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JENNIFER ANN IDDINGS
The Effects o f Hypertension on Neurovascular Unit Function and Structure 
(under the direction o f JESSICA A. FILOSA, Ph.D.)

Functional hyperemia is the regional increase in cerebral blood flow upon increases in 

neuronal activity which ensures that the metabolic demands of the neurons are met. 

Hypertension is known to impair the hyperemic response; however, the neurovascular 

coupling mechanisms by which this cerebrovascular dysfunction occurs have yet to be 

fully elucidated. The goal of this dissertation project was to test the central hypothesis 

that hypertension-induced impairments in functional hyperemia are mediated by a 

specific disruption of communication within the neurovascular unit at the parenchymal 

arteriole level of the cerebrovascular tree. To test our hypothesis, we measured 

parenchymal arteriole reactivity, vascular smooth muscle cell Ca2+ dynamics, 

parenchymal arteriole remodeling and cerebral vascular density in cortical brain slices 

from normotensive (WKY) and hypertensive (SHR) rats. We found that vasoconstriction 

in response to the thromboxane A2 receptor agonist U46619 and basal vascular smooth 

muscle cell Ca2+ oscillation frequency were increased in parenchymal arterioles from 

SHR. In perfused and pressurized parenchymal arterioles, myogenic tone was increased 

in SHR. While K+-induced parenchymal arteriole dilations were similar in WKY and 

SHR, metabotropic glutamate receptor activation-induced parenchymal arteriole dilations 

were enhanced in SHR. Further, neuronal stimulation-evoked parenchymal arteriole 

dilations were similar in SHR and WKY. Parenchymal arteriole wall to lumen ratio and 

wall thickness were increased in SHR. Vascular density was also increased in deeper 

cortical layers in SHR. Our data indicate that although SHR parenchymal arterioles



display vascular remodeling, neurovascular coupling is not impaired in SHR, at least at 

the parenchymal arteriole level.

INDEX WORDS: hypertension, functional hyperemia, neurