients), and lack of effect of ryanodine on Ca2+ waves in HCA and MCA

reduce concern for this off target effect. However, further studies should be

performed to examine the state of Ca2+ stores in the absence and presence of all

of the inhibitors used to directly test this alternative hypothesis. Studies in which

intracellular stores are depleted of Ca2+ (using thapsigargin or cyclopiazonic

acid) also should be performed to allow better understanding of the relative

contribution that Ca2+ sparks and waves play in the regulation of myogenic tone.

We also were limited in our IHF studies by the availability of commercial RyR

antibodies. Future studies should be performed with antibodies specific to each

individual RyR isoform so that the protein localization of each isoform can be

better assessed. In addition, double label experiments need to be performed to

verify, for example, that the RyR1/2 staining observed in MFA co-Iocalizes with a

marker of the SR (calnexin or SERCAZ, for example) and to examine the
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structure of the SR in feed arteries vs. arterioles. The expression and

localization of IP3R in feed arteries and arterioles also should be examined and

correlated with RyR expression and localization.

This work highlights the need for a better understanding of microvascular smooth

muscle physiology, as we cannot assume arterioles are regulated in the same

way as larger vessels, even within the same tissue. Skeletal muscle makes up

40% of body mass (7), and arterioles are largely responsible for the regulation

and distribution of blood flow to and within these tissues (17, 98, 182, 198).

Thus, skeletal muscle arterioles also substantially contribute to blood pressure

regulation and cardiovascular homeostasis. Myogenic tone is a hallmark feature

of these small vessels, yet the exact mechanisms regulating tone and its

underlying Ca2+ signals in the microcirculation are not clear, despite the

knowledge that the importance of myogenic tone increases as vessels decrease

in diameter (62). Studies in larger vessels (50, 63, 74, 192, 193, 203, 205, 213,

248, 281, 282, 305) demonstrate the wide variety of ion channels and processes

contributing to Ca2+ signals and tone in arterial smooth muscle, and the existing

body of literature in the microcirculation (10, 120, 122, 124) suggests similar

diversity. Our work contributes to a better understanding of how SR Ca2+ release

channels regulate tone both in the skeletal muscle microcirculation and its

corresponding feed arteries.
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A logical next step in this work would be to look at how the roles of RyR and IP3R

are affected in altered physiological states such as aging. For example, studies

of RyR function in skeletal muscle have shown that Ca2+ spark formation is

dramatically reduced in muscle from aged mice (277), which may be related to

age-related decreases in the proportion of cardiac output that goes to the skeletal

muscle (65, 226). If a similar process occurs in the vasculature, aging might

cause a selective loss of RyR function in feed arteries, potentially contributing to

aging-induced alterations in their function and contributing to altered regulation of

blood pressure and blood flow that occur in the aging cardiovascular system.

This idea is supported by data in humans showing that during exercise, older

people have higher arterial blood pressures and likely increased vasoconstriction

in muscles during periods of exercise (220, 225). Dysfunction in the regulations

of myogenic tone has also been implicated in age-related changes in the

cardiovascular system, although the mechanism is not clear (226). Myogenic

tone in arterioles acts to prevent local hypertension in downstream capillaries,

but the net effect of many tissues with increased tone is increased peripheral

resistance in the upstream vasculature and therefore increased blood pressure.

It is likely that the expression, activity and function of SR Ca2+ channels changes

with increased blood pressure, as arterioles increase their myogenic activity and

remodel to accommodate the increase in pressure. Now that we have defined

the role of RyR (or lack thereof) in cremaster arterioles and their upstream feed

arteries under normal conditions, we have the potential to look at RyR in many
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altered physiological states, with the possibility to generate tissue- or vessel type-

specific interventions.
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