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ABSTRACT

IMPAIRED PURINERGIC NEUROTRANSMISSION TO MESENTERIC
ARTERIES IN SALT-SENSITIVE HYPERTENSION

By

Stacie Leigh Demel

The sympathetic nervous system regulates blood pressure and its function
is altered in animal models and human essential hypertension. Arteries in the
splanchnic circulation are critical targets in blood pressure homeostasis.
Norepinephrine (NE) and ATP are released from sympathetic nerve terminals and
act at a;-adrenergic receptors (AR) and P2X, receptors, respectively, on smooth
muscle cells (SMC) to cause constriction. Impairments in nerve terminal storage,
release or clearance of NE or ATP would alter blood pressure. Increased NE
release is associated with high blood pressure. However, alterations in ATP
release in hypertension are less clear.

To study alterations in purinergic neurotransmission, deoxycorticosterone-
acetate (DOCA)-salt rats were used as a model of salt-sensitive hypertension.
Mesenteric arteries (200-300 um outside diameter) were maintained in vitro.
Peri-arterial sympathetic nerves were stimulated with a focal stimulating
electrode. Intracellular electrophysiological techniques were used to record
depolarizations in arterial SMC membrane potential called excitatory junctional

potentials (EJPs) that result from ATP release from sympathetic nerve terminals



onto P2X; ligand-gated ion channel receptors. EJP amplitude, facilitation apd
rundown were assessed as a measure of ATP release. Treatment of rats with
antioxidants was used to study the role of oxidative stress in alterations in
purinergic neurotransmission in hypertension.

The results of these studies revealed that purinergic neuroeffector
transmission to mesenteric arteries is impaired in DOCA-salt hypertension, but is
not due to changes in the function of prejunctional autoreceptors, alterations in
calcium handling in the nerve terminal or post-junctional responses to ATP.
Rather, there is a decrease in ATP availability in sympathetic nerve terminals in
DOCA-salt rats. DOCA-salt hypertension is associated with an increase in
vascular oxidative stress which may come from O,  generated in sympathetic
nerve terminals via NADPH oxidase as two of its subunits were localized to
periarterial nerve fibers. Treatment of DOCA-salt rats with antioxidants in vivo
restores purinergic neuroeffector transmission. These results show for the first
time that oxidative stress in salt-sensitive hypertension disrupts purinergic
neuroeffector transmission to mesenteric arteries by compromising nerve terminal
stores of ATP. These studies reveal the importance of sympathetic nerve
terminals as a therapeutic target for the pathophysiology and treatment of salt-

dependent hypertension.
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CHAPTER 1

GENERAL INTRODUCTION



Hypertension: A worldwide epidemic

Hypertension, defined as a blood pressure greater than 140/90 mmHg
(systolic over diastolic pressures), affects approximately 50 million Americans
and approximately 1 billion people worldwide (JNC7, 2003). However, the risk
of cardiovascular disease begins at 115/75 mmHg and doubles with each 20
mmHg increment in systolic pressure or 10 mmHg increment in diastolic
pressure. Even individuals who are normotensive at age 55 have a 90 percent
lifetime risk for developing hypertension (Vasan et al., 2002). Hypertension is a
multifactorial disease with both genetic and environmental components
complicating treatment regimens.  Hypertension control rates, although
improving, continue to be low (Hajjar and Kotchen, 2003), and as our population
continues to age, the importance of reliable and chronic regulation of blood
pressure in patients of all ages, but especially the elderly, is imperative.

With all of the recent advances in cholesterol and blood pressure-lowering
medication, why aren’t current therapies working? The Healthy People 2010
initiative set a goal of a 50% control rate for hypertensive patients. However,
despite treatment rates of 75% or greater, hypertension in only 33 to 50% of
patients is controlled to goal levels for BP (Wong et al., 2007). Diet and exercise
continue to be the most important first-line therapies for hypertension and is the
sole treatment for pre-hypertensive patients (129-139/79-89). Typical
pharmacological therapy includes thiazide diuretics alone or in combination with

the following: angiotensin-converting enzyme inhibitors (ACE-I), angiotensin



receptor blockers (ARBs), B-adrenergic receptor blockers (B-blockers) or calcium-
channel blockers (CCIs).

There are two broad categories of hypertension, secondary, where an
underlying cause can be identified and treated, and essential, where the
hypertension is due to an unknown cause. 90-95% of hypertensive patients have
essential hypertension. A resistant patient is one who has a body mass index
(BMI) <249, is on three pharmacological therapies and has no underlying
condition causing a rise in blood pressure, but continues to be hypertensive. Main
causes of this include cost of medication, complicated treatment
regimens/polypharmacy or side effects of medication. Therefore, the need for

intensified efforts to achieve BP control is imperative.

Neural control of blood pressure

General

Blood pressure (BP) is the product of cardiac output (CO) and total
peripheral resistance (TPR). CO, the amount of blood pumped by the
heart/minute, is determined by stroke volume and heart rate. TPR is primarily
determined by the resistance to blood flow in small arteries and arterioles with a
small contribution from small veins and venules. The central nervous system, the
autonomic nervous system, humoral factors, and local autoregulation contribute to

blood pressure regulation.



The central and peripheral nervous systems play a large role in blood
pressure regulation. Alterations in cardiovascular centers in the brain, or in

peripheral neurotransmission to vascular tissues correlate with hypertension.

Central nervous system (CNS)

Acute changes in blood pressure are regulated by the baroreflex arc
(Cowley et al, 1973). These pathways also contribute to long-term blood
pressure regulation. Mechanoreceptors on sensory nerves innervating the carotid
artery and aortic arch relay pressure-related information to the nucleus of the
solitary tract (NTS), the primary brainstem site for the receipt of cardiovascular
information from the periphery. Mechano- and chemosensitive renal afferent
nerves also relay peripheral information to autonomic nuclei in the CNS (Stella et
al.,, 1987). The paraventricular nucleus of the hypothalamus (PVN) is the main
cardiovascular relay system in the mammalian brain. It receives inputs from the
NTS and the rostral ventrolateral medulla (RVLM), a major point of regulation
from forebrain and hypothalamic nuclei. The PVN also directly senses cerebral
spinal fluid (CSF) and therefore NaCl levels. PVN neurons project back out to
the RVLM and NTS, which send axons to the preganglionic neurons in the
intermediolateral (IML) column of the spinal cord and the dorsal vagal complex
(Brooks et al., 2005a).

Water and salt intake is mainly regulated by the release of vasopressin
(AVP), an anti-diuretic, produced by magnocellular neurosecretory cells of the

supraoptic nucleus (SON) and PVN. The magnocellular neurons of these nuclei



are regulated by circumventricular organs such as the subfomical organ (SFO)
and median preoptic nucleus (MnPO), which have direct access to NaCl levels in
the CSF via the ventricles (Denton et al., 1996). These circumventricular tissues
are particularly susceptible to changes in plasma sodium, such that small changes
in Na' levels have a profound effect on blood pressure (Gomez-Sanchez and
Gomez-Sanchez, 1995).

Human essential hypertension (Coruzzi et al., 2005) and animal models of
hypertension are associated with impaired NaCl sensing in addition to impaired
autonomic cardiovascular control. The PVN and the central sympathetic and
baroreceptor systems are all involved in the development of mineralocorticoid
hypertension in rats (Gomez Sanchez, 1991). Increases in [Na']o in the CSF
increases sympathetic nerve activity and plasma concentrations of NE (Reid et al.,
1975, Lamprecht et al., 1977), and lesions of the PVN ameliorate or prevent the
development of salt-sensitive hypertension (Herzig et al., 1991). While this
pathway has been well established, the mechanism by which such small increases
in [Na'] can ultimately lead to such large increases in blood pressure are not clear.
O’Donaughy and Brooks showed that in the DOCA-salt model
sympathoexcitation and hypertension are a result of amplified NaCl signals by
DOCA (Brooks et al, 2005b). One possibility for this increase in NaCl
sensitivity in the DOCA-salt model is the presence of mineralocorticoid (MC)
receptors in the circumventricular areas such as the organum vasculosum of the
lamina terminalis (OVLT) and SFO (Pietranera et al., 2001). Activation of MC

receptors in these areas by DOCA may amplify the NaCl-induced



Fig. 1

*+++ Afferent fibers
RVLM Aortic arch

NTS

OVLT
SFO

vasopressin __—IML(TL)

= Sympathetic efferent fibers

o
Mesenteric Artery

OVLT = organum vasculosum lamina terminalis; PVN = paraventricular
nucleus of the hypothalamus; RVLM = rostral ventral lateral medulla; SFO =
subfornical organ; NTS = nucleus of the solitary tract; IML =
intermediolateral column; T/L = thoracic/lumbar; CG = celiac ganglia

Fig. 1. Schematic illustrating central neural control of the splanchnic
circulation. Many cardiovascular nuclei work together in the mammalian brain
to regulate blood pressure. Mechanoreceptors located in the aortic arch and
carotid arteries send afferent signals to the NTS. NaCl and osmolality of the CSF
are monitored through circumventricular organs (eg. SFO, OVLT). The messages
received by these nuclei are integrated in hypothalamic nuclei (eg. PVN) and
brainstem nuclei (eg. RVLM and NTS). Released vasopressin, an anti-diuretic,
will increase fluid volume, and raise blood pressure. The RVLM sends axons to
the periphery via the intermediolateral (IML) column (sympathetic).
(Parasympathetic signals are relayed through the vagal nucleus (not shown).
Mesenteric arteries are solely innervated by the sympathetic branch of the
autonomic nervous system. Preganglionic sympathetic neurons synapse in
prevertebral ganglia (eg. CG) onto postganglionic nerve fibers. Sympathetic
nerve terminals innervate smooth muscle cells of blood vessels to regulate their
tone.



sympathoexcitation response to NaCl and enhance pressor and sympathoexcitaory
effects of increases in NaCl.

Separate from MC activation other possibilities for dramatic increases in
blood pressure in response to increased Na" levels and osmolality include changes
in synaptic plasticity or increased expression of certain genes in response to long-
term activation of autonomic nuclei such as the RVLM (Ito et al., 1999). Studies
in Sprague Dawley rats placed on high salt diets have given insight into other
critical autonomic targets including the NTS and caudal ventrolateral medulla,
whose activity were significantly enhanced by moderate Na" loading in animals
consuming high dietary Na®. The increased basal activation of neurons in these
medullary sites could account for decreased baroreflex-induced bradycardia in the
presence of a high salt diet, ultimately increasing blood pressure (Bealer, 2005;
Bealer and Metcalf, 2005).

Finally, oxidative stress, found in hypertension, has a direct effect of
modulating crucial intracellular signaling cascades in neurons of the NTS, a brain
region that plays an important role in cardiovascular processes (Glass et al.,
2007). Oxidative stress has a secondary effect of decreasing nitric oxide (NO)
availability. In the PVN, NO is sympathoinhibitory. Therefore decreases in its
availability due to oxidative stress may be responsible for increased sympathetic
nerve activity in the PVN (Li and Patel, 2003) or other brain nuclei (Kishi et al.,

2004).

Autonomic nervous system (ANS)



The autonomic nervous system has three branches, the parasympathetic
nervous system (PNS), the sympathetic nervous system (SNS) and the enteric
nervous system (ENS). The ENS is an intrinsic nervous system primarily found
within the wall of the gastrointestinal tract. The PNS and SNS, which primarily
oppose each other in action, work in concert to maintain blood pressure within a
narrow margin.

The PNS ornginates from the dorsal vagal complex (DVC) in the
brainstem and from sacral nerves. Pre-synaptic nerves release acetylcholine
(ACh) onto post-synaptic nerves at ganglia close to the target organ which they
innervate.  Post-synaptic nerves also release ACh onto target tissues. Of
particular importance is the vagus nerve which carries efferent fibers to the heart.
When mechanoreceptors detect an increase in blood pressure, vagal nerves are
activated which slows the heart and decreases blood pressure.

Arteries and veins in the splanchnic circulation are innervated by the SNS
and sensory afferent nerves, but not the PNS. Preganglionic sympathetic nerve
fibers originate in the IML column of the thoraco-lumbar regions of the spinal
cord. Prevertebral nerves release ACh onto nicotinic ACh receptors on post-
synaptic neurons in prevertebral ganglia. Some of these neurons supply the
splanchnic vasculature where they release norepinephrine (NE), ATP and
neuropeptide Y (NPY). The splanchnic circulation is densely innervated by
sympathetic nerves originating from the celiac and superior mesenteric ganglia
(which are indistinguishable in the rat), such that celiac ganglionectomy (CGx)

protects against hypertension (King et al., 2007). This establishes the importance



of the splanchnic circulation as well as the ANS as critical components in blood

pressure regulation.

Neuroeffector junction

Nerve stimulation of per-arterial sympathetic nerves results in
neurotransmitter release into the neuroeffector junction. Neurotransmitter release
is a complex, multi-step process which requires a depolarization in the nerve
ending and the influx of Ca®" into active zones where synaptic vesicles containing
neurotransmitters are docked (Del Castillo and Katz, 1956). The entrance of
Ca’" into these active zones causes the fusion of the vesicles with the plasma
membrane and release of neurotransmitter into the neuroeffector junction (NEJ).
Neurotransmitters bind to postjunctional receptors mediating the appropriate
response in an effector cell, such as arterial smooth muscle cells (SMC). Upon
stimulation, a portion of excess neurotransmitter is removed from the NEJ via
diffusion. In addition, some of the neurotransmitter binds to prejunctional
autoreceptors which negatively regulates neurotransmitter release or transporters
(ie. norepinephrine transporter (NET)).

