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ABSTRACT OF THE DISSERTATION
Postnatal Maturation Modulates Cerebrovascular Myogenic Tone
By
Shelton M. Charles
Doctor of Philosophy, Graduate Program in Physiology
Loma Linda University, June 2009
Dr. John N. Buchholz, Chairperson

The present study focused on the main hypothesis that maturation decreases
contractile reliance on calcium influx and myofilament Ca2+ sensitivity, and increases
reliance on release of calcium from intracellular stores to develop and maintain pressureevoked myogenic tone in rat cerebral blood vessels. To test this hypothesis, pressureinduced myogenic tone and changes in artery wall ([Ca2+]i) were measured
simultaneously in isolated endothelium denuded, fura-2 loaded middle cerebral arteries
(MCA) from pup (PI4) and adult (6 months old) SD rats. We studied the mechanism that
govern myogenic tone and examined the hypothesis that during maturation, MCA from
rat pups are more reliant on calcium influx and myofilament calcium sensitivity to
maintain pressure-evoked myogenic constriction as compared to adults. The results
support the view that the greater cerebral myogenic response in P14 compared to adult
MCA appears due to greater pressure-induced increases in [Ca ]i, rather than enhanced
increases of calcium sensitivity. We also tested whether MCA rely more on calcium
release from intracellular stores to develop pressure-evoked myogenic constriction as
compared to immature MCA. Measurements were done in calcium replete HEPES buffer
in the absence and presence of, cyclopiazonic acid (CPA) to deplete [Ca2+]i stores or with
the calcium channel blocker, lanthanum (La ), or with La plus CPA. The results

xm

demonstrated that release of calcium from intracellular stores is necessary for the
development of pressure-evoked myogenic tone in the adult rat cerebrovasculature more
so than in the pup. Experiments were also done to determine whether MCA from rat
pups is more reliant on myofilament calcium sensitivity, in a permeabilized preparation,
to maintain pressure-evoked myogenic constriction as compared to adults. We measured
pressure-evoked myogenic tone in endothelial denuded segments of MCA from P14 and
adult rats that where permeabilized using (3-escin. The results suggest that perfusion
9-1-

pressures increases Ca sensitivity only in pups cerebral arteries. The overall results
show that mature cerebral arteries are regulated by both calcium influx and release from
intracellular stores to maintain pressure-evoked myogenic tone, while immature cerebral
arteries rely to a greater degree on calcium influx and myofilament calcium sensitivity for
the development and maintain of pressure-evoked myogenic tone.

xiv

CHAPTER ONE
INTRODUCTION

Introduction
Contraction in vascular smooth muscle is regulated by two essential mechanisms;
increases in intracellular calcium (calcium influx and release from intracellular stores)
and myofilament calcium sensitivity. As a result, the pathways that control these
mechanisms are regulated independently. Despite the fact that the pathways which
regulate and maintain vascular smooth muscle constriction (electromechanical and
pharmacomechanical coupling and pressure-evoked myogenic tone) have been studied
extensively, very few studies have been conducted in immature cerebral arteries as it
relates to stimulation by pressure. Therefore, this study was designed to understand the
pathways that regulate immature cerebral arteries.
The main hypothesis in this dissertation posits that maturation decreases
contractile reliance on calcium influx and myofilament calcium sensitivity, and
increases reliance on release of calcium from intracellular stores to develop and
maintain pressure-evoked myogenic tone in rat cerebral blood vessels. This main
hypothesis, in turn, has three specific hypotheses, each of which proposes a mechanism
whereby maturation affects the myogenic tone of cerebral arteries. Specific Hypothesis 1
posits that during maturation, MCA from rat pups (PI4) are more reliant on calcium
influx and myofilament calcium sensitivity to maintain pressure-evoked myogenic
constriction as compared to adults (6 months old). Specific Hypothesis 2 posits that
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mature MCA rely more on calcium release from intracellular stores to develop pressureevoked myogenic constriction as compared to immature MCA. Specific Hypotheses 3
posits that during maturation, MCA from rat pups (PI4) are more reliant on myofilament
calcium sensitivity to maintain pressure-evoked myogenic constriction as compared to
adults (6 months old) in a permeabilized preparation. To evaluate the main hypothesis,
experiments were designed to: simultaneously measure the effects of the voltage gated
94-

calcium (L-type) activity on myogenic tone and intracellular Ca in response to increases
in pressure (20-80 mmHg) using fura-2 loaded, endothelium-denuded MCA in the
presence and absence of specific L-type channel blockers; simultaneously measure the
effects of the sarcoplasmic reticulum Ca release on myogenic tone and intracellular
94-

Ca in response to increases in pressure (20-80 mmHg) using fura-2 loaded,
endothelium-denuded MCA in the presence and absence of specific SERCA inhibitors;
measure pressure-evoked (20-80 mmHg) myogenic tone in endothelial denuded segments
of MCA from P14 and adult SD rats that where permeabilized using (3-escin. Together,
the experiments enable the evaluation of postnatal maturation on the relationship between
transmural pressure, cytosolic calcium, myofilament calcium sensitivity, and myogenic
tone in cerebral arteries.

Background

General Information
Pre-mature births have increased significantly in recent years as indicated in a
study conducted by the National Center for Health Statistics (NCHS) (85). This study
reported more than half a million preterm births in 2004, which was the highest number
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reported since data collection started in 1981. It is estimated that the care for these
preterm infants will bear a societal burden of approximately 26 billion dollars.
When infants are bom pre-maturely, the cerebrovascular system is not well
developed (114). Asa result, preterm infants have a high incidence of cerebral artery
mpture, intracranial hemorrhage, ischemic damage, intraventricular hemorrhage and
hypertensive insults (10, 21, 25, 32, 64, 83, 118, 147). This is due to the fragile nature of
the cerebrovascular system. Because preterm infants are more susceptible to
hypertensive insults and strokes; they tend to have high rates of morbidity and mortality
associated with cerebrovascular insults (66, 79, 80).
Another reason to study immature cerebral arteries is that, in most species, the
rate of Cerebral Blood Flow (CBF) in fetuses and newborns is less than in adults (48,
138, 148). The reason for this is that the immature brain has a lower cerebral metabolic
rate. During maturation, CBF, cerebral metabolic rates, blood pressure, blood gases,
sympathetic nervous system activity and many vasoactive factors change dramatically. It
is during these periods of adjustments that the immature cerebral circulation appears most
vulnerable to damage. Hence, since fetus and neonate have a high rate of morbidity and
mortality linked with cerebrovascular insults or damage, it is clear that detailed studies of
electromechanical and pharmacomechanical coupling and myogenic tone in immature
cerebral arteries are both timely and well justified.
When assessing smooth muscle contraction, three main groups of mechanisms
must be considered; electromechanical and pharmacomechanical coupling (129, 130),
and pressure-induced myogenic contraction (62). One common characteristic shared by
both electromechanical and pharmacomechanical coupling is a transient rise in
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intracellular calcium concentrations. Another point to note is that myogenic coupling
share characteristics of both electromechanical and pharmacomechanical coupling.

Electromechanical Coupling
Electromechanical coupling (Figure 1) is brought about by any stimulus that
induces smooth muscle membrane depolarization. In our experiments, the stimulus used
was pressure. When a blood vessel or artery is stretched, stretch-activated channels
(SAC) open up (22, 24, 58, 125, 149). These channels carry an inward current, which
results in the depolarization of the cell during the myogenic response (145).
SAC have been identified in isolated vessels (28, 30, 31, 144). The main inward
current, carried by the SAC, is Na+ (125). The depolarization, which occurs because of
9-4-

the opening of the SAC, triggers the influx of extracellullar Ca through voltage9-1-

dependent Ca channels (L-type and T-type channels) (16, 23, 94, 120). The resting
membrane potential for a typical vascular smooth muscle cell ranges from -60 to -75 mV
as shown in unpressurized small arteries and arterioles (53, 92). For activation of L-type
Ca2+ channels to occur, a threshold (-50 to -60 mV) must be attained (1, 92, 97). The Ltype channel is thought to play a more important role in arterial smooth muscle
contraction (14, 23, 59, 91, 92, 116). Both channel types are expressed in many resistant
arteries and can participate in pressure-evoked constrictor responses (23, 109, 141), but
the relative importance of each channel type remains uncertain. Hence, one of the goals
of this study is to use an L-type calcium channel antagonist to observe the importance of
this channel in our model.

4

Ca2+-Induced Ca2+ Release (CICR) in Vascular Smooth Muscle
The extracellular Ca entering the cell will cause an increase in global
intracellular Ca2+ levels. In addition, the Ca2+ entering the cell also causes local Ca2+ to
be released from the intracellular stores [sarcoplasmic recticulum (SR)]. This is termed
Ca2+-induced Ca2+ release (CICR) (94). The local Ca2+ release, which originates from
ryanodine-sensitive calcium (RyR) channels in SR, activates Ca -dependent potassium
(Kca) channels. These channels regulate membrane potential by causing
hyperpolarization, which limits the calcium entering through L-type channels. This will
9-4-

cause a decrease in global Ca , hence one of functions of CICR in the vascular smooth
muscle is to act as a negative feedback mechanism to regulate myogenic tone by
decreasing global Ca2+ levels (16, 68, 73, 143).

Phosphorylation of MLCK in Vascular Smooth Muscle
The main target of the increase in the global levels of the intracellular Ca

[Ca ]i

is calmodulin, a member of the EF hand Ca2+-binding proteins (69). When Ca2+binds to
the four EF hands of calmodulin, this causes a conformational change to occur in the
Ca - calmodulin complex (56, 122), which then interacts with myosin light chain kinase
(MLCK).

5

Figure 1. Summary of electromechanical and pharmacomechanical coupling.
Electromechanical coupling occurs when pressure is applied to a vessel causing
stretch activated channels (SAC) to open. This causes a depolarization of the
membrane, thus opening voltage operated calcium channels (VOCC). This
calcium then acts locally through BK channels to cause hyperpolarization and
hence relaxation. Calcium also acts globally and binds to calmodulin and
hence activates myosin light chain kinase (MLCK). This leads to actin
interaction
with
myosin
causing
smooth
muscle
contraction.
Pharmacomechanical coupling occurs when a ligand binds to its receptor and
activates a heterotrimeric G protein. This protein then phosphorylates
phospholipase C (PLC), which hydrolyzes Phosphatidylinositol Bisphosphate
(PIP2) into diacylglycerol (DAG) and inositol triphosphate (IP3). IP3 binds to
the IP3R on the SR, causing calcium release, leading to smooth muscle
contraction. While DAG leads to inhibition of myosin light chain phosphatase
(MLCP). Also the RhoA/ROK pathway inhibits MLCP.
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This induces another conformational change leading to the activation and
phosphorylation of myosin at (Ser)-19 of both the 20-kDa regulatory light chains in each
myosin molecule (2, 38). Phosphorylation of myosin occurs because the conformation
change of the Ca - calmodulin-MLCK complex removes the autoinhibitory region of
MLCK, thus exposing the enzyme’s catalytic site (94). This phosphorylation reaction
then triggers cycling of myosin cross-bridges along the actin filaments, hence there is the
development of force (142). This results in the contraction of the vascular smooth
muscle (VSM).

Relaxation of the Vascular Smooth Muscle
VSM require a decrease in cytoplasmic Ca concentration after activation for
relaxation to occur. This can be achieved by Ca2+ sequestration by sarcoplasmic or
endoplasmic recticulum Ca2+-ATPase (SERCA) pump and Ca2+ extrusion or expulsion
by plasma membrane calcium ATPase (PMCA) pumps and Na+/Ca2+ exchanger (NXC)
(15, 19, 36, 54, 106, 108, 131). Removal of Ca2+ from the sarcoplasm causes the
dissociation of calmodulin from the MLC kinase regenerating the inactive kinase.
Myosin can also be dephosphorylated by myosin light chain phosphatase(s) (MLCP).
MLCP causes myosin to dissociate and remain detached from the actin filament, and the
muscle relaxes (142).
SERCA pumps are active Ca -ATPase that exists in the SR membrane; the main
purpose of these pumps is to generate and maintain a large Ca gradient between the SR
lumen and the cytoplasm. SERCA pumps encode three genes and two subgroups of
SERCA2 (SERCA2a and SERCA2b). SERCA2b (115 kDa) and SERCA 3 (105 kDa) are
expressed in most smooth muscles (146). The energy from ATP hydrolysis is used by
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SERCA pumps to translocate Ca from the cytoplasm to the lumen of the SR. Two
9-1-

proteins found in the SR, calreticulin and calseqestrin, buffers the Ca pumped into the
9 i

SR, the Ca stored in the SR is estimated to reach concentrations of 10-15 mM (139).
When studying the function of SERCA pumps, two specific SERCA pumps inhibitors,
thapsigarin (70) and CPA (70), have aided strongly in this process. CPA is produced by
some strains of the molds Penicillium cyclopuim and Aspergillus flavus. CPA works by
decreasing SERCA’s affinity for ATP. This inhibits the enzymatic hydrolytic activity of
the pump, thus blocking SERCA’s function. It has been shown that CPA is not as potent
a blocker as is thapsigargin (72). Inhibition of SERCA pumps means a major source of
9_i_

.

9_l_

Ca regulation is lost, Ca leaks into the cytoplasm, and cells are no longer able to
maintain their typically low cytoplasmic concentrations. Also re-sequestration of Ca ,
9_|“

after Ca transients are compromised, prolong periods of contraction (116).

Pharmacomechanical Coupling
Pharmacomechanical coupling (Figure 1) begins with the binding of a ligand or
agonist (e.g. NE, 5-FIT, ATP, PDGF, and natriuretic peptides) to a cell surface receptor.
These ligands can be derived from hormonal and metabolic factors, and neurons that
innervate blood vessels. Examples of these are sympathetic nerves which release
norepinephrine (NE). When NE is released, it will bind to alpha one (aj) receptors on the
smooth muscle, which then causes the activation of heterotrmeric G-proteins (Gaq). It
has also been shown that pressure can activate heterotrimeric G-proteins (Gaq) which
activates RhoA/ROK pathway and phopholipase C (PEC) and some of the downstream
plays of PEC which includes diacylglycerol ( DAG) and IP3 (23, 27, 29, 44, 60, 61, 71,
90, 94, 98, 99, 119, 127, 149). Gaqthen activates phopholipase C (PEC) to promote
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hydrolysis of phosphatidylinositol 4,5-bisphospate (PIP2) to diacylglycerol (DAG) and
inositol triphosphate (IP3). DAG and its downstream effectors example PKC and the
9-1-

RhoA/ROK pathway reflect myofilament Ca sensitization while IP3 leads to an increase
in intracellular calcium.

Inositol 1,4,5-trisphosphate (IP3)
IP3 is a soluble second messenger, which aids in the generation of highly
organized intracellular Ca2+ signals in many different cell types. The Ca2+ signals
regulate a number of cellular responses such as fertilization, smooth muscle contraction
and secretion (84). As discussed above, IP3 is produced in the plasma membrane
following receptor activation (example NE binding to adrenoreceptor a\) or by pressure.
Once IP3 is synthesized, it rapidly diffuses into the cytosol of the cell (example smooth
muscle), where it binds to the IP3R on the SR. This results in the release or mobilization
of intracellular Ca2+ stores (84) which then results in an increase in intracellular Ca2+.
The Ca2+ released in this process then binds to calmodulin and it follows the pathway
outlined above for electromechanical coupling (23, 94, 120).

Myofilament Calcium Sensitivity
For there to be a balance between smooth muscle contraction and relaxation, there
must be mechanisms in place to regulate these processes. MLC20 phosphorylation
allows for the cycling of myosin cross-bridges along the actin filaments, initiating the
production of force in smooth muscle. For MLCK activity to be balanced, MLC20 has to
be dephosphorylated by MFC phosphatase (MLCP), a type 1 protein phosphatase (8,
126). MLCP consists of a catalytic 37- to 38-kDa subunit (PPlc), an associated 110- to
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130-kDa regulatory targeting subunit (MYPT1) and a 20-kDa subunit of unknown
function (M20) (8, 17, 50, 126, 128) (Figure 2). MLCP’s ability to dephosphorylated
MLC can be altered by at least three general mechanisms which include dissociation of
its heterotrimeric structure, phosphorylation of the MYPT1 regulatory subunit, and
inhibition of activity through phosphorylation of CPI-17. These three general
mechanisms are regulated by precise kinases that act to increase the overall myofilament
calcium sensitivity of the contractile apparatus. Production of arachidonic acid (AA)
through the activation of heterotrimeric G-protein (agonist stimulation or pressure) have
been shown to interact with MYPT1 to dissociate the MLCP holoenzyme (MYPT1 from
PPlc), and hence inhibit the phosphatase activity (45). Hence this activity of AA leads to
dissociation of MLCP heterotrimeric structure. As it relates to MYPT1 phosphorylation,
MYPT1 at Thr-34 can be phosphorylated by PKC at its ankyrin repeat region, which
inhibits its association with phosphorylated MLC (136). MLCP activity can also be
inhibited when its MYPT1 subunit is phosphorylated at Thr696 (55, 65).
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Figure 2. Myosin Light-Chain Phosphatase (MLCP) is composed of three subunits:
catalytic 37- to 38-kDa subunit (PPlc), an associated 110- to 130-kDa regulatory
targeting subunit (MYPT1) and a 20-kDa subunit of unknown function (M20). The
diagram also illustrates the kinases that phosphorylate sites on MYPT1 and/or CPI-17
leading to MLCP inhibition: protein kinase C (PKC); MYPT kinase, also called Zip-like
kinase; integrin-linked kinase (ILK); Rho-kinase (ROK); and myotonic dystrophy kinase
(DMPK). Phosphorylation that has been observed in vitro is represented by dotted lines,
and the solid lines represent phosphorylation reported in vitro and in vivo.
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This site can be potentially phosphorylated by kinases such as Zip-like kinase(81, 82),
Zip kinase (93), myotonic dystrophy protein kinase (DMPK) (89) and RhoA/ROK
pathway (57, 107, 132) (Figure 2). After DAG is produced, it activates Protein Kinase C
(PKC), which phosphorylates CPI-17 (17-kDa peptide) at Thr-38 (67). Phosphorylated
CPI-17 binds to the catalytic subunit (PPlc) (34) of MLCP to inhibit the enzyme’s
activity (33) which leads increased calcium sensitivity. Activation of receptors coupled
to heterotrimeric G-protein (Gaq and Gan,13) (52, 57, 115) leads to stimulation of
guanine nucleotide exchange factors (GEFs) (117). This then catalyze the exchange of
GTP for GDP on RhoA (95) (Figure 3). RhoGDI (Guanosine nucleotide dissociation
inhibitors) dissociates and RhoA.GTP interacts with plasma membrane and activates
ROK (37, 46). Rho GTPase activating proteins (RhoGAPs) catalyze hydrolysis of GTP
bound to RhoA and RhoA.GDP reassociates with RhoA.GDI (88, 105, 123) (Figure 3).
Once the RhoA/ROK pathway is activated, it then inhibits MLCP by binding to MYPT1
or through activation of CPI-17 at Thr-38, phosphorylation of CPI-17 then binds to PPlc
(Figure 2). Phosphorylation of CPI-17 at Thr-38 can occur through other kinases which
include p21-activated protein kinase (PAK) (133), integrin-linked kinase (26), ZIP-like
kinase (82) and protein kinase N (49). In conclusion, the balance between MLCK and
MLCP activity is regulated by many different mechanisms or pathways.

Myogenic Regulation
Myogenic Regulation is the third factor that contributes to smooth muscle
myofilament calcium sensitivity and contraction. Myogenic contraction is defined as the
ability of a blood vessel to constrict to elevations in transmural pressure, and dilation
when this pressure is removed. The term myogenic implies that the stimulus for the tone
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originates in the muscle itself independently of neural, metabolic, humoral and
endothelial influences or specific autocoids (23, 51, 62). Myogenic response was first
clearly formulated by Bayliss in 1902. His discovery showed that a significant element
of vascular tone could be established by elevations in intravascular pressure. Bayliss
showed, in his experiment, that large increases occurred in dog hind limb volume
following release of aortic occlusions (12). Anrep challenged Bayliss’ ideas; he believed
the results that Bayliss obtained could be explained by metabolic factors, this partly
resulted in rather little work being done on myogenic response over the next 45 years
(23). In 1949, Folkow showed that denervated preparations developed pressuredependent vascular tone (23). This led others to actively study the myogenic response
once again. It is now known that myogenic response is important for maintaining
vascular resistance and a constant blood flow over a wide range of perfusion pressures
(62, 87). In turn, maintenance of constant blood flow over a range of systemic pressures
allows the brain to balance the relationship between metabolic demands and delivery of
oxygen and nutrients to the tissues. Hence, myogenic tone is important in regulating
basal vascular resistance, blood flow and autoregulation. When mechanical stress or
pressure is applied to isolated blood vessels, this opens membrane ion channels or
stretch-activated ion channels causing a depolarization of the membrane and opening of
9-h

VOCC (L-type Ca channel). This ultimately leads to increases in intracellular calcium
and hence contraction (16, 22-24, 120) (Figure 1). The myogenic response can be divided
into three primary phases: myogenic tone, myogenic reactivity, and forced dilation (97).
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Figure 3. Diagram showing the regulation of the small GTPase RhoA. Normal
RhoA-GDP exists in the cytosol and they are bound to Guanosine Nucleotide
Dissociation Inhibitors (RhoGDI). Receptors that are coupled to trimeric G
proteins are activated, leading to activation of guanine nucleotide exchange
factor (GEF). This then results in the exchanges of GTP for GDP on Rho A.
Hence RhoGDI disassociates and Rho A-GTP associates with the plasma
membrane, thereby interacting with Rho Kinase (ROK) to initiate signaling.
RhoGTPase activating proteins (RhoGAPs) catalyze GTP bound to RhoA an
RhoA.GDP reassembles with RhoAGDI
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The characteristics of these three phases are outlined in Table 1. MT under,
normal conditions, typical occurs over a transmural pressure range of 40-60 mmHg and is
characterized by a decrease in lumen diameter, substantial membrane depolarization and
a 200% increase in [Ca ]i. On the other hand and under normal conditions, MR typical
occurs at a higher-pressure range (60-140 mmHg) and is characterized by little changes
in luminal diameter and less change in membrane potential compared to MT. There is
also a smaller increase (<20%) in [Ca2+]i over the entire pressure range than observed for
MT. The transmural pressure range is highest for force dilation (FD). “Force dilatation
occurs when the ability of a vessel to constrict is overcome by high pressure and is
associated with the development of hypertensive encephalopathy” (63). FD is associated
with an elevation in both luminal diameter and wall tension, very little changes in
membrane potential, and a > 50% increase in [Ca2+]i (97).

Table 1. Summary of the Three Phases of Myogenicity or Myogenic Response
Features

MT

MR

FD

Transmural Pressure

40-60 mmHg

60-140 mmHg

> 140 mmHg

Lumen diameter

Decrease

Little change

increase

Membrane Potential or
Depolarization

Substantial

some

Very little

[Ca2+]i

200 % increase

< 20 % increase over
the entire pressure
range

> 50 %
increase

Wall Tension

Reduction

Significant increases

increase

These three phases are possibly controlled by separate mechanisms or pathways.
Although the identities of these pathways remain unconfirmed, some possibilities include
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cytoskeletal remodeling, membrane bound enzymes, and mobilization of second
messengers example calcium, integrins, and changes in stress distribution throughout the
extracellular matrix. Stretch evoked myogenic tone has been widely studied in mature
cerebral arteries. The two mechanisms that foster this are: an increase in cytosolic
calcium and myofilament calcium sensitivity (23, 51, 59, 61, 71, 90, 99, 127). Studies in
calcium sensitivity have been made possible because of the discovery of specialized
detergents (example p-escin) that permeabilize smooth muscle membranes to calcium.
Given that regulation of cytosolic calcium (influx and release from intracellular stores
SR) and myofilament calcium sensitivity, which governs myogenic tone, are
fundamentally different in immature and mature cerebral arteries (4, 6, 7, 74, 75), it is
reasonable to expect that regulation of myogenic tone should also be quite different in
immature and mature cerebral arteries. However, despite many studies on cerebral
myogenic tone autoregulation, little is known of the mechanisms underlying maturational
changes in pressure evoked myogenic response. It is well-established that cerebral
autoregulation operates over lower and narrower ranges of arterial pressures in neonates
compared to adults, suggesting that myogenic responses are regulated differently in the
developing neonate and adult (13). This experimental plan was designed to explore these
possibilities. Hence, the general hypothesis underlying this dissertation is that
maturation decreases contractile reliance on calcium influx and myofilament
calcium sensitivity, and increases reliance on release of calcium from intracellular
stores to develop and maintain pressure-evoked myogenic tone in rat cerebral blood
vessels. Precise inspection of this hypothesis will help demonstrate the respective roles
of increases in intracellular calcium (influx and release from the SR) and myofilament
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calcium sensitivity in both mature and immature cerebrovascular responses to pressureevoked myogenic tone.

Significance
The proposed studies have potential significance in both the basic and clinical
sciences. From the basic science perspective, this proposed study will advance and
improve our working knowledge and understanding of the effects of maturation on
calcium influx and release of calcium from intracellular stores in vascular smooth
muscle, with particular focus to the cerebrovascular circulation. The results from these
experiments will also elucidate how the influx and release mechanisms are involved in
the regulation of myogenic tone in the vascular smooth muscle. Furthermore, the design
of these experiments will help in identifying the extent to which increases in intracellular
calcium are responsible for pressure-evoked myogenic tone. More importantly, the
results obtained from this proposed study should significantly expand our current
understanding of the processes governing myogenic tone in the immature cerebral
arteries. Also, these results would give an indication of the most productive directions
for future studies in this area. From a clinical perspective, the proposed study has
importance to the high incidence of cerebral artery rupture, intracranial hemorrhage, and
ischemic damage observed in infants bom pre-term. These ailments maybe caused by the
inability or failure of the pre-term infants cerebrovascular system to adjust to increases in
arterial pressure and blood flow velocities after birth. The results obtained in this study
will aid in our understanding of the mechanisms that allow the newborn to adjust to life
after birth. It is possible that the information gained in this proposed study may
eventually lead to better treatment procedures for clinical management and new
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pharmacological tools. This should ultimately reduce the long-term morbidities
associated with cerebral arteries damage or insults in the newborn.

18

CHAPTER TWO
POSTNATAL MATURATION ATTENUATES PRESSURE-EVOKED MYOGENIC
TONE AND STRETCH-INDUCED INCREASES IN CA2+ IN RAT CEREBRAL
ARTERIES

Shelton M. Charles, Lubo Zhang, Lawrence D. Longo, John N. Buchholz, and William J. Pearce

Department of Physiology and Pharmacology, Center for Perinatal Biology Loma Linda
University, School of Medicine, Loma Linda, California, 92354

Running Head
Maturation and Cerebrovascular Myogenic Tone

Correspondence
John N. Buchholz, Ph.D.
Department of Physiology and Pharmacology
Loma Linda University, School of Medicine, Loma Linda, CA, 92350
e-mail: ibuchholz@llu.edu, phone: 909-558-4800 ext. 47026

19

Abstract
Although postnatal maturation potently modulates agonist-induced
cerebrovascular contractility, its effects on the mechanisms mediating cerebrovascular
myogenic tone remain poorly understood. Because the regulation of calcium influx and
myofilament calcium sensitivity change markedly during early postnatal life, the present
study tested the general hypothesis that early postnatal maturation increases the pressuresensitivity of cerebrovascular myogenic tone via age-dependent enhancement of
pressure-induced calcium mobilization and myofilament calcium sensitivity. Pressureinduced myogenic tone and changes in artery wall intracellular calcium concentrations
([Ca ]i) were measured simultaneously in endothelium denuded, fura-2 loaded middle
cerebral arteries (MCA) from pup (PI4) and adult (6 months old) Sprague-Dawley rats.
Increases in pressure from 20 to 80 mm Hg enhanced myogenic tone in MCA from both
pups and adults although the normalized magnitudes of these increases were significantly
greater in pup than adult MCA. At each pressure step, vascular wall [Ca2 ]i was also
significantly greater in pup than in adult MCA. Nifedipine significantly attenuated
pressure-evoked constrictions in pup MCA and essentially eliminated all responses to
pressure in the adult MCA. Both pup and adult MCA exhibited pressure-dependent
increases in calcium sensitivity, as estimated by changes in the ratio of pressure-induced
myogenic tone to wall [Ca ]i. However, there were no differences in the magnitudes of
these increases between pup and adult MCA. The results support the view that regardless
of postnatal age, changes in both calcium influx and myofilament calcium sensitivity
contribute to the regulation of cerebral artery myogenic tone. The greater cerebral
myogenic response in P14 compared with adult MCA appears due to greater pressure-
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•
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induced increases in [Ca ]i, rather than enhanced augmentation of myofilament calcium
sensitivity.

Key words: Rat cerebral arteries, postnatal maturation, myofilament calcium sensitivity
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Introduction
Postnatal maturation ushers in a broad variety of changes in vascular structure and
function that dramatically alter arterial function, particularly in arteries of the cerebral
circulation (2, 15, 47). For example, initiation and maintenance of contraction is much
more dependent on calcium influx in cerebral arteries of the fetus, than those of the adult
(3). In parallel, fetal cerebral arteries also exhibit greater augmentation of agonistinduced myofilament calcium sensitization than observed in corresponding adult arteries
(2, 4, 5). Postnatal maturation also modulates the types and populations of receptors
expressed in cerebral arteries (26, 47), and enhances reactivity to stimulation of
perivascular adrenergic nerves (37). Aside from these well-characterized effects of
maturation, however, the effects of postnatal maturation on myogenic reactivity remain
poorly understood, despite the obvious importance of myogenic tone in many
homeostatic cerebrovascular responses (11, 13, 46).
Based almost exclusively on studies performed using adult arterial preparations,
myogenic reactivity is commonly attributed to alterations in intracellular calcium
94-

concentration ([Ca ]i), mediated in large part via pressure-induced changes in
plasmalemmal calcium influx through several possible types of calcium channels, the
most important of which appears to be the voltage gated L-type channels (9, 11, 25, 40,
46, 49). Myogenic responses also may involve pressure-induced calcium release from
intracellular stores (22, 30), but again the relative importance of this mechanism in the
overall contractile response to changes in transmural pressure remains a subject of
continued study. Changes in transmural pressure may also modulate myofilament
calcium sensitivity (17, 24), possibly through changes in the enzyme activities of myosin
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light chain phosphatase, protein kinase C, Rho-kinase, and other enzymes (5, 17, 24, 28,
33, 34, 46).
Given that most mechanisms proposed to mediate the myogenic response also
appear to change significantly during postnatal maturation, it is reasonable to expect that
the regulation of myogenic tone should also be quite different in immature and mature
cerebral arteries. Consistent with this possibility, cerebral autoregulation operates over
lower and narrower ranges of arterial pressures in neonates compared to adults (8),
suggesting that myogenic sensitivity to pressure changes may be upregulated in neonatal,
compared to adult, cerebral arteries. Similarly, at low pressures (10-60 mm Hg)
endothelium intact, pressurized middle cerebral arteries (MCA) from neonatal mice
develop significantly greater tone than MCA from adult mice (15). However,
endothelium removal eliminated the age-related differences at high, but not at low,
pressures suggesting that the endothelium modulates myogenic responses in both an agedependent and pressure-dependent manner, at least in mouse cerebral arteries.
Altogether, the available evidence strongly suggests that regulation of myogenic tone
varies considerably between immature and mature cerebral arteries, but the mechanistic
basis for this variation remains poorly understood and largely unexplored.
Owing to the importance of myogenic tone for the regulation of cerebrovascular
homeostasis, and the findings that the calcium-dependent contractile mechanisms
governing myogenic tone are quite different in adult and neonatal cerebral arteries, the
present study explores the hypothesis that the relations among transmural pressure,
cytosolic calcium, myofilament calcium sensitivity, and myogenic tone are significantly
greater in immature and mature cerebral arteries. To evaluate this general hypothesis, we
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examined and compared pressure-dependent myogenic tone and changes in wall [Ca ]i
in endothelium denuded MCA from adult (6 month) and pup (PI4) Sprague-Dawley rats.
Removal of the endothelium enabled the study of pressure induced myogenic responses
independent of the previously reported complications due to endothelial modulation.
With this approach, we tested the specific hypotheses that in cerebral arteries: 1)
postnatal maturation depresses the sensitivity of myogenic constriction to pressure; 2)
myogenic constriction is more dependent on the influx of extracellular calcium in
immature than in mature cerebral arteries; and 3) increased myofilament calcium
sensitivity contributes more to the myogenic response in cerebral arteries from pups than
in arteries from adults.

Materials and Methods

General Preparation
Loma Linda University’s Institutional Animal Care and Use Committee approved
all procedures used in this study. We compared two groups of male Sprague-Dawley
rats: adult rats (6 mo old) and pups (PI4) representing mature adult and juvenile rats were
housed under a 12/12 hr light/dark cycle with food and water available ad libitum. In
terms of vascular maturity and reactivity, the P14 rat can be considered an early juvenile
that is pre-pubertal but exhibits vascular characteristics midway between those of a
newborn and those of an adult (43). As described previously (14, 15), main branch
middle cerebral arteries (MCA) without side branches were dissected and cut to lengths
of 5 mm and mounted on cannulas in an organ chamber positioned on the stage of an
inverted microscope. (Living Systems, Burlington, VT). The chamber contained PSS

24

with (in mM) 130 NaCl, 10.0 HEPES, 6.0 glucose, 4.0 KC1, 4.0 NaHC03, 1.8 CaCl2,
1.18 KH2PO4, 1.2 MgSC^and 0.025 EDTA, pH 7.4-The proximal cannula was connected
to a pressure transducer, a reservoir of PSS, and a servo-controlled pump system used to
set transmural pressure. The distal cannula was connected to a luer-lock valve that was
open to gently flush the lumen during the initial cannulation. After cannulation, the distal
valve was closed and all measurements were conducted under no-flow conditions.
Arterial diameters were recorded with the SoftEdge Acquisition Subsystem (lon-Optix,
Milton, MA).

Endothelium Removal
Vascular endothelium can significantly influence responses to stretch and pressure
in cerebral arteries (15). Thus, all arteries used in this study were denuded of endothelium
by perfusing 1 ml of air through the artery lumen. Removal of endothelium was verified
by the lack of a vasodilatory response to 10 pM acetylcholine (ACH) in arteries
equilibrated at 60 mm Hg.

Measurement of Smooth Muscle Ca in Pressurized Arteries
Cannulated arteries were loaded for 20 min at room temperature with fura-2-AM
(Molecular Probes, Eugene, OR) at a concentration of 1 pM as previously described (13).
The fura 2-loaded arteries were then washed with PSS, and bath temperature was
increased to 37 °C and background corrected fluorescence emission was measured at 510
nm at a sampling rate of 3 Hz using an lonOptix photomultiplier system(14).
We estimated arterial wall [Ca ]i using both in vitro and in vivo calibration
methods as previously described (41, 50). In vitro values for the fura-2 dissociation
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constant (Kd) were determined using a commercial calibration kit (Molecular Probes)
with known calcium concentrations ranging from 0 to 39 |uM. Each calcium standard
was loaded with 4 jaM of fura-2 pentapotassium salt drawn into a micro-capillary tube
and placed on the microscope stage where the fluorescent intensities during excitation at
340 and 380 nm were measured. The ratios of the intensities at 340 and 380 nm were
then plotted against the known calcium concentrations to determine the fura-2 Kd values.
For the in vivo method, fura-2 loaded arteries were incubated in 1 mM EGTA to reduce
_i_2

.

extracellular [Ca ] to near-zero values, after which fluorescence intensities at 380 nm
(Fmin), and the 340/380 ratio (Rmin) were recorded for at least 1 min. The extracellular
medium was then replaced with PSS containing 10 mM calcium, 120 mM K+ and
ionomyocin (1 pM). Once stabilized, fluorescence intensity values were recorded to
obtain fluorescence values at 380 nm (Fmax) and the 340/380 ratio (Rmax) when fura-2 was
saturated with calcium. Overall, the values obtained for Fmin, Rmjn, ¥max and Rmax were
similar for the in vitro and in vivo methods. In addition, the Kd values obtained for fura-2
agreed well with values reported in other studies (32). Given this pattern of agreement,
the Kd values obtained from the in vitro calibration were used to convert the experimental
fluorescent intensity ratios (R) to [Ca2+]i over the physiological range by iterative fit to
the Grynkiewicz equation: [Ca2+]i = Kd[(R - Rmin)/(Rmax - R)]Sf (19). In our calculations
using this equation we used the following averaged values: Sf (20.5), Rmjn (0.3), R max
(6.3), and Kd (251 nM).

Protocols
In all experiments, artery viability and minimum possible diameter for each artery
was first assessed by measuring the changes in diameter and wall [Ca ]i produced in
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response to calcium replete PSS containing 120 mM K+, as indicated in Figure 4. Next,
the arteries were equilibrated in normal PSS, after which artery diameters and wall
calcium concentrations were recorded at transmural pressures of 20, 40, 60, and 80 mm
Hg. We used this range of pressures because: 1) it spanned the range of arterial pressures
typical of young rats between 5 and 14 days of age (23, 42, 53); and 2) previous studies
in the rat have suggested that pressure-induced increases in calcium influx are most
evident at these lower pressures (35). Each pressure was applied for at least 5 min until
values for both diameter and Ca were obtained. Next, the arteries were equilibrated in
PSS containing no calcium and 3 mM EGTA, after which diameter measurements were
again obtained at transmural pressures of 20, 40, 60, and 80 mm Hg to define the
maximum possible diameter for each artery.
In preliminary validation studies, we equilibrated arteries in normal PSS at 10 mm
Hg, and then recorded the parallel changes in artery diameter and wall calcium produced
by a step change from 10 mm Hg to 60 mm Hg (Figure 5). Following this step change,
arteries were placed in zero calcium PSS with 3 mM EGTA to determine the maximum
artery diameter. These validation measurements established the magnitudes and rates of
changes in diameter and wall calcium typical of our preparations, which agreed with
previously published values obtained in skeletal muscle arterioles (27). This validation
protocol was also performed in PSS containing the L-type channel blocker nifedipine at a
concentration of 5 pM. In preliminary experiments, the effects of multiple
concentrations (1, 5, and 10 pM) of nifedipine on pressure-induced constrictions were
examined and 5 pM was the lowest concentration that produced a maximal inhibition of
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artery tone. Therefore, 5 |aM was taken as the maximal effective concentration for
blockade of L-type calcium channels with nifedipine in this study.

Chemicals
Pluronic acid and Fura-2-AM were purchased from Molecular Probes. Nifedipine
was purchased from Sigma Chemical (St. Louis, MO) and added to the organ chamber at
its final optimally effective concentration as discussed above.

Calculations, Data Analysis and Statistics
For each calculation of myogenic tone, artery diameters measured under the various
experimental conditions were subtracted from the maximum diameters observed in each
artery in zero Ca PSS at the corresponding transmural pressures. These diameter
differences were then normalized relative to the maximum active change in diameter
defined in each artery as the difference in maximum diameter observed in zero calcium
PSS minus the minimum diameter measured in calcium replete PSS containing 120 mM
K+, obtained at a pressure of 60 mm Hg. Values of myogenic tone, artery diameter, and
wall calcium were analyzed via 2-way ANOVA with repeated measures using age (pup
vs. adult) and pressure as factors. Post-hoc comparisons were performed using the
Fischer PLSD analysis. The slopes of the relations between myogenic tone and
transmural pressure were calculated using linear regression, and then compared between
pups and adults using t-statistics. Throughout the text, all values are given as means ±
SEM and statistical significance implies P<0.05 unless stated otherwise.
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Results

Validation of Fura-2-AM Loading and Deesterification
To verify that comparable amounts of fura-2-AM were taken up and deesterified by
both pup and adult arteries, the intensity of the fluorescence signal at 510 nm was
measured during illumination at 380 nm to obtain a signal (Fsgo) proportional to the
amount of loaded active dye (31). The Fsgo values obtained averaged 3735 ±191 and
3578 ±133 for adult and pup arteries, respectively. These data demonstrate that the
amount of fura-2-AM taken up and deesterified was not significantly different in the two
age groups, and thus are consistent with our previous results from superior cervical
ganglia suggesting that the Fsgo does not change with advancing age from adult to
senescence (41, 50). These results also suggest that overall esterase activity is sufficient
to fully convert Fura-2/AM into its free salt in both pup and adult MCA.

Effects of K and a 50 mm Hg Step-Increase in Pressure on Diameter and Wall [Ca ]i
Exposure of adult artery segments to PSS containing 120 mM K+ produced an
abrupt decrease in artery diameter, and this contraction was reversed over an interval of
approximately 200 s following K+ washout (Figure 4A). Exposure of adult artery
segments to 120 mM K also produced a parallel rapid increase in [Ca ]i, and this
increase was also reversed over an interval of approximately 200 s following K+ washout
(Figure 4B). In arteries from pups, exposure to 120 mM K+ produced changes in
diameter (Figure 4C) and [Ca ]i (Figure 4D) that were qualitatively similar to the
changes observed in adult arteries, but developed more slowly, were smaller in
magnitude, and recovered more quickly.
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When transmural pressure was quickly changed from 10 to 60 mm Hg, adult
artery diameters increased abruptly but did not reach maximum passive diameter, which
was defined as the diameter attained in zero calcium PSS with 3 mM EGTA (Figure 5A).
Following this step change in pressure, arteries in calcium-replete PSS gradually
contracted over a period of approximately 200 sec whereas arteries in calcium-free PSS
maintained a near-constant diameter. The step change in pressure also initiated a rapid
increase in [Ca2+]i, followed by a gradual increase over a period of approximately 200 sec
(Figure 5B); the dynamics of the diameter and [Ca2+]j responses were qualitatively quite
similar following the step-change in pressure.
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Figure 4. Effects of K+ on step-increase in pressure on diameter and wall
[Ca2+]i. Panel A: The trace shown represents continuous artery diameter
measurements taken from an adult MCA segment equilibrated in normal PSS, then
exposed to Potassium-PSS containing 120 mM K+ as indicated by the arrow. The
arrow labeled “Wash” indicates the beginning of washout of the K+. Panel B:
Shown is the response of cytosolic calcium concentration to high K+ measured from
the same adult artery segment indicated in Panel A. The light gray trace indicates
the calcium signal averaged over 0.5 s intervals. The black trace indicates the signal
averaged over 5.0 s intervals. Panel C: Shown is a trace of artery diameter
measurements taken from a pup MCA segments treated as described for Panel A.
+
Panel D: Shown is the response of cytosolic calcium concentration to high K
measured from the same pup artery segment indicated in Panel C. Signals were
averaged as described for Panel B.
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Figure 5. Effects of 50 mmHg on step-increase in pressure on diameter and
wall [Ca2+]i. Panel A: An adult MCA segment was equilibrated in normal PSS at
10 mm Hg and then a rapid step increase to a transmural pressure of 60 mm Hg
was applied at 0 seconds. The trace indicates the response of artery diameter to this
step change in pressure. The gray trace indicates the response of a segment
equilibrated in calcium-free PSS, and thus represents passive diameter. Panel B:
Shown is the response of cytosolic calcium concentration corresponding to the
diameter trace shown in Panel A. The light gray trace indicates the calcium signal
averaged over 0.5 s intervals. The black trace indicates the signal averaged over
5.0 s intervals. Panel C: A pup MCA segment was treated in the same manner as
the adult MCA described in Panel A. Panel D: Shown is the response of cytosolic
calcium concentration corresponding to the diameter in Panel C. The signals were
averaged as described in Panel B.