Postganglionic sympathetic nerves release norepinephrine (NE) and ATP
as primary neurotransmitters and neuropeptide Y (NPY) as a neuromodulator
(Donoso et al., 1997) into the NEJ (each discussed separately below). Nerve
stimulation results in a biphasic response with ATP mediating a transient
depolarization via P2X receptors and NE mediating a sustained response via a,;-

adrenergic receptors (a;ARs). The contribution of co-transmitters to autonomic



vasoconstriction can vary considerably between vascular beds and with different
patterns of stimulation as reviewed by Gibbins and Morris (Gibbins and Morris,
2000). Evoked ATP release ranges from 3.76 pmol in the rabbit aorta (EFS:
16Hz; (Sedaa et al., 1990)) to 4-5000 pM/g in rat caudal artery (EFS: 8 Hz, 1440
shocks (Westfall et al., 1987)). In small mesenteric arteries of normal rats, ATP is
the primary neurotransmitter in both non-pressurized (Luo et al.,, 2003) and
pressurized vessels (Rummery et al., 2007). In general, mesenteric arteries are
highly branched, and as the order of the vessel gets bigger (vessel diameter gets
smaller), the role of ATP is increased (Gitterman and Evans, 2001). The vessels
used in these studies were third order, and mostly purinergic (Luo et al., 2003).
The vesicular organization of neurotransmitter containing vesicles and
their relationship to each other in the sympathetic nerve terminal can be seen
directly using transmission electron microscopy (TEM) (Luff et al., 1987; Klemm
et al., 1993). TEM photomicrographs have helped to identify the ultrastructure of
sympathetic NEJs of mesenteric arteries and veins. The main findings include
the presence of specialized junctions which are found in clusters opposed to
arteries and veins. In both vessels clefts (< 100 nM) have a single layer of basal
lamina and specialized areas with synaptic vesicle aggregated toward the
presynaptic membrane (Luff et al., 1987, Klemm et al., 1993). Presumably these
are synaptic release sites. This information helps to clarify questions which are
hard to answer due to the small size of sympathetic nerve terminals (1 uM). For
example, the presence of active zones suggests that the different time course of

constriction mediated by NE compared to ATP is due to 2" messenger proteins
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post-junctionally and not due to a long diffusion time of neurotransmitters.
Examples of other properties of vesicular release from autonomic nerves we have
learned from TEM include: terminal portions of autonomic nerve fibers are
varicose, with intervaricose intervals ranging from 2 — 10 pM; in blood vessels
nerves are confined to the adventitial side of the medial layer, different from
NMTIs; there is a lack of postjunctional specializations; Schwann cells are present,
covering axons up until the last few varicosities in a nerve fiber; and the distance
between sympathetic nerve terminals and effector cells varies greatly (Bumstock,
2008). Interestingly, different types of vesicles, small and large, dense and clear,
can be seen in certain cross sections of a single varicosity, as shown in axon
profiles within the myenteric plexus of the guinea-pig (Cook and Bumnstock,
1976).

This technique can provide snapshots of neuroeffector junctions at any one
time. However, TEM photomicrographs have not been used to compare
sympathetic nerve endings between control and hypertensive rats. Because
currents cannot be measured directly from mesenteric periarterial nerves,
photomicrographs may help to provide insight into the number and distribution

pattern of synaptic vesicles in nerve endings.
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Fig. 2

Normotensive Hypertensive

adenosine ¢

Arterial smooth muscle cell

Fig. 2. Schematic depiction of a mesenteric artery neuroeffector junction
depicting key components to vesicular release and reuptake of
neurotransmitters (leff) and alterations which occur in salt-dependent
hypertension (right). Sympathetic nerve terminals innervating arterial smooth
muscle cells (SMC) release ATP and NE in response to nerve stimulation and
depolarization of the nerve terminal due to Ca®* influx through voltage dependent
calcium channels (VDCC). The VDCCs are closely associated with vesicular
release apparatus, prejunctional autoreceptors (ie. A;R and a;AR) and help to
regulate neurotransmission. Postjunctionally, NE binds to G-protein coupled
a;ARs while ATP binds to ligand-gated P2X; receptors. Upon activation, both
receptors increase [Ca’'}; resulting in constriction. In hypertension, sympathetic
nerve endings are altered in several ways including: impaired a;AR function,
increased NE release, decreased ATP release and increased varability of ATP
release.

12



Neural regulation of vascular tone

Adrenergic-mediated constriction

Sympathetic nerves densely innervate mesenteric blood vessels. Upon
stimulation, NE is released and it binds to adrenergic receptors on SMCs causing
constriction. In the mesenteric arteries and veins, NE acts primarily via a;-AR.
a;AR couples to activation of a heterotrimeric G protein, Gq, which activates
phospholipase C (PLC). PLC in turn hydrolyzes phosphatidylinositol (PIP;) to
diacyl glycerol (DAG) and inositol triphosphate (IP;). DAG activates protein
kinase C (PKC) resulting in the phosphorylation of a cascade of signaling
proteins. IP; binds to receptors on the smooth endoplasmic reticulum causing the
release of Ca®" from intracellular stores. The release of intracellular calcium
increases the [Ca’’]; available to bind to contractile machinery in the SMC
resulting in constriction. NE is removed from the NEJ via diffusion or reuptake
into prejunctional terminals via specific high-affinity transporters, ie the

norepinephrine transporter (NET).