Similarly in pup arteries a single pressure step from 10 to 60 mm Hg, diameters
increased abruptly but did not reach maximum passive diameter (Figure 5C). Following
this step change in pressure, pup arteries in calcium-replete PSS contracted over a period
of approximately 200 sec whereas arteries in calcium-free PSS maintained a near
constant diameter. In addition, the constriction caused by a single pressure step is greater
in pup as compared to adult arteries. The step change in pressure also initiated an more
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gradual increase in [Ca ]j, over a period of approximately 200 sec (Figure 5D); the
dynamics of the diameter and [Ca ]j responses were qualitatively quite similar following
the step-change in pressure. However, in pup arteries the calcium levels are greater as
compared to adults.

Effects of Pressure and Nifedipine on Myogenic Tone in Pup and Adult Arteries
In calcium-free PSS containing 3 mM EGTA, progressive increases in transmural
pressure from 20 to 80 mm Hg produced corresponding increases in diameter in both
adult (Figure 6A) and pup (Figure 6B) arteries. Maximum passive diameters at 20 mmHg
were significantly larger in adult (212 ± 5.6 pm) than in pup (192 ± 3.1 pm) arteries, and
similarly at 80 mm Hg were significantly larger in adult (254 ± 6 pm) than in pup (227 ±
4 pm) arteries (P<0.02, ANOVA). In the presence of normal PSS containing 1.8 mM
Ca , the diameters associated with each transmural pressure were significantly less than
observed in calcium-free PSS, indicating the development of myogenic tone in both adult
(Figure 6C) and pup (Figure 6D) arteries. Most importantly, the magnitude of the
pressure-induced increase in myogenic tone was significantly greater in pup than in adult
arteries.
In the presence of 5 pM nifedipine, both adult and pup artery diameters were
significantly greater than observed in calcium-replete PSS, indicating that a significant
component of the calcium that supports myogenic tone originates as calcium influx
through L-type calcium channels.
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Figure 6. Effects of pressure and nifedipine on myogenic tone in pup and adult arteries.
Effects of changes in intraluminal pressure on diameter in adult (Panel A) and pup (Panel B)
endothelial denuded middle cerebral arteries (MCA). Sequential pressure steps from 20 to 80
mmHg were applied to arteries equilibrated with normal PSS, 5 pM nifedipine in PSS, or
calcium-free PSS (3 mM EGTA), respectively. Also shown are pressure-induced changes in %
myogenic tone in adult (Panel C) and pup (Panel D) MCA for pressures from 20 to 80 mmHg in
normal PSS or 5 pM nifedipine in PSS. Values represent the mean diameter ± SEM for 9 adult
and 10 pup arteries. In all cases, average diameters were significantly greater in nifedipine (•)
and calcium-free PSS (*) than in normal PSS, indicating the development of significant
pressure-dependent myogenic tone in both age groups. Values of myogenic tone were also
significantly different in normal PSS and nifedipine (•) for all arteries.
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In adult arteries, the development of pressure-induced myogenic tone was
significantly inhibited in the presence of nifedipine (Figure 6C), suggesting the presence
of an important component of intrinsic artery tone that was independent of calcium influx
through L-type calcium channels in adult arteries. Following nifedipine treatment in
adult arteries, this residual intrinsic tone did not change in response to increases in
pressure (Figure 6C). In the pup arteries, nifedipine also significantly depressed
pressure-induced myogenic tone (Figure 6D), but revealed a small component of
nifedipine-resistant myogenic tone that remained sensitive to pressure between 20 and 60
mm Hg.
To directly compare myogenic reactivity in adult and pup arteries, we plotted the
pressure-induced changes in myogenic tone against the corresponding transmural
pressures (Figure 7). Regression of these values of tone against pressure yielded slopes
of 0.50 ±0.10 and 0.90 ± 0.20 in adult and pup arteries, respectively. These results
suggest that myogenic reactivity to increases in pressure was significantly less in adult
than in pup arteries.

Effects of Pressure and Nifedipine on Wall Calcium in Pup and Adult Arteries
In calcium replete PSS, increases in transmural pressure were associated with
corresponding increases in wall [Ca ]i in both adult (Figure 8A) and pup (Figure 8B)
arteries. The slope of the relation between pressure and [Ca ]i was less in adult than in
pup arteries, again suggesting that myogenic reactivity to increases in pressure was
significantly less in adult than in pup arteries. Blockade of L-type calcium channels with
9-P
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nifedipine significantly reduced wall [Ca ], in both adult and pup MCA at all pressures.
In adult arteries treated with nifedipine, increases in pressure produced no significant
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increases in wall [Ca2+]i, suggesting that pressure-induced calcium influx in adult arteries
was mediated primarily by L-type calcium channels.

90
80
O 70
c
I— 60
.9

ICD 50
O

40
30
20
10
10

20

T

'r

I

30

40

50

60

Pressure (mm Hg)

70

80

90

Figure 7. Slope analysis of the relations between pressure and myogenic tone in
normal PSS. Slopes of the relations between % myogenic tone and pressure were
determined within each experiment via linear regression, and then compared via
Student’s t-tests. Average slope values were significantly less in adult than pup
arteries (P<0.02). The values shown represent the mean ± SEM from 9 adult and 10
pup arteries.
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In contrast, pup arteries treated with nifedipine still exhibited modest increases in [Ca ]j
when transmural pressure was increased, suggesting that pressure-induced increases in
calcium influx may be at least partially mediated by calcium channels other than the Ltype that are sensitive to nifedipine. In addition, increases in pressure stimulated a small
but significant increase in wall [Ca2+]i, even in calcium-free PSS, suggesting that some
coupling between stretch and intracellular release may be involved in the pup arteries
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(Figure 8B). Overall, [Ca ]i was significantly greater in pup than adult arteries at all
pressures under corresponding conditions.
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Figure 8. Effects of pressure and nifedipine on wall calcium in pup and adult arteries.
Effects of postnatal maturation and nifedipine on pressure-induced changes in wall calcium
([Ca2+]i) in fura-2 loaded adult (Panel A) and pup (Panel B) MCA. Pressure steps from 20 to
80 mmHg were applied in increments of 20 mm Hg to arteries equilibrated in normal PSS,
PSS + 5 pM nifedipine, or calcium free PSS (3 mM EGTA) respectively. In all cases, values
for [Ca2+]i were significantly greater (P<0.05) in PSS than in nifedipine + PSS (*), and were
also greater in nifedipine + PSS than in calcium free PSS (•). In the pup, values for [Ca2+]i
measured at 80 mm Hg (PSO) were significantly greater than at 20 mm Hg (P20) in all
groups. In the adult, however, values for [Ca2+]i measured at 80 mm Hg were significantly
greater than at 20 mm Hg only in normal PSS. Values for [Ca2+]i were significantly greater
in pup MCA as compared to adult for all corresponding treatments, PO.05. The values
shown represent the mean ± SEM for 9 adult and 10 pup arteries.
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Impact of Postnatal Maturation on the Ratio of Tone Normalized to Wall [Ca ]i.
In light of previous reports that increases in transmural pressure may be coupled to
increased myofilament calcium sensitivity (17, 24), we calculated the ratio myogenic
tone to wall [Ca ]i to obtain an estimate of myofilament calcium sensitivity in our
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preparations. Consistent with previous reports (17, 24), the ratio of myogenic tone to
94-

wall [Ca ]i increased significantly (P<0.01, ANOVA) in direct proportion to transmural
wall pressure in both adult and pup arteries (Figure 9). However, the magnitudes of the
94-

•

ratios of myogenic tone normalized to wall [Ca ]i did not vary significantly between
adult and pup arteries at any pressure.
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Figure 9. Effect of postnatal maturation on pressure-induced changes in an index of
myofilament calcium sensitivity. Myogenic tone was normalized relative to the maximum
active tone produced in response to 120 mM K+. These normalized values of myogenic
tone were then divided by the corresponding calcium concentrations observed at each
pressure to obtain estimates of myofilament calcium sensitivity. The values of these ratios
increased significantly in direct proportion to transmural pressure (P<0.05, ANOVA); in
both groups, the ratio of tone to calcium was significantly (•) greater at 80 mm Hg (P80)
than at 20 mm Hg (P20). The values shown indicate mean ± SEM for 8 adult and 9 pup
arteries.
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Discussion
Cerebrovascular contractility depends on the coordinated integration of multiple
mechanisms, most of which change steadily throughout fetal development and early
postnatal maturation (24, 25, 37, 38, 39, 47). Moreover, during maturation there is an
increase in systemic blood pressure, which increases hemodynamic stress on blood
vessels. Thus, the contractile mechanisms that govern myogenic responses in cerebral
blood vessels must adapt in order to control cerebral blood flow and minimize the risk of
blood vessel rupture (52). In addition, the overall regulation of cerebrovascular
resistance involves a coordinated integration of both large artery and small artery
responses; up to 50% of total cerebrovacular resistance can be accounted for arteries
proximal to the pial circulation (7, 36). These findings illustrate the importance of larger
cerebral arteries, such as the middle cerebral, in overall regulation of the immature
cerebral circulation.
Although the consequences of fetal development and postnatal maturation have
been established for a variety of contractile mechanisms in smooth muscle, their effects
on cerebrovascular myogenic reactivity remain largely unexplored. This deficit offered a
novel opportunity for the application of recently developed in vitro small vessel perfusion
•
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techniques with simultaneous measurements of lumen diameter and wall [Ca ]i (10, 12,
27, 45, 47), to the study of myogenic reactivity in immature arteries. To that end, an
initial goal of the present study was to establish that fura-2-AM uptake and overall
esterase activity were sufficient in cerebral arteries from P14 rats to enable comparable
measurements of [Ca2+]i in arteries from both pups and adults. The values we obtained
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for maximum fluorescence at 380 nm (F380) agreed within 4% in pup and adult arteries,
and thus validated the use of the fura-2 methodology in our preparations.
To further validate the preparations used in our experiments, we also measured the
9-4-
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magnitudes of changes in [Ca ]j and artery diameter observed following a step change in
pressure. These were comparable to previously reported results obtained using similar
methods in other preparations (27). As shown in Figure 4, we found that exposure to 120
mM K+ produced significant changes in both diameter and wall calcium. The dynamics
of the changes in diameter and wall calcium were similar in adult and pup arteries,
although the changes developed more slowly, were smaller in magnitude, and recovered
more quickly in pup than in adult arteries. In parallel, the experiments in adult and pup
arteries further revealed that a 50 mm Hg step-change in transmural pressure produced an
94-

initial rapid increase in both diameter and wall [Ca ]j followed by a gradual
94-

vasoconstriction and a slow continued rise in wall [Ca ]j. This pattern of response was
similar to that reported by Meininger (27), although in their study the myogenic
constriction returned diameter completely back to baseline with a corresponding
sustained increase in wall [Ca2+]i of only 10-15%. In contrast, in the present study the
pressure step produced a sustained increase in diameter that was not completely reversed
9_l_

#

by myogenic constriction despite an increase in wall [Ca ]i. of approximately 30% and
15% in adult and pup arteries respectively (Figure 5A,C). Regardless, the two sets of
results agree well given that arteries from very different vascular beds (cremaster muscle
vs. cerebral circulation) were stimulated with quite different pressure stimuli (step
increase from 90 to 130 cm H2O vs. 10 to 60 mm Hg). This agreement strongly suggests
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that the methods used to study myogenic responses in our preparations were valid,
accurate and reliable.
The main goal of the present study was to test the general hypothesis that the
relations among transmural pressure, cytosolic calcium, myofilament calcium sensitivity,
and myogenic tone are significantly different in immature and mature cerebral arteries.
In the first series of experiments designed to explore this hypothesis, step-wise increases
in transmural pressure from 20 to 80 mm Hg produced changes in diameter which, when
compared to corresponding changes observed in calcium-free PSS, enabled calculations
of myogenic tone at each pressure (Figure 6). These calculations revealed that both adult
and pup middle cerebral arteries significantly increase myogenic tone in response to
increased transmural pressure. As indicated by the slopes of the relations between
pressure and myogenic tone (Figure 7), the data also indicated that myogenic reactivity
was up to 30% greater in arteries from pups than in arteries from adults. This finding is
consistent with previous studies of cerebral arteries (14, 15, 16), and further supports the
concept that greater myogenic reactivity in neonatal arteries may be an advantageous
adaptation to the lower hydraulic pressures that are typical of the immature
cerebrovascular circulation (6, 8, 18).
To understand more completely why myogenic reactivity might be greater in
immature than mature cerebral arteries, we also examined myogenic reactivity to changes
in transmural pressure in the presence of an optimally effective concentration of
nifedipine, a dihydropyridine blocker of L-type calcium channels (48). Nifedipine
dramatically attenuated the development of pressure-induced myogenic tone in both pup
and adult arteries (Figure 6). This finding supports the view that myogenic reactivity is
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largely dependent upon the entry of extracellular calcium through plasmalemmal calcium
channels (1,9, 11, 20, 47). Although a significant fraction of myogenic tone persisted in
the presence of nifedipine, the reactivity of this component to changes in transmural
pressure was greatly attenuated in pup arteries and completely eliminated in adult
arteries. This suggests that the specialized coupling between mechanotransduction and
voltage-dependent calcium channels proposed to explain myogenic reactivity in other
vascular beds (21) also may be important in both mature and immature rat cerebral
arteries. In addition, our finding that the degree of attenuation of myogenic reactivity by
nifedipine was greater in adult than in pup arteries is consistent with, and may be a
consequence of, the tendency for calcium influx to be a more important source of
activator calcium in pup compared to adult cerebral arteries (3). Alternatively, it could
also be explained by the presence of a small, nifedipine-resistant component of pressuresensitive calcium influx or release in pup but not adult arteries.
To examine more closely the age-dependence of the role of calcium in myogenic
reactivity, an additional set of measurements focused on the relations between transmural
pressure and cytosolic calcium concentration, as measured via fura-2. Consistent with
the results shown in Figure 6, increases in transmural pressure also produced significant
increases in cytosolic calcium, and the magnitudes of these increases were greater in pup
than in adult arteries (Figure 8). In addition, nifedipine virtually eliminated the pressureinduced calcium increases in the adult arteries, and significantly attenuated but did not
eliminate these increases in the pup arteries. The small pressure-dependent and
nifedipine-resistant increases in cytosolic calcium observed in pup, but not adult, arteries
suggest the possible presence either of an additional nifedipine-resistant pathway for
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calcium influx in the pup arteries, or of a mechanism mediating pressure-sensitive
calcium release. This latter possibility is consistent with the observation that pressure
increased cytosolic calcium even in pup arteries equilibrated in calcium-free PSS. In
either case, the fura-2 data are quite consistent with the nifedipine data, and strongly
suggest that the increased myogenic reactivity observed in pup compared to adult arteries
is attributable, at least in part, to an enhanced ability of pressure to stimulate increases in
cytosolic calcium.
In light of convincing evidence that increased transmural pressure can lead to
increased myofilament calcium sensitivity (17, 24, 52), we calculated the ratio of
myogenic tone to cytosolic calcium concentration to obtain estimates of calcium
sensitivity. Consistent with the reports from Gokina (17) and Lagaud (24), our estimates
of calcium sensitivity rose in direct proportion to transmural pressure in both adult and
pup arteries (Figure 9). This indicates that pressure-induced increases in myofilament
calcium sensitivity make a significant contribution to overall myogenic reactivity in rat
cerebral arteries. However, the magnitudes of these estimates did not vary significantly
between adult and pup arteries at any pressure. This finding suggests that age-related
differences in overall myogenic reactivity probably do not involve corresponding
differences in the ability of increased transmural pressure to enhance myofilament
calcium sensitivity in pup and adult arteries.
In conclusion, the present data demonstrate that pressure-induced myogenic
reactivity is greater in MCA from P14 rats than from adult rats. This myogenic reactivity
appears dependent on pressure-induced increases in calcium-influx through nifedipinesensitive calcium channels, but also may involve a small contribution from pressure-
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dependent but nifedipine-resistant increases in cytosolic calcium in pup, but not adult,
cerebral arteries. Increases in transmural pressure also appear to enhance myofilament
calcium sensitivity significantly in rat cerebral arteries, but the magnitude of this effect is
quite similar in cerebral arteries from P14 and adult rats. Overall, the observed agerelated differences in myogenic reactivity are best explained by an enhanced ability of
increased transmural pressure to elevate cytosolic calcium, largely via increased calcium
influx through nifedipine-sensitive calcium channels, in pup compared to adult cerebral
arteries. The mechanisms responsible for the increased ability of transmural pressure to
enhance calcium influx remain unclear, but could involve numerous possible mechanisms
related to age-related differences in artery structure, G-protein expression, calcium
channel density, intracellular calcium pool size (21, 30).
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Abstract
Modulation of cytosolic calcium and myofilament calcium sensitivity vary
considerably with postnatal maturation in cerebral arteries. Since these mechanisms are
important in regulating pressure-evoked myogenic response, the present study tested the
general hypothesis that myogenic tone is less dependent on intracellular calcium ([Ca ]i)
release and more dependent on myofilament calcium sensitization in pup (PI4) compared
to adults (6 months) middle cerebral arteries. To test this hypothesis, two general
protocols were used. In the first protocol, we measured pressure-evoked (20-80 mmHg)
myogenic tone and wall intracellular calcium ([Ca ]i) in isolated endothelial denuded,
fura-2 loaded segments of middle cerebral arteries (MCA) from PI 4 and adult SD rats.
Measurements were done in calcium replete HEPES buffer in the absence and presence
of cyclopiazonic acid (CPA, 10 pM) to deplete [Ca ]i stores, with the calcium channel
blocker, lanthanum (La3+, 100 pM), or with La3+ plus CPA. In the second protocol we
measured pressure-evoked (20-80 mmHg) myogenic tone in endothelial denuded
segments of MCA from PI 4 and adult SD rats that where permeabilized using 10 pM (3escin. In the first study, myogenic tone was developed at each pressure step with
corresponding increases in [Ca2+]i, in adult and pup MCA. CPA reduced myogenic tone
and [Ca2+]i in the adult MCA, while in the pup CPA, decreased myogenic tone with no
change in [Ca2+]i and tone remained significantly greater in the pup as compared to the
adult. La3+ decreased myogenic tone and [Ca2+]i in the adult MCA while in the pup, tone
also declined but was greater as compared to adult without any significant decline in
[Ca2+]i. In the presence of La3+ and CPA, myogenic tone was completely lost in the adult
with a corresponding decline in [Ca2+]i. However, in the pup MCA, myogenic tone was
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severely depressed, with no significant change in [Ca ]i. In the second study, as
pressure is increased in increments of 20 mmHg from 20-80 mmHg in adult arteries,
maximum efficacy (A D) was unaffected by perfusion pressures However, in the pup
arteries, A D was markedly depressed by increased perfusion pressures. In adult arteries log EC50 for calcium was also largely unaffected by increases in perfusion pressures (2080 mmHg), but in the pup arteries, -log EC50 for calcium was increased under these
conditions (20-80 mmHg). These data therefore suggest that adult MCA is more
9+ •

•

dependent on calcium release from ([Ca ]i) stores for the development and maintenance
of pressure evoked tone , while the pup MCA is more depend on myofilament calcium
sensitivity and calcium influx for the development of pressure-evoked myogenic tone.

Key words: cerebral arteries, myogenic reactivity, myofilament calcium sensitivity,
permeabilization
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Introduction
Myogenic response, first reported by Bayliss in 1902 (5), refers to the ability of
vascular smooth muscle to vary its condition of contractility in response to changes in
transmural pressure; that is the vessel constricts to increase transmural pressure and
dilates when the pressure decreases. Myogenic response is in turn regulated by an
increase in intracellular calcium concentration ([Ca ])i, mediated primarily through
pressure-evoked changes in plasma membrane voltage-gated L-type calcium channels (7,
9, 31, 45, 56) and release from intracellular stores, predominantly sarcoplasmic
recticulum (SR) (24, 37). In addition, myogenic response may also be regulated by
myofilament calcium sensitivity (10, 18, 19, 23, 25, 27, 41, 51, 54, 59). Our recent study
showed that cerebral arteries from pup (PI4) are more dependent on extracellular calcium
for the development of pressure-evoked myogenic reactivity, while the adult rely on
extracellular calcium and some other source of calcium example SR release (8).
However, the role played by SR Ca release, in promoting vascular contraction in pup
verses adult, remains to be elucidated.
The SR is believed to be the primary Ca storage site in smooth muscle cells
including these of the vasculature; thus it plays a major role in Ca2+ release and
intracellular signaling (6, 29, 43, 50). For activation of SR stores to occur, it has been
shown by Osol et al and Narayanan et al (36, 41), that pressure can activate
heterotrimeric G-proteins (Gaq) which activates phopholipase C (PTC) and some of the
downstream plays of PLC which include 1,2-diacylglycerol ( DAG) and inositol 1,4,5trisphosphate (IP3). Once IP3 is synthesized, it rapidly diffuses into the cytosol of the
cell (example smooth muscle), where it binds to the IP3 receptor (IP3R) on the SR, which
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then results in the release or mobilization of intracellular Ca stores (33), leading to an
increase in intracellular Ca2+. This pathway can also activate myofilament calcium
sensitivity. The pharmacological inhibitor, cyclopiazonic acid (CPA) has been shown to
9-1-

block sarco (endo) plasmic reticulum Ca -ATPase (SERCA), thereby preventing the SR
stores from being refilled. Hence, using this inhibitor gives us an opportunity to study
the role of calcium release in the adult and pup arteries.
The mechanism that govern myogenic response changes considerably during
postnatal development; hence it is logical to anticipate that the regulation of myogenic
tone should be rather different in immature and mature cerebral arteries. It has been
shown by Long et al (30), that adult cerebral arteries rely more on the release of Ca2+
from SR stores for norepinephrine(NE)-induced contraction, while the fetal cerebral
arteries rely more on calcium influx via L-type Ca channels. Given the result of this
study it is expected that in pressure-induced contraction our finding should be similar. It
9.

has also been reported that myofilament Ca sensitivity is greater in the fetal and
newborn cerebral arteries than in adult arteries (1-4, 31).
As a result of these findings, we investigated the hypothesis that postnatal
maturation increases the importance of intracellular calcium release and decreased
reliance on myofilament Ca sensitivity for the initiation and maintenance of myogenic
tone. To assess this hypothesis two protocols were used. In the first protocol we
measured pressure-evoked (20-80 mmHg) myogenic tone and wall intracellular calcium
([Ca ]i) in isolated endothelial denuded, fura-2 loaded segments of middle cerebral
arteries (MCA) from PI4 and adult SD rats. In the second protocol, we measured
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pressure-evoked (20-80 mmHg) myogenic tone in endothelial denuded segments of MCA
from P14 and adult SD rats that where permeabilized using 10 pM p-escin.

Materials and Methods

General Preparation
All animal procedures used in this study were approved by the Loma Linda
University’s Animal Care and Use Committee. These procedures were followed very
careful for all experiments. In this study, two groups of rats (Sprague-Dawley) were
compared: adult (6 month old) and pups [14 day old (PI4)]. The rats were housed under
a 12:12-h light-dark cycle with food and water ad libitum. The methods used in this study
have been previously described (8, 13, 14). Briefly, the rats were anaesthetized with CO2
(1 minute) followed by decapitation. The brain was then rapidly removed from the
cranial cavity and placed in ice cold physiological salt solution (PSS) with (in mM): 130
NaCl, 10.0 HEPES, 6.0 glucose, 4.0 KC1, 4.0 NaHC03, 1.8 CaCl2, 1.18 KH2PO4, 1.2
MgSCL, and 0.025 EDTA, pEl 7.4. The main branch middle cerebral artery (MCA) was
dissected from the brain and clear of all connective tissues. The MCA was cut into
lengths of 3-5 mm and mounted on cannulas in an organ chamber positioned on the stage
of an inverted microscope (Living Systems, Burlington, VT). The proximal cannula was
connected to a pressure transducer and a windkessel reservoir of PSS, whose pressure
was controlled by a pressure servo control system used to set the transmural pressures of
the vessels (MCA). The distal cannula was connected to a luer-lock valve that was
opened to gently flush the lumen during the initial equilibration. After equilibration, the
valve was closed and all measurements were conducted under no-flow conditions.
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Arterial diameters were recorded with the SoftEdge Acquisition Subsystem (lon-Optix,
Milton, MA).

Endothelium Removal
All arteries used in this study were denuded of the endothelium by perfusing 1 ml
of air through the artery lumen. Removal of the endothelium was confirmed by the lack
of vasodilatory response to 10 pM ACh in arteries equilibrated at 60 mmHg.

Measurement of Smooth-Muscle Ca2 in Pressurized MCA
Once the MCA were cannulated the arteries were then loaded at room
temperature with fura-2 AM (Molecular Probes, Eugene, OR) for 20 minutes at a
concentration of 1 pM as was previously described (12). After the loading was complete
the arteries were then washed with PSS, and the bath temperature was increased to 37°C;
using an lonOptix photomultiplier system background-corrected fluorescence emission,
measured at 510 nm at a sampling rate of 3 Hz (13).
A detailed method of estimating arterial wall [Ca2+]i using in vitro and in vivo
calibration methods was previously described (8). Briefly, given that values obtained for
Emin? Rmin? F max?

Rmax and Kd were similar for both in vitro and in vivo methods. Kd values

obtained from the in vitro calibration were used to convert the experimental fluorescent
intensity ratios (R) to [Ca2+]i over the physiological range by iterative fit to the
Grynkiewicz equation: [Ca2+]i = Kd[(R-Rmin)/(Rmax- R)]Sf (20). In our calculations
using this equation, we used the following averaged values: Sf (20.5), Rmin (0.3), R max
(6.3), and 7G (251 nM).
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Experimental Protocols
In all protocols, artery functionality and minimum possible diameter for each
artery was evaluated by measuring the changes in diameter and wall [Ca ]i generated in
response to PSS containing 120 mM K+ for 1 to 2 minutes. Next, the 120 mM K+ was
washed out with normal PSS and the arteries were then allowed to equilibrate in this
solution for about 10 minutes. The steps that follow were only done in protocols 1 and 2.
Once, equilibration occurred artery diameters and wall [Ca ]i were recorded at
transmural pressures of 20, 40, 60 and 80 mmHg. Each pressure was administered for at
least 5 minutes or until a constant or stable value for both diameter and calcium was
acquired. Different and varying concentrations of drugs were then applied to the artery in
the organ chamber for 20 minutes. Subsequently, diameter and calcium was obtained at
transmural pressures of 20-80 mmHg. Finally, the arteries were exposed to PSS
containing zero calcium with EDTA (3 mM) after which diameter and calcium were
again obtained at transmural pressures of 20-80 mmHg to acquire the maximum possible
diameter for each artery.

Protocol 1
This protocol was designed to determine the effect of the sarcoplasmic reticulum
Ca2+ release on myogenic tone and intracellular Ca2+ in response to increases in pressure
(20-80 mmHg) in the presence and absence of specific smooth endoplasmic reticulum
calcium ATPase (SERCA) pump antagonist cyclopiazonic acid (CPA) (10 pM). In
preliminary experiments, the effects of multiple concentrations (1,5, and 10 pM) of CPA
on pressure-induced constrictions were examined, and 10 pM was the lowest
concentration that produced a maximal inhibition of artery tone. Hence, 10 pM CPA was
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used is all subsequent experiments. The first series of pressures (20-80 mmHg) steps was
completed in normal PSS and the second series was done in PSS containing 10 pM CPA.
A final series of pressure steps was conducted in PSS containing zero calcium with
EDTA (3 mM) to determine the maximum passive diameter for each artery.

Protocol 2
This protocol was designed to determine the effect of the sarcoplasmic reticulum
2“b

Ca release and blockage of calcium influx through all calcium channels on myogenic
tone and intracellular Ca in response to increases in pressure (20-80 mmHg) in the
presence and absence of the specific SERCA pump antagonist CPA (10 pM) and the
calcium channel blocker lanthanum (La ) (100 pM). In preliminary experiments, the
effects of multiple concentrations (5, 10, 50, 100, 200 and 300 pM) of La3+ on pressureinduced constrictions were examined, and 100 pM was the lowest concentration that
produced a maximal inhibition of artery tone. Hence, 100 pM La was used is all
subsequent experiments. The first series of pressures (20-80 mmHg) steps was
completed in normal PSS, the second series was done in PSS containing 100 pM La3+.
The third series of pressure steps (20-80 mmHg) was done in PSS containing 100 pM
La plus 10 pM CPA. A final series of pressure steps was conducted in PSS containing
zero calcium with EDTA (3 mM) to determine the maximum passive diameter for each
artery.