Purinergic-mediated constriction

ATP is a ubiquitous molecule which plays a role in many vital physiologic
functions. Its levels in nerve endings are primarily regulated by mitochondrial
oxidative phosphorylation which generates ATP from ADP (Sperlagh and Vizi,
1996). In addition to its role as the major energy source for living cells, it has

also been identified as a cotransmitter released with other previously identified
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neurotransmitters from many nerve endings (Burnstock, 1995). This includes
glutamatergic and gabaergic cells in the central nervous system (Pankratov et al,,
2006), as well as cholinergic (Dowdall et al., 1974) and sympathetic nerve fiber
endings (Stjame and Stjame, 1989; Burnstock, 2006) in the peripheral nervous
system.

Purinergic neurotransmission has been studied in the vas deferens (Stjarne,
2001; Westfall et al., 2002) and vascular SMCs (Ralevic, 2000; Smyth et al,,
2000b). Purinergic receptors which mediate ATP effects are classified into two
categories based on their pharmacological properties. P1 receptors are activated
by adenine nucleosides and their derivatives, and P2 receptors are bound by
adenine nucleotides, such as ATP. P2 receptors are further divided into two
subgroups: P2X and P2Y. P2X receptors have 2-TM domains with both the N-
and C- terminus located intracellularly. They are ligand-gated ion channels that
are permeable to Ca>*, Mg" and Na® ions and primarily mediate vasoconstriction.
P2Y receptors are G-protein coupled receptors that have 7-TM domains with an
intracellular C-terminus and an extracellular N-terminus. P2Y receptors couple to
Gg-proteins in smooth muscle and endothelial cells contributing to both
constriction (Galligan et al., 2001) and vasodilation (Ralevic, 2000). In the
mesenteric vasculature there is subtype-specific localization of the two types of
receptors. P2X, receptors are found on arterial SMCs where, upon activation,
cation flux mediates a transient postjunctional response which accounts for 60-

80% of constriction at low frequencies (Sjoblom-Widfeldt et al., 1990; Gitterman
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and Evans, 2001; Luo et al., 2003). Ca®" influx through P2X, receptors mediates
transient constriction of arterial SMCs.

In response to nerve stimulation ATP is released and then quickly
degraded by nucleotide triphosphate diphosphorylases (NTPDases; aka. ecto-
ATPase, ecto-pyrase or ectonucleotidases) which are released with ATP (Todorov
et al., 1997; Westfall et al., 2000b; Westfall et al., 2000a). Interestingly, it has
been suggested that proteins carrying the enzyme activity originate from ATP-
storage vesicles as opposed to catecholamine vesicles due to the time course and
modulation of release (Mihaylova-Todorova et al., 2001), suggesting separate
storage of the two neurotransmitters. The breakdown of ATP can be slowed by
inhibiting the nucleotidases with suramin and ARL 67156 (Westfall et al., 2000a).
The nature of the enzymes released are not fully understood but seem to have
similarities with members of the mammalian ecto-ATPase CD39 (ENTPDases)
family as well as AMPases. This may allow cooperative breakdown of
extracellular ATP as it is released from sympathetic nerves (Westfall et al., 2002).
Adenosine, the product of the enzymatic breakdown of ATP, is a major regulator
of neurotransmitter release via the A; receptor found on the nerve terminal
(discussed below).

The purinergic component of neurotransmission can be effectively
monitored via intracellular recordings from SMCs. Excitatory junction potentials
(EJPs) are P2X;-mediated responses as they can be inhibited by both tetrodotoxin

(TTX; a Na' channel antagonist) and PPADS (a drug that can block P2X;-
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receptors). [EJP peak amplitude can be assessed as an indirect, but semi-

quantitative measurement of ATP release.

The role of purinergic neurotransmission in vivo

Few studies have assessed the role of purinergic neurotransmission in
vivo. One of the roles for ATP as a cotransmitter from sympathetic nerves
includes blood pressure homeostasis, which may occur via both prejunctional and
postjunctional mechanisms. The role of purinergic transmission in blood pressure
regulation in vivo varies depending on the tissue bed and species being examined.
In general, it appears that ATP has its greatest role in mediating vascular tone in
small vessels like tertiary branches of mesenteric blood vessels (Gitterman and
Evans, 2001) and arterioles in the kidney. For example, autoregulatory
mechnanisms of afferent arterioles in the kidney have been attributed to locally
released ATP via activation of P2X; receptors (Inscho, 2001). Purinergic
neurotransmission to kidney arterioles is impaired in a model of hypertension
induced by chronic angiotensin II infusion (Ang-II) (Zhao et al., 2005). In the
mesentery, resistance vessels play a substantial role in blood pressure regulation
and contain a relatively large percentage of cardiac output at any one time (up to
70%). ATP also can modulate NE release and the release of endothelium derived
hyperpolarizing factor (EDFH) via P2Y; receptors (Thapaliya et al., 1999).
Therefore, the role of purinergic neurotransmission to these tissues is likely to

have profound effects on blood pressure.
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In vivo, blocking postjunctional P2X receptors with PPADS decreased
MAP in one study (Tarasova et al., 1998), but had no effect in others (Emonnot et
al.,, 2006). P2X receptor blockade increases blood pressure variability suggesting
that ATP plays a role in transient homeostatic hemodynamic control. This was not
the case when adrenergic neurotransmission was blocked (Golubinskaya et al.,
1999). This suggests purinergic neurotransmission is important for stabilization
of MAP.

The ATP metabolite, adenosine, regulates blood pressure via the
prejunctional adenosine autoreceptor (A;-R). The prejunctional effects of A;-R
blockade has profound consequences on blood pressure as exemplified by the

hypertension model produced by A;-R antagonist, DCNX (discussed below).

Neuropeptide Y (NPY)

NPY is tyrosine-rich peptide in the brain (Tatemoto, 1982). It is also
released as a neuromodulator from peripheral autonomic synapses onto blood
vessels (Donoso et al., 1997; Smyth et al., 2000a; Pablo Huidobro-Toro and
Veronica Donoso, 2004). NPY increases the vasoconstrictor action of ATP and
NE mainly via the Y, receptor subtype (Westfall et al., 1995). The Y, subtype is
primarily found on prejunctional membranes and it plays an inhibitory role on the
release of neurotransmitters in the central nervous system as well as sympathetic
perivascular nerve terminals (Uddman et al., 2002; Pablo Huidobro-Toro and

Veronica Donoso, 2004).
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The role of NPY in hypertension is controversial. Administration of the
selective NPY Y, receptor antagonist does not lower BP (Zhao et al., 1997).
Furthermore, Y; knock-out mice have normal blood pressure and the basal blood
pressures and heart rates of transgenic rats with increased levels of NPY in
cardiovascular tissues was also normal (Michalkiewicz et al., 2001). However,
transgenic rats had increased total vascular resistance and elevated blood pressure
responses to NE injections (Michalkiewicz et al., 2001). Furthermore, at least one
study in humans found a significant increase in plasma ir-NPY levels in patients
with severe hypertension as compared to age-matched controls (Erlinge et al.,
1992). The role of NPY as a direct constrictor via Y; receptors and as a
neuromodulator of the actions of ATP and NE is continuing to unfold. Future
studies may identify a use of Y1 receptor antagonists for treatment of

hypertension.

Prejunctional autoregulation of sympathetic neurotransmission

ax-adrenergic receptors (a;AR)

Some of the NE released from the NEJ will bind to prejunctional a;-ARs.
a2ARs are 7-transmembrane domain autoreceptors which couple to G;, proteins.
They inhibit neurotransmitter release by decreasing adenylate cyclase activity and
cAMP production, inhibiting N- and P/Q-type Ca’* channels, and activating
presynaptic K* channels. There are three human subtypes of a;ARSs: a4, azp and

azc. A fourth, azp, found in rats, may be an orthologue of the a4 receptor
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(Docherty, 1998). The a:a and ayc subtypes are thought to be located on
presynaptic terminals and their activation inhibits neurotransmitter release from
sympathetic nerves in the heart, the central nervous system and from perivascular
sympathetic nerves (Docherty, 1998; Hein et al., 1999). The actions of
prejunctional a-ARs can be modified by circulating neuronal and humoral
substances. Possible modifiers include O," (Nishida et al., 2000), ATP, adenosine
and bradykinin.

Previous studies have shown a;AR function is impaired in human
essential hypertension (Tsuda et al., 1989; Damase-Michel et al., 1992; Damase-
Michel et al., 1993) and in DOCA-salt hypertension (Tsuda et al., 1989; Moreau
et al., 1995; Luo et al., 2004), and clinically, a;-agonists are used to treat high
blood pressure in hypertensive patients (Brede et al., 2004). However, the exact
mechanism which renders this receptor dysfunctional is not known.