Protocol 3
This protocol was designed to determine the effect of Ca2+ sensitivity in
permeabilized cerebral arteries. After the artery was allowed to equilibrate in normal
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PSS at 40 mmHg, the artery was then placed in a relaxing solution that contained (in
mM) 5 EGTA, 6.42 ATP, 90.4 potassium acetate, 6 magnesium acetate, 1 dithiothreitol
(DTT), 0.01 leupeptin and 20 HEPES at pH 6.8 (titrated with KOH). The artery was
placed in this relaxing solution to remove all or most extracellular calcium which caused
the artery to dilate. The artery was then placed in low extracellular calcium, example 4-12
2+

pM Ca which did not cause any change in the diameter of the artery. Chemical
skinning was achieved by adding p-escin (10 pM) to the vessel for 10-15 minutes at
37°C. Preliminary studies were first done to determine the optimal time and
concentration for successful permeabilization of MCA by exposing pressurized (40
mmHg) arterial segments to different concentrations of [3-escin (10, 20 and 30 pM). The
concentration that contracted the vessel to 70-90 % of maximum contraction was found
to be 10 pM p-escin. This concentration was used in all subsequent experiments.
Initially, 1 pM calmodulin was added to the solutions for two reasons: 1) to ensure that
the contractile apparatus remained responsive to Ca2+ and 2) to replenish calmodulin that
may have been lost due to vessel permeabilization (3). However, in our experiments it
was found that the same results were obtained with or without calmodulin. Hence,
addition of calmodulin in subsequent experiments was omitted.
Permeabilization of the artery was confirmed by vasoconstrictions observed
when the artery was exposed to 10 pM p-escin. Once permeabilized the 10 pM p-escin
was then removed from the artery, and, at this point, the artery was exposed to the
relaxing solution. Once P-escin was removed, the MCA was then incubated in different
calcium buffer solutions. Diameter was then obtained at transmural pressures (20-80
mmHg) for each calcium buffer solution.
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Ca buffer solutions were made by solving the multi-equilibrium equation for
interactions among the following ions as was previously done (3): H+, Ca2+, EGTA'4,
Mg2+, K+, Na+, HEGTA'3, H2EGTA'2, HsEGTA-1, H4EGTA, CaEGTA'2, HEGTA'1,
-1
-1
-3
-3
MgEGTA",
MgHEGTA",
ATP4, HATP'3, H2ATP'2, CaATP'2, CaHATP",
KATP‘J.

K2ATP-3,KHATP'2, NaATP'3, Na2ATP‘2 and NaHATP'2. For these experiments.
equilibrium constants for the calculations were obtained from studies that were
previously reported (11, 22). Two primary buffer solutions were made, one with zero
Ca2+ or low Ca2+ (relaxing solution) and (in mM) 5 EGTA, 6.42 ATP, 90.4 potassium
acetate, 6 magnesium acetate, 1 dithiothreitol (DTT), 0.01 leupeptin and 20 HEPES at pH
6.8 (titrated with KOH), and the other with high Ca . The high Ca solution contained
94-

94-

the same ion concentration as the low Ca except for free Ca , which was 10 pM ( 5. 02
mM calcium acetate). Different calcium solutions were then made by mixing the high
2_j_

and low Ca buffer solutions together.
To ensure that the calcium solutions were accurately made, free Ca2+
concentrations were measured directly in solution with the dual-wavelength
9_1_

#

measurements of bound-to-unbound with the PTI system at 37°C. Ca concentration
were calculated as described by Grynkiewicz (20). The value of the fura 2 affinity
constant used were 38, 49 nM. All buffer free calcium measurements were made at 5 pM
fura 2 concentrations.

Chemicals
All chemical were purchased from Sigma (St. Louis, MO), except pluronic acid,
fura-2 AM and magnesium acetate, which were purchased from Molecular Probes and
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Fisher Scientific respectively. All chemicals were added to the organ chamber at its final
optimal effective concentration.

Calculation
Myogenic tone was calculated as follows

Myogenic tone (%) = (Pd - Ad)/Pd X 100
Pd is passive diameter in the presence of PSS containing zero calcium with EDTA (3
mM) at a given intraluminal pressure. Ad is active diameter in PSS and PSS containing
our drugs example CPA. Diameter was measured in pm.

Data Analysis and Statistics
All values are given as means ± SE, and statistical significance implies P < 0.05
unless stated otherwise. In all cases, n refers to the number of animals studied. Values of
myogenic tone, artery diameter, and wall calcium were analyzed with two-way ANOVA
with repeated measures using age (pup vs. adults) and pressure as factors. Post hoc
comparisons were performed using the Fisher paired least significant difference analysis.
The Ca2+ dose-response data were fitted to the logistic equation with a computerized
nonlinear regression to calculate the negative log of the half-maximal effective
concentration (pDi) values.
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Results

Effects of Pressure and Cyclopiazonic Acid (CPA) on Myogenic tone
in Pup and Adult Arteries
Arterial diameters for both adult (Figure 10 upper panel) and pup (Figure 10
upper panel) increased in PSS containing zero calcium (3 mM EOTA) as a result of
increasing transmural pressure from 20-80 mmHg in 20 mmHg increments.
The diameters correlated with each transmural pressure were significantly less in the
94-

•

presence of normal PSS containing 1.8 mM Ca than that observed in calcium free PSS.
This signified the presence of myogenic tone in both adult (Figure 10 lower panel) and
pup (Figure 10 lower panel) arteries. An important point to note is that the extent of the
pressure-induced increases in myogenic tone was significantly greater in pup than in
adult arteries.
In the presence of 10 pM CPA, adult artery diameters were significantly greater
94-

than observed in normal PSS (1.8 mM Ca ) (Figure 10 upper panel), but in the pup
artery, diameters at the lower pressures (20-40 mmHg) were similar to normal PSS.
However, at the higher pressures (60-80 mmHg), the pup artery diameters were
significantly greater than they were at normal PSS (Figure 10 upper panel). This
indicated that in the adult arteries, a component of the calcium that supports myogenic
tone originates as calcium released from the SR. In the pup arteries, at the lower
pressures, influx played a greater role for the development of myogenic tone, but at the
higher pressures, both influx and release may be necessary in the development of tone.
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Figure 10: Effects of pressure and Cyclopiazonic Acid (CPA) on
myogenic tone in pup and adult arteries. Effects of changes in intraluminal
pressure on diameter in adult (Upper Panel) and pup (Upper Panel)
endothelial denuded middle cerebral arteries (MCA). Pressure steps from 2080 mmHg were applied when arteries were exposed to normal PSS, normal
PSS containing 10 pM CPA and calcium-free PSS (3 mM EGTA)
respectively. Also illustrated are pressure-evoked changes in % myogenic
tone (see methods) in adult (Lower Panel) and pup (Lower Panel) MCA at
pressure steps from 20-80 mmHg in normal PSS or 10 pM CPA. Values
represent the mean diameter (mean ± SE) n = 7 MCA from adults and 7 MCA
from pups. In all cases, average diameters were significantly greater in CPA
(•) and calcium-free PSS (*) than in normal PSS except CPA at 20 mmHg,
indicating the development of significant pressure-evoked myogenic tone in
both age groups. Values of myogenic tone were also significantly different in
normal PSS and CPA (•) for all arteries.
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In adult arteries, the development of pressure-induced myogenic tone was significantly
inhibited in the presence of CPA (Figure 10 lower panel), suggesting that there is a role
for SR Ca release in the development of tone. Following CPA treatment in adult
arteries, the tone decreased with increasing pressure. In the pup arteries, CPA also
significantly depressed pressure-induced myogenic tone (Figure 10 lower panel), but
revealed a greater component of CPA-resistant myogenic tone at the lower pressures.

Effects of Pressure and CPA on Wall [Ca2+]i in Pup and Adult Arteries
In normal PSS, when transmural pressure was increased, this was followed by
corresponding increases in wall [Ca ]i in both adult (Figure 11) and pup (Figure 11)
arteries. Inhibition of SERCA pumps with CPA significantly reduced wall [Ca2+]i in
adult MCA at all pressures. But, in the pup MCA, this inhibition resulted in no change in
wall [Ca2"b]i• at all pressures. The results observed in the pup would suggest the
possibility that there are some cells or regions of cells that release calcium, but this
release of calcium does not necessarily contribute to the development of tone. Another
possibility is that CPA maybe affecting the calcium sensitivity pathway. Overall, wall
[Ca ]i was significantly greater in pup than adult arteries at all pressures under
corresponding conditions.

Effects of Pressure and PSS + Lanthanum (La^ ), PSS + Lanthanum (La )
+ CPA on Myogenic Tone in Pup and Adult Arteries
Arterial diameters for both adult (Figure 12 upper panel) and pup (Figure 12
upper panel) increased in PSS containing zero calcium (3 mM EGTA) when transmural
pressure was increased from 20-80 mmHg in 20 mmHg increments. The diameters
correlated with each transmural pressure were significantly less in the presence of normal
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PSS containing 1.8 mM Ca than that observed in calcium free PSS. This signified the
presence of myogenic tone in both adult (Figure 12 lower panel) and pup (Figure 12
lower panel) arteries.
In the presence of PSS + 100 pM La , diameters from adult MCA were
significantly greater than that observed in normal PSS (Figure 12 upper panel). In the pup
MCA, significance was observed only from 40 mmHg to 80 mmHg. At 20 mmHg there
was no significant difference in the diameter between PSS + 100 pM La and normal
PSS (Figure 12 upper panel). When PSS +100 pM La3+ was applied to both the adult
(Figure 12 lower panel) and pup (Figure 12 lower panel) artery, myogenic tone decreased
with increasing pressure. In the adult arteries, some tone remained with increasing
pressure when compare with zero calcium, while in the pup, starting from 40 mmHg,
there was no significant difference between zero calcium and La (Figures 12 lower
panel). When PSS +10 pM CPA +100 pM La3+ was applied to the adult MCA all
myogenic tone was eliminated or abolished with increasing pressure from 20-80 mmHg.
However, in the pup MCA, while myogenic tone was severely depressed, a small fraction
of tone remained. The small fraction of tone that remains may be due to resistance to PSS
+ 10 pM CPA +100 pM La3+ (Figures 12 lower panel).
These data suggest that adult MCA is reliant on both influx and release to regulate
myogenic tone, while the pup utilizes influx as its major regulatory pathway. In addition,
release, other calcium sources or calcium sensitivity may help in the regulation of
myogenic tone in the pup artery.
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Figure 11. Effects of pressure and CPA on wall [Ca2+]i in pup and adult arteries. Effects of
postnatal maturation and CPA on pressure-induced changes in wall [Ca2+]i in fura-2
loaded adult and pup MCA. Pressure steps from 20-80 mmHg was applied in increments
of 20 mmHg to arteries incubated in normal PSS, PSS + 10 pM CPA, or calcium free PSS
(3 mM EGTA) respectively. In all cases the adults arteries, values for [Ca2+]i were
significantly greater (p<0.05) in PSS than in CPA + PSS (•), and were also greater in CPA
+ PSS than in calcium free PSS (*). However, in the pup arteries, values for [Ca2+]i were
not significantly greater (p>0.05) in PSS than PSS + CPA. In CPA + PSS the values were
significantly greater (p<0.05) than in calcium free PSS. Values for [Ca2+]i were
significantly greater in pup MCA compared with adult for all corresponding treatments,
p<0.05. The values shown represent the means ± SE n = 7 MCA from adults and 7 MCA
from pups.
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Figure 12. Effects of pressure and PSS + Lanthanum (La3+), PSS + Lanthanum
(La3+) + CPA on myogenic tone in pup and adult arteries. Effects of changes in
intraluminal pressure on diameter in adult (Upper Panel) and pup (Upper Panel)
endothelial denuded middle cerebral arteries (MCA). Sequential pressure steps from
20-80 mmHg were applied to arteries incubated in normal PSS, PSS +100 pM La3+,
PSS + 100 pM La3+ + 10 pM CPA or calcium-free PSS (3 mM EGTA), respectively.
Also shown are pressure-induced changes in % myogenic tone in adult ( Lower
Panel) and pup (Lower Panel) MCA for pressures from 20-80 mmHg in normal PSS,
PSS +100 pM La3+, PSS +10 pM CPA + 100 pM La3+. Values represent the mean
diameter ± S.E. n = 6 MCA from adults and 6 MCA from pups. In all cases, average
diameters were significantly greater in PSS + La3+, PSS + CPA + La3+ and calcium
free PSS than in normal PSS, indicating the development of significant pressureevoked myogenic tone in both age groups. Values of myogenic tone were also
significantly different in normal PSS, PSS + La3+, PSS + CPA + La3+ and calcium
free PSS for all arteries.
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Effects of Pressure and PSS + La3+, PSS + La3+ + CPA on Wall Calcium
in Pup and Adult Arteries
In normal PSS (1.8 mM Ca ), increases in transmural pressure were associated
with corresponding increases in wall [Ca ]i in both adult (Figure 13) and pup (Figure 13)
arteries. In the presence of La , [Ca ]i significantly declined in adult MCA at all
pressures. In contrast, in pup MCA, the presence of PSS + 100 pM La did not
significantly decrease the wall [Ca ]i as compared to normal PSS at pressures between
20-60 mmHg. However, at 80 mmHg there was a significant difference between PSS and
PSS + 100 nM La3+(Figures 13). In the presence of PSS + 100 pM La3+ +10 pM CPA,
wall [Ca ]i was significantly reduced at all pressures in adult MCA. On the other hand,
in pup MCA, this treatment did not significantly decrease wall [Ca ]i from 20-60
mmHg. However, at the highest pressure (80 mmHg), PSS +100 pM La3+ +10 pM CPA
significantly decreased wall [Ca ]i as compared to normal PSS. These data suggest that,
in pup MCA arteries, there appears to be a pool of [Ca ]i that maintains minimal
myogenic response when influx and release of calcium are blocked (Figures 13).