Conventionally, a;AR was thought only to regulate NE, but since
Burnstock purposed the idea of co-transmission, the role of the a;AR on
regulating ATP release has been investigated. Through a combination of
electrophysiological, electrochemical and pharmacological experiments, the role
of the a;AR in regulating not only NE, but also ATP has been revealed. Blocking
the a;AR at the sympathetic NEJ results in increased NE and ATP overflow
(Driessen et al., 1993). Long trains of nerve stimulation with and without
yohimbine, an a;AR agonist, increases ATP release in addition to NE release
(Bobalova and Mutafova-Yambolieva, 2001) in canine mesenteric arteries and

veins. In guinea pig mesenteric arteries phentolamine and yohimbine enhanced
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EJPs at low but not high frequency stimulation (Mutafova-Yambolieva and Keef,
2001). In addition, idazoxan another a;AR agonist, increased the amplitude of
EJPs evoked during trains of low frequency stimulation, even more than it
increased facilitation of NE release (Dunn et al., 1999). This provides substantial
evidence for the co-regulation of NE and ATP by the a;AR, even though the
efficiency of regulation may of each transmitter may differ and may be tissue

specific.

A -adenosine receptors

ATP released from perivascular nerves is enzymatically degraded by ecto-
5’nucleotidases into ADP, AMP and finally adenosine (Todorov et al., 1997).
Adenosine binds to prejunctional A;-Rs and inhibits neurotransmitter release via
Gi/Go linked second messenger systems.

Adenosine acting at the A;-R in the mesenteric vasculature bed has been
shown to have effects on blood pressure. This has been illustrated best with the
development of the 1,3-dipropyl-8-sulphophenylxanthine (DPSPX)-treated rat
model of hypertension. The chronic inhibition of A;-Rs with DPSPX, a non-
selective antagonist of adenosine receptors results in increased blood pressure and
increased purinergic and adrenergic neurotransmission indicating that adenosine
plays a regulatory role in maintaining blood pressure via prejunctional
autoreceptors (Karoon et al., 1995). This model also suggests the importance of

ATP availability in sympathetic nerve terminals on blood pressure homeostasis.
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This model of hypertension also identifies cross-regulatory mechanisms
whereby NE release is regulated by ATP and adenosine via A;-Rs. ATP also
regulates NE release via prejunctional P2X receptors (Illes and Norenberg, 1987,
Morikawa et al., 2007). Other prejunctional receptors responsible for purinergic
mediated inhibition of NE have been identified, including a xanthine-sensitive
ATP receptor (Morikawa et al., 2007), a P2 receptor (Tanaka et al., 2004) and an
unidentified purinoceptor that is blocked not only by P2-receptor antagonists but
also by Pl-receptor antagonists (Shinozuka et al., 1988).

Others have shown that, in vivo, endogenous adenosine does not modulate
noradrenergic neurotransmission (Jackson, 1987; Kuan and Jackson, 1988).
However, Jackson et al. also showed that spontaneously hypertensive rats are less
sensitive to the inhibitory effects of exogenous adenosine on adrenergic
neurotransmission compared to WKY controls suggesting that enhanced
noradrenergic neurotransmission in the SHR is not due to defective modulation of
neurotransmission by adenosine (Jackson, 1987). The effects of exogenous
adenosine in DOCA-salt hypertensive rats have not been examined.

Identification of the dual role of neurotransmitters as neuromodulators is
becoming more common in the literature, although the details of this process are
still under investigation. ATP, adenosine, NE and NPY all have prejunctional
autoreceptors which modulate their own release in addition to the other co-
transmitters in the terminal. NPY also is known to modulate ATP and NE at the
postjunction. In addition, other neuromodulators have been identified, in adrenal

medullary chromaffin cells.  Catestatin, an active peptide cleaved from
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chromogranin A inhibits the release of NE, ATP and NPY from these cells
(Mahapatra et al., 2006). Interestingly, the secretory prohormone chromogranin
A (CHGA) is overexpressed in essential hypertension, while its neurotransmitter
release-inhibitory fragment catestatin is diminished (Mahapatra et al., 2005).
These complex neuromodulatory pathways make understanding neural regulation

of blood vessels even more diverse and complex

Cotransmission

Storage, regulation and release of ATP, NE and NPY

The relative contribution of each of the neurotransmitters in mediating
constriction varies greatly depending on vascular bed, species and frequency of
stimulation, and the regulation of different neurotransmitters is not clear. Four
possible vesicle distribution patterns are depicted in figure 3. Panel A depicts the
differential packaging of ATP and NE, with vesicles homogenously mixed.
Evidence for this model includes the results that EJPs can be elicited with nerve
stimulation after tissues have been treated with reserpine, a drug which depletes
NE stores in guinea-pig mesenteric artery (Mutafova-Yambolieva and Keef,
2001). NE and ATP overflow from sympathetic nerves innervating guinea-pig
vas deferens has also been studied. In this preparation evoked overflow of ATP
exceeded that of NE, also suggesting differential storage of vesicles. Finally, the
overflow of NE is tonic while the overflow of ATP and other purines is phasic

(Todorov et al., 1996).
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Fig. 3

Fig. 3. Diagrammatic depictions of four hypotheses for cotransmission of
neurotransmitters from sympathetic nerve terminals. Panel A depicts the
theory that ATP and NE are stored and released from separate vesicles, and that
these vesicles are arranged in a homogeneous mixture. Panel B shows the
hypothesis that ATP and NE are co-stored and co-released from the same vesicle.
Panel C depicts the hypothesis that ATP and NE are released from separate nerve
terminals. Panel D shows the two neurotransmitters arranged in a manner which
allows them to be released and regulated individually. The four hypotheses
described above were considered as possible models for neurotransmitter release
when analyzing data in these studies.
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However because many pharmacological manipulations affect NE and
ATP to a similar extent, differential storage may not be the case in all
preparations. Stjame’s work supports the hypothesis shown in Figure 2B, where
ATP and NE are co-stored and co-released. For example, a study used a;AR
agonists and antagonists in combination with excitatory junctional currents (EJC)
measurements and amperometric techniques to measure ATP and NE
simultaneously. Although NE and ATP measurements responded differently in
some cases, the authors concluded that these responses could be explained in
terms of “the known post-secretory effects of these agents” (Msghina et al,,
1992). These results suggest that ATP and NE may be regulated in the same
manner. In a paired pulse analysis of ATP and NE release from sympathetic
nerves of rat tail artery and mouse vas deferens, pharmacological blockade of K*
channels depressed excitatory junctional currents (ATP) and NE oxidation current
to a similar extent, also suggesting that ATP and NE are released in parallel
(Msghina et al., 1998).

Fig. 3C depicts the hypothesis that different neurotransmitter compositions
exist in different nerve fibers. This idea is true for fibers innervating mesenteric
arteries and veins. These fibers run close together from sympathetic ganglia to
the mesentery. However those innervating arteries are veins originate from
separate neurons in the ganglia and innervate different tissues (Browning et al.,
1999).

Finally, there is growing evidence for the differential distribution of NE

and ATP containing vesicles in the nerve ending as depicted in Panel D.
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Differential regulation of these pools of transmitters may provide functional roles
such as “chemical coding” (Fumness and Costa, 1987). This may be necessary for
precise regulation of blood pressure, creating more transient or tonic control of
the vessel as needed. Differential storage and vesicle localization has been
established for small and large vesicles. For example NE and NPY are found in
LDCV, while NE, but not NPY is found in SSV (Roden et al., 2007). ATP has
been reported in both SSVs and LDCVs. 1t is widely accepted that the release of
SSVs and LDCVs are regulated differently. SSVs are coupled to voltage-
dependent calcium channels and LDCVs, further from release zones, respond to
Ca’" which has diffused through the cytoplasm (Matteoli et al., 1988; Langley and
Grant, 1997).

Differential release of the same size vesicles is more controversial. With
more and more evidence of differential storage and release of ATP and NE from
sympathetic nerves, their possibilities for differential regulation are being
explored. Relative appropriation to Ca®* channels would be one way in which
vesicles of the same size could be differentially regulated and released
(Waterman, 2000). Differences in the kinetics of Ca®* binding between vesicle
pools could also allow for neurotransmitters to be released at different rates
(Voets, 2000). Additionally, the various isoforms of vesicular release components
such as the SNARE proteins and Ca’" sensors, are also candidates for the
differential regulation of cotransmitters (Moore et al., 2006).

Pharmacological studies targeting prejunctional autoreceptors have been

used to answer questions of storage and release of co-transmitters. Differences in
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the a;ARs ability to regulate NE and ATP release have been demonstrated. For
example, in the canine mesenteric artery a higher concentration of idazoxan was
needed to increase ATP release compared to that needed to increase NE release.
Furthermore, ATP release is only altered in the presence of a;AR blockers at high
frequencies where NE is increased at low and high frequencies (Bobalova and
Mutafova-Yambolieva, 2001). This suggests that NE release is more closely
coupled to the a;AR than ATP. When NE and ATP release were measured from
the rat mesenteric artery NEJ using amperometry and intracellular recordings,
respectively, the opposite was true. Using these techniques, a;AR blockade
resulted in greater facilitation of EJPs compared to the facilitation of current
(Dunn et al., 1999). Besides the use of different species in these studies, different
techniques may account for the contradictory results. However, taken together
these data support the differential storage and regulation of ATP and NE. These
differences may play an important role in the control of blood flow and volume
distribution in splanchnic circulation and therefor<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>