Effects of Pressure on Permeabilized Pup and Adult Middle Cerebral Arteries
Myofilament calcium sensitivity was measured directly using a permeabilized
preparation in the presence of varying Ca2+ concentrations (pCa 7.05-pCa 4.95). At these
2+

Ca concentrations, as transmural pressure was increased from 20-80mmHg, the
myofilament calcium sensitivity was greater in the pup than in the adult arteries (Figure
14 upper panel). In adult arteries, as pressure increased in increments of 20 mmHg from
20-80 mmHg, the maximum efficacy (A D) is unaffected by perfusion pressures (Figure
14 upper panel). However, in the pup arteries, A D was markedly depressed by increased
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perfusion pressures (Figure 14 lower panel). These results suggest that perfusion
9-4-
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Figure 13: Effects of pressure and PSS + La3+, PSS + La3+ + CPA on wall calcium in pup and
adult arteries. Effects of normal PSS, PSS + La3+, PSS + La3+ + CPA and calcium free PSS on
pressure-induced changes in wall [Ca2+]i in fura-2 loaded adult and pup MCA. Pressure steps
from 20-80 mmElg were applied in increments of 20 mmHg to arteries incubated in normal PSS,
PSS + 100 pM La3+, PSS + 10 pM CPA + 100 pM La3+ or calcium free PSS (3 mM EGTA)
respectively. In the adults, values for [Ca2+]i were significantly greater (P<0.05) in normal PSS
than in PSS + 100 pM La3+ for all pressure steps, but in the pups, values for [Ca2+]i were not
significantly different (P>0.05) in PSS and PSS + 100 pM La3+ from 20-60 mmHg. However,
at 80 mmHg there was a significant difference between normal PSS and PSS + 100 pM La3+. In
the adults, values for [Ca2+]i were significantly greater (P<0.05) in normal PSS than in PSS +
La3+ + CPA for all pressures . However, in the pups, values for [Ca2 ]i were not significantly
different (P>0.05) in normal PSS and PSS + La3+ + CPA + PSS at the lower pressures (20-40
mmHg). On the other hand, at the higher pressures (60-80 mmHg), a significant difference was
found. Values represent the mean diameter ± S.E. n = 6 MCA from adults and 6 MCA from
pups.
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Figure 14: Effects of pressure on permeabilized pup and adult middle cerebral arteries.
Effects of changes in intraluminal pressure on -log EC5o for calcium (Upper Panel) and
maximum efficacy (A D) (Lower Panel) on both adult and pup middle cerebral arteries
penneabilized with P-escin. Pressure steps from 20 to 80 mmHg were applied in increments
of 20 mmHg to arteries equilibrated in varying calcium concentrations (pCa 7.05-pCa 4.95).
In the pup arteries, values for -log EC5o measured at 60-80 mmHg was significantly greater
than at 20 mmHg (*) P<0.05. In the adult arteries, values for -log EC5o measured at 40-80
mmHg were not significantly different than at 20 mmHg. This result indicating that
myofilament calcium sensitivity is greater in the pup arteries than adult arteries. In the pup
arteries, values for maximum efficacy (A D) measured at 40-80 mmHg were significantly
greater than at 20 mmHg (*) P<0.05. In the adult, however, values for maximum efficacy (A
D) measured at 40-80 mmHg were significantly greater than at 20 mmHg only at 80 mmHg.
Values are means ± SE n = 9 for adult MCA and n = 10 for pup MCA.
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Discussion
Over the course of fetal and postnatal development, changes exist in essentially
all mechanisms that promote myogenic reactivity, especially in the cerebral circulation
(44). Due to these changes pups and adults respond differently to calcium influx and
intracellular calcium release. Pup cerebral arteries rely more on calcium influx and less
on release from SR than adult cerebral arteries (2, 8, 30, 37). In addition, enhanced
myofilament calcium sensitivity is greater in immature cerebral arteries when stimulated
by heterotrmeric G protein coupled agonist (1-3). Although myogenic reactivity has been
studied for many years, little has been done to investigate how postnatal maturation
affects this mechanism in the cerebral circulation. However, a wealth of knowledge on
myogenic reactivity has been obtained from studies involving mature cerebral arteries
(9). Therefore, these studies have provided a clearer understanding of myogenic response
in cerebral blood flow regulation (21, 26, 35). As a result of these studies, it is now
established that the major mechanisms controlling myogenic constriction are increases in
calcium influx and enhanced myofilament calcium sensitivity (9).
Myogenic response in fetal arteries was first reported by Smiesko in 1978 (55).
Despite the fact that this initial study was conducted many years ago, it is only lately that
myogenic response has again been examined in fetal cerebral arteries (8, 14, 15). To
investigate the pathways that regulate the myogenic response, the present study examined
the main hypothesis that postnatal maturation increases the importance of intracellular
calcium release and decreases reliance on myofilament Ca2+ sensitivity for the initiation
and maintenance of myogenic tone.

71

In the first set of experiments designed to investigate this hypothesis, progressive
increases in transmural pressure from 20-80 mmHg generated changes in diameter,
which, when compared with corresponding changes observed in calcium-free PSS,
allowed calculations of myogenic tone at each pressure step (Figure 10). These
calculations showed that both adults and pup MCA significantly increase myogenic tone
in response to elevated transmural pressure. As described above the myogenic reactivity
was greater in the pup arteries than in the adult arteries.
To understand the role that intracellular stores play in myogenic reactivity, this
process was investigated in response to changes in transmural pressure in the presence of
an optimally effective concentration of CPA, a reversible SERCA pump inhibitor (28, 32,
53). CPA drastically reduced the development of pressure-evoked myogenic reactivity in
adult arteries at all pressures (20-80 mmHg) (Figure 10). However, in the pup arteries at
the lower pressures (20-40 mmHg), CPA had little effect on myogenic reactivity; while at
the higher pressures (60-80 mmHg) CPA reduced myogenic reactivity in the pup arteries.
However, this reduction was less in the pup arteries than in arteries of adults (Figure 10).
This data suggest that, in the adult arteries, a component of the calcium that supports
myogenic reactivity originates as calcium released from the SR. However, in the pup
arteries at the lower pressures, release did not appear to play an important role in
myogenic reactivity, but at the higher pressures, release may have contributed to the
findings observed. This finding is consistent with our previous work which showed that
pup arteries rely more on extracellular calcium for the development of pressure-evoked
myogenic reactivity. This result is also consistent with the report from Long et al (30),
which showed that the adults rely more on calcium release from SR for contraction, while
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the fetus is less dependent on this release. In a study done by Tasker et al (57) in rat aorta
and portal vein, the IP3R has been reported to switch from type 3 isoform with low (10
times) IP3 affinity in neonate to type 1 isoform with high affinity in the adult. If this
phenomenon exists in cerebral arteries, it would certainly correspond with our results.
To further explore the hypothesis, an additional series of measurement focused on
the relationships between transmural pressure and cytosolic calcium concentrations as
measured via fura-2. Consistent with the data shown in Figure 10, elevations in
transmural pressure also generated significant increases in cytosolic calcium, and the
magnitude of these increases were greater in the pup than adult arteries (Figure 11). CPA
virtually eliminated the pressure-evoked calcium increases in the adult arteries, but had
no effect on the pup arteries, that is, the cytosolic calcium levels remained either elevated
or similar to PSS in the presence of CPA. It is universally accepted that the development
of myogenic reactivity is associated with substantial increases in cytosolic Ca2+
concentrations, due to Ca2+ influx via VOCC (9, 16, 17, 23, 34, 38-40, 52). The data in
the adults are consistent with this view, that is, when CPA was applied to the arteries
there was a reduction in myogenic reactivity and cytosolic calcium (Figure 10 and 11).
However, in the pup arteries at the high pressures, even through the cytosolic calcium
remained elevated, the myogenic reactivity decreased. The results observed in the pup
would suggest the possibility that there are some cells or regions of the pup artery that
contribute to increases in cytosolic calcium, but do not necessarily contribute to the
development of tone. These cells can be referred to as synthetic cells or cells having a
synthetic phenotype versus contractile cells or cells having a contractile phenotype (42,
46-49, 58). The contractile cells contribute to both calcium increase and contraction.
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The assumption here is that the pup arteries express more of the synthetic phenotype
versus the contractile phenotype; hence this may be a possible explanation for the results
that were obtained. Some possible markers that can be examined to confirm the
hypothesis that pup arteries have an increased synthetic phenotype as compared to the
adult arteries include smoothelin, SM-2, a-actin etc (42, 46, 48, 49).
To further examine the mechanism that regulate pressure-evoke myogenic
reactivity, an additional series of experiments were performed that tested myogenic
reactivity to changes in transmural pressure in the presence of an optimally effective
concentration of Lanthanum (La3+), a plasma membrane calcium channel blocker, and
La plus CPA. Stepwise increases in transmural pressure from 20-80 mmHg produced
changes in diameter. When these values were compared with progressive changes
observed in calcium-free PSS, this enabled estimations of myogenic tone at each pressure
(Figure 12). The results obtained were consistent with our previous experiments which
showed that both adult and pup MCA had significantly elevated myogenic tone in
response to increases in transmural pressure. Also, the arteries of the pup generated more
myogenic reactivity than the adult arteries. La3+ significantly attenuated pressureinduced myogenic reactivity in both the adult and pup arteries (Figure 12). In the adult
arteries, a significant fraction of reactivity persisted in the presence of La , but in the
pup arteries myogenic reactivity was basically eliminated. When diameter was
compared to calcium-free, there was no significant difference. La plus CPA eliminated
myogenic reactivity in both the adult and pup cerebral arteries. Taken together these
result are consistent with our previous studies (8) and studies done by Long et al (30, 31),
which showed that the pup arteries rely more on extracellular calcium influx via VOCC
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(L-type calcium channels) to maintain muscle contraction, while the adult rely on both
release from the SR and calcium influx.
To additionally comprehend myogenic reactivity, the effect of transmural
pressure, La , and La plus CPA on cytosolic calcium were investigated in adult and
pup cerebral arteries. Increases in transmural pressure generated a significant elevation
in cytosolic calcium, and a greater increase was observed in the pup when compared to
the adult arteries (Figure 13). La3+ reduced the pressure-evoked calcium increases in the
adult arteries, but in the pup arteries, the calcium basically remained unchanged. La3+
plus CPA caused a further reduction in cytosolic calcium in the adult arteries, while in the
pup arteries, calcium once again remained unchanged. This data once again suggest that
the pup arteries may have more of a synthetic phenotype versus the contractile
phenotype, while the adults may have more contractile phenotype than synthetic
phenotype. In addition, pressure increased cytosolic calcium in the pup arteries
equilibrated with calcium-free PSS. This suggests that there may be a role for
myofilament calcium sensitivity in the pup arteries.
In our previous study, myofilament calcium sensitivity was investigated. In that
study, myofilament calcium sensitivity was estimated by calculating the ratio of
myogenic tone to cytosolic calcium concentrations. In our present study myofilament
calcium sensitivity was measured directly using a permeabilized preparation in the
presence of varying Ca concentrations (pCa 7.05-pCa 4.95). The results observed
suggested that as transmural pressure (20-80 mmHg) is elevated in the presence of
varying Ca , the myofilament calcium sensitivity was greater in the pup arteries than in
the adult arteries (Figure 14). This result is consistent with many previous studies which

75

reported that myofilament calcium sensitivity is greater in fetus and newborn cerebral
arteries than in adult arteries (1-4). Additional, experiments were done comparing
increases in transmural pressure to maximum efficacy (A D). The data showed that at
low pressures, the pup arteries were able to constrict but were not able to do so at higher
pressures. However, at all pressures, the adult arteries are able to constrict (Figure 14).
These data, taken together, suggest that the pup arteries have greater myofilament Ca2+
sensitivity than the adult arteries. An important point to note here is that after
permeabilization, small increments in Ca2+ cause contraction, but after permeabilization,
apparent Ca2+ was high with no contraction. This difference could occur as a result of the
presence of synthetic smooth muscle cells.
Taken together the data showed that pup arteries rely less on calcium release for
the development of myogenic reactivity, while the adult arteries rely to a greater degree
on calcium release for the generation of myogenic reactivity. The data also demonstrated
that pup arteries rely more on extracellular calcium influx for the development of
myogenic reactivity, while the adult arteries rely on influx less. In addition, the data
revealed that in the pup arteries, even though myogenic reactivity was reduced with the
o_l_
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treatment of CPA at the higher pressures and with La and La plus CPA at all
pressures, the cytosolic calcium remained elevated. These results suggest the possibility
that the pup arteries may express more of the synthetic phenotype then the contractile
phenotype, hence the reason for the increase calcium with reduction in myogenic
reactivity. Added to these, the pup arteries generated more pressure-induced
myofilament calcium sensitivity in a permeabilize preparation in the presence of varying
calcium concentration when compared to the adult arteries.
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CHAPTER FOUR
DISCUSSION

In assessing the mechanism that control cerebrovascular contractility, three
mechanisms that lead to smooth muscle contraction were considered. These included
electromechanical and pharmacomechanical coupling (129, 130), and pressure-induced
myogenic contraction (62). Given that vascular smooth muscle contractility is regulated
by changes in cytosolic Ca2+ and myofilament calcium sensitivity, this study focused on
maturational differences in the coupling between pressure and changes in the regulation
of smooth muscle contractility. The mechanisms that regulate cerebrovascular
contractility rely on a variety of coordinated steps, most of which change progressively
throughout fetal development and early postnatal maturation (71, 75, 102-104, 135). In
addition to this, there is an increase in systemic blood pressure which results in an
elevation of hemodynamic stress on blood vessels during maturation. Therefore, in
order to minimize the risk of blood vessel rupture, the contractile mechanisms that govern
myogenic responses in immature cerebral blood vessels must adapt to control cerebral
blood flow (150). Regulation of cerebrovascular resistance depends mostly on
coordinated integration of both large and small artery responses. It has been documented
that up to 50 % of total cerebrovascular resistance exists in arteries proximal to the pial
circulation (11, 101). Collectively, these findings indicate that larger cerebral arteries
such as the MCA are important in the overall regulation of the immature cerebral
circulation.
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Despite the fact that fetal development and postnatal maturation have been well
studied for a variety of contractile mechanisms (example agonist-induced contraction) in
smooth muscle, very few studies have been done in regards to cerebrovascular myogenic
reactivity. This deficit offered a rare opportunity to apply currently developed, in vitro,
small vessel perfusion techniques with simultaneous measurements of luminal diameter
and wall [Ca2+]i (18, 35, 86, 121, 135) to study myogenic reactivity in immature arteries.
This initial study addressed this deficit and it explored the hypothesis that during
maturation MCA from rat pups (P14) are more reliant on calcium influx and
myofilament calcium sensitivity to maintain pressure-evoked myogenic constriction
as compared to adults (6 months old). To address this hypothesis a series of
experiments were designed to explore the relations among transmural pressure, cytosolic
calcium, myofilament calcium sensitivity and myogenic tone between immature and
mature cerebral arteries. In the first sets of experiments, the effects of pressure (20-80
mmHg) on diameter were examined. Sequential increases in pressure from 20-80 mmHg
in normal PSS, when compared to calcium free PSS, produced changes in diameter.
These changes enabled the calculation of myogenic tone at each pressure (Figure 6).
Calculation of myogenic tone showed that when transmural pressure was increased, both
adult and pup MCA developed significant increases in myogenic tone. Slopes depicting
the relationship between pressure and myogenic tone (Figure 7) revealed that myogenic
reactivity occurred to a greater extent (up to 30 %) in arteries from pups than in adult
arteries. These findings agree with previous studies of cerebral arteries (39-41) and they
support the concept that greater myogenic reactivity in neonatal arteries may be necessary
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to aid in the adaptation to the lower hydraulic pressures that are characteristic of the
immature cerebrovascular circulation (9, 13, 47).
Since it was shown above that myogenic reactivity might be greater in immature
than mature cerebral arteries, the next step was to understand the mechanism by which
this occurs. Electromechanical coupling was the first mechanism to be examined. When
pressure is applied to arteries, SAC (22, 24, 58, 125) opens. This then causes a
depolarization (145) and the activation of VOCC. It has been shown that L-type channels
are important in regulating vascular smooth muscle contraction (14, 23, 59, 91, 92, 116).
In order to investigate the role that L-type calcium channels play in myogenic reactivity,
an optimally effective concentration of nifedipine, a dihydropyridine blocker of these
channels, was employed (137). The result obtained showed that nifedipine severely
lessened the development of pressure-induced myogenic tone, and this attenuation in tone
was greater in the pup arteries than in the adult arteries (Figure 6). These data showed
that myogenic reactivity is mainly dependent upon calcium influx through plasmalemmal
calcium channels in particularly L-type calcium channels (3, 23, 59, 91, 92, 120). Even
though a significant fraction of myogenic tone persisted in the presence of nifedipine, the
reactivity of this component to changes in transmural pressure was attenuated in the adult
arteries and greatly depressed in the pup arteries. From this we can speculate that there
might be a specialized coupling between mechanotransduction and voltage-dependent
calcium channels that have been determined to explain myogenic reactivity in other
vascular beds (51), this phenomenon may also be important in both mature and immature
rat cerebral arteries. The main finding here is that the degree of attenuation of myogenic
reactivity by nifedipine was greater in the pup arteries than in adult arteries. This is
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consistent with, and may be the result of, calcium influx being more important in
activating myogenic reactivity in the pup compared to adult cerebral arteries (5).
To evaluate more carefully the age-dependence of the role of calcium in myogenic
reactivity, an additional series of recordings focused on the relations between transmural
pressure and cytosolic calcium concentrations as measured via fura-2. The results
obtained showed that elevations in transmural pressure generated significant increases in
cytosolic calcium, and the size of these increases were greater in the pup than in adult
arteries (Figure 8). These results are consistent with data shown in Figure 6, which
showed that an elevation in transmural pressure led to an increase in myogenic reactivity,
and these increases were greater in the pup than adult arteries. Increased myogenic
reactivity should be followed by increased cytosolic calcium, and our data were
consistent with this. Addition of nifedipine essentially eradicated the pressure-induced
calcium increases in the adult arteries and significantly reduced did but not eliminate
these elevations in the pup arteries. These results revealed a small pressure-inducer and
nifedipine-resistant increase in intracellular calcium observed in pup, but not adult
arteries. This suggests the possible presence either of an additional nifedipine-resistant
mechanism for calcium influx in the pup arteries, or of a mechanism mediating pressuresensitive calcium release. An example of this may be SAC channels or store operated
calcium channels (SOCC). This latter mechanism may be a possibility since pressure
elevated cytosolic calcium in the pup arteries exposed to calcium-free PSS. The main
finding here is that the elevated myogenic reactivity noticed in the pup compared with
adult arteries is ascribable, at least in part, to an improved or enhanced ability of pressure
to stimulate increases in cytosolic calcium.

86

Studies done using the isometric technique have shown that myofilament calcium
sensitivity plays an important role in myogenic reactivity (4-7, 75-77). Using the isobaric
technique Osol and others have shown that pressure can activate the pharmacomechanical
coupling pathway of which myofilament calcium sensitivity is one component (42, 44,
59-61, 71, 90, 98, 99, 127). Since it has been established that elevations in transmural
pressure can lead to increased myofilament calcium sensitivity, we calculated the ratio of
myogenic tone to cytosolic calcium concentrations to obtain estimates of calcium
sensitivity. The estimates of calcium sensitivity that was obtained, was consistent with
that reported by Gokina and Lagaud (42, 44, 71), that is, calcium sensitivity rose in direct
proportion to transmural pressure in both adults and pup arteries (Figure 9). This data
implies that pressure-evoked elevations in myofilament calcium sensitivity play an
important role to overall myogenic reactivity in rat cerebral arteries. The estimates that
we calculated for myofilament calcium sensitivity did not vary significantly between
adult and pup arteries at any pressure (20-80 mmHg). Overall, this finding suggests that
myofilament calcium sensitivity is important in regulating myogenic reactivity in both
adult and pup arteries.
In conclusion, the data suggest that pressure-evoked myogenic reactivity is
greater in MCA from PI4 rats than from adult rats. The factors that seem to be regulating
myogenic reactivity are pressure-evoked increases in calcium influx through nifedipinesensitive calcium channels, and possibly calcium influx via pressure-dependent or
nifedipine-resistant increases in cytosolic calcium in pup (not adult) cerebral arteries.
This contribution may be small. Elevations in transmural pressure (20-80 mmHg) seem
to increase myofilament calcium sensitivity significantly in rat cerebral arteries, but the
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size of this effect is very similar in P14 and adult rat cerebral arteries. Overall, the results
demonstrate that the maturational differences in myogenic reactivity are due to an
enhanced ability of increased transmural pressure to elevated cytosolic calcium, this
occurs via increased calcium influx through nifedipine-sensitive calcium channels in pup
compared with adult cerebral arteries.
In the first series of experiments the results showed that pressure dependent
myogenic reactivity in the pup is more dependent on calcium influx via nifedipinesensitivity calcium channels or L-type calcium. It was also shown that when nifedipine
was applied to pup arteries some tone remained. This led us to conclude that during
development, other sources of calcium example release from intracellular stores or influx
via nonselective calcium channels, may support pressure dependent myogenic reactivity.
In light of this we then explored the hypothesis that mature MCA rely more on calcium
release from intracellular stores to develop pressure-evoked myogenic constriction
as compared to immature MCA. In the first set of experiments designed to investigate
this hypothesis, progressive increases in transmural pressure from 20 to 80 mmHg
generated changes in diameter, which, when compared with corresponding changes
observed in calcium-free PSS, allowed calculations of myogenic tone at each pressure
step (Figure 10). These calculations showed that both adults and pup MCA significantly
increase myogenic tone in response to elevated transmural pressure. As described above,
the myogenic reactivity was greater in the pup arteries than in the adult arteries.
To understand the role that intracellular stores play in myogenic reactivity, this process
was investigated in response to changes in transmural pressure in the presence of an
optimally effective concentration of CPA, a reversible SERCA pump inhibitor (72, 78,
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124). CPA drastically reduced the development of pressure-evoked myogenic reactivity
in adult arteries at all pressures (20-80 mmHg) (Figure 10). However, in the pup arteries
at the lower pressures (20-40 mmHg), CPA had little effect on myogenic reactivity; while
at the higher pressures (60-80 mmHg) CPA reduced myogenic reactivity in the pup
arteries. However, this reduction was less in the pup arteries than in the arteries of the
adults (Figure 10). This data suggest that in the adult arteries, a component of the
calcium that supports myogenic reactivity originates as calcium released from the SR.
However, in the pup arteries at the lower pressures release may not play an important role
in myogenic reactivity, but at the higher pressures, release may have a role. This finding
is consistent with our previous work that showed pup arteries rely more on extracellular
calcium for the development of pressure-evoked myogenic reactivity. This result is also
consistent with the report from Long et al (74), which showed that the adults rely more
J

on calcium release from SR for contraction, while the fetus is less dependent on release
from the SR. In a study by Tasker et al (134), in rat aorta and portal vein, the IP3R has
been reported to switch from type 3 isoform with low (10 times) IP3 affinity in neonate to
type 1 isoform with high affinity in the adult. If this phenomenon exists in cerebral
arteries, it would certainly correspond with our results.
To further explore the hypothesis, an additional series of measurement focused on
the relationship between transmural pressure and cytosolic calcium concentrations as
measured via fura-2. Consistent with data shown in Figure 10, elevations in transmural
pressure also generated significant increases in cytosolic calcium, and the magnitude of
these increases were greater in the pup than adult arteries (Figure 11). CPA virtually
eliminated the pressure-evoked calcium increases in the adult arteries, but had no effect
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on the pup arteries, that is, the cytosolic calcium levels remained either elevated or
similar to PSS in the presents of CPA. It is universally accepted that the development of
myogenic reactivity is associated with substantial increases in cytosolic Ca2+
concentrations due to Ca2+ influx via VOCC (23, 42, 43, 59, 86, 91, 96, 97, 120). The
data in the adults are consistent with this view, that is, when CPA was applied to the
arteries there was a reduction in myogenic reactivity and cytosolic calcium (Figure 10
and 11). However, in the pup arteries at the high pressures, even through the cytosolic
calcium remained elevated the myogenic reactivity decreased. The results observed in
the pup would suggest the possibility that there are some cells or regions of the pup artery
that contribute to increases in cytosolic calcium, but does not necessarily contribute to the
development of tone. These cells can be referred to as synthetic cells or cells having a
synthetic phenotype versus contractile cells or cell having a contractile phenotype (100,
110-113, 140). The contractile cells contribute to both calcium increase and contraction.
The assumption here is that the pup arteries express more of the synthetic phenotype
versus the contractile phenotype; hence this may be a possible explanation for the results
that was obtained. Some possible markers that can be examined to confirm the
hypothesis that pup arteries have an increased synthetic phenotype as compared to the
adult arteries include smoothelin, SM-2, a-actin etc (100, 110, 112, 113).
To further examine the mechanism that regulate pressure-evoke myogenic
reactivity an additional series of experiments were performed that tested myogenic
reactivity to changes in transmural pressure in the presence of an optimally effective
concentration of lanthanum (La ), a plasma membrane calcium channel blocker, and
o_l_

La plus CPA. Stepwise increases in transmural pressure from 20-80 mmHg produced
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changes in diameter. When these values were compared with progressive changes
observed in calcium-free PSS., This enabled estimations of myogenic tone at each
pressure (Figure 12). The results obtained were consistent with our previous experiments
which showed that both adult and pup MCA had significantly elevated myogenic tone in
response to increases in transmural pressure. Also, the pup generated more myogenic
reactivity than the adult arteries. La3+ significantly attenuated pressure-induced
myogenic reactivity in both the adult and pup arteries (Figure 12). In the adult arteries, a
Q I

#

#

significant fraction of reactivity persisted in the presence of La , but in the pup arteries,
myogenic reactivity was basically eliminated. When diameter was compared to calciumfree, there was no significant difference. La3+ plus CPA eliminated myogenic reactivity
in both the adult and pup cerebral arteries. Taken together these results are consistent
with our previous studies (20) and studies done by Long et al (74, 75), which showed that
the pup arteries rely more on extracellular calcium influx via VOCC (L-type calcium
channels) to maintain muscle contraction while the adults rely on both release from the
SR and calcium influx.
To additionally comprehend myogenic reactivity, the effect of transmural
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pressure, La , and La plus CPA on cytosolic calcium were investigated in adult and
pup cerebral arteries. Increases in transmural pressure generated a significant elevation
in cytosolic calcium, and a greater increase was observed in the pup when compared to
the adult arteries (Figure 13). La3+ reduced the pressure-evoked calcium increases in the
adult arteries, but in the pup arteries, the calcium basically remained unchanged. La3+
plus CPA caused a further reduction in cytosolic calcium in the adult arteries while in the
pup arteries calcium once again remained unchanged. This data once again suggest that
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the pup arteries may have more of a synthetic phenotype verses the contractile phenotype,
while the adults may have more contractile phenotype than synthetic phenotype. In
addition, pressure increased cytosolic calcium in the pup arteries equilibrated with
calcium-free PSS. This suggests that there may be a role for myofilament calcium
sensitivity in the pup arteries.
In our previous study myofilament calcium sensitivity was investigated. In that
study, myofilament calcium sensitivity was estimated by calculating the ratio of
myogenic tone to cytosolic calcium concentrations. In our present study myofilament
calcium sensitivity was measured directly using a permeabilized preparation in the
presents of varying Ca2+ concentrations (pCa 7.05-pCa 4.95). The results observed
suggested that as transmural pressure (20-80 mmHg) is elevated in the present of varying
Ca2+, the myofilament calcium sensitivity was greater in the pup arteries than in the adult
arteries (Figure 14). This result is consistent with many previous studies which reported
that myofilament calcium sensitivity is greater in fetus and newborn arteries cerebral
arteries than in adult arteries (4-7). Additionally, experiments were done comparing
increases in transmural pressure to maximum efficacy (A D). The data showed that at
low pressures, the pup arteries are able to constrict but were not able to do so at higher
pressures. However, at all pressures, the adult arteries are able to constrict (Figure 14).
These data, taken together, suggest that the pup arteries have greater myofilament Ca2+
sensitivity than the adult arteries. An important point to note here is that after
permeabilization, small increments in Ca2+ cause contraction, but after permeabilization,
apparent Ca2+ was high with no contraction. This difference could be because of the
presence of synthetic smooth muscle cells.
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In conclusion, our assessment of the main hypothesis that maturation decreases
contractile reliance on calcium influx and myofilament calcium sensitivity, and
increases reliance on release of calcium from intracellular stores to develop and
maintain pressure-evoked myogenic tone in rat cerebral blood vessels demonstrated
that pressure-evoked myogenic reactivity is regulated differently in the pup and adult
arteries. In our first study, we examined the hypothesis that during maturation, MCA
from rat pups (PI4) is more reliant on calcium influx and myofilament calcium
sensitivity to maintain pressure-evoked myogenic constriction as compared to adults (6
months old). The results from this study revealed that pressure-evoked myogenic
reactivity is greater in the pup cerebral arteries than in adult arteries. This increased
myogenic reactivity is due mainly to elevations in calcium influx via nifedipine-sensitive
calcium channels, and also possibly calcium influx through pressure-induced or
nifedipine-resistant elevations in cytosolic calcium in the pup (not adult) cerebral arteries.
However, this increase did not enhance myofilament calcium sensitivity. In the second
study we investigated the hypothesis that mature MCA rely more on calcium release from
intracellular stores to develop pressure-evoked myogenic constriction as compared to
immature MCA. These data showed that pup arteries relied less on calcium release for
the development of myogenic reactivity, while the adult arteries rely, to a greater degree,
on calcium release for the generation of myogenic reactivity. These data also
demonstrated that pup arteries rely more on extracellular calcium influx for the
development of myogenic reactivity, while the adult arteries rely less on influx. In
addition, these data revealed that, in the pup arteries, even though myogenic reactivity
was reduced with the treatment of CPA at the higher pressures, and with La and La3+
•
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plus CPA at all pressures, the cytosolic calcium remained elevated. These results suggest
the possibility that the pup arteries may express more of the synthetic phenotype than the
contractile phenotype, hence the reason for the increase calcium with reduction in
myogenic reactivity. Added to these, the pup arteries generated more pressure-induced
myofilament calcium sensitivity in a permeabilize preparation in the presence of varying
calcium concentration when compared to the adult arteries.
The further directions of this project will be: 1) to better understand the exact
pathway that regulate myofilament calcium sensitivity in pup cerebral arteries example
PKC (the different isoforms), or the RhoA/ROK pathway. 2) To investigate the
possibility of the synthetic phenotype being expressed more in the pup arteries than adult
arteries. This would be done by examining some of the markers example SM-2,
smoothelin, a-actin, SM22a etc. 3) To examine the possibility that pups rely less on
calcium release for SR because of a switch in the IP3R isoforms. 4) To understand how
myogenic reactivity changes in the disease states that affect pup arteries including
ischemia and maternal food restriction in rats.
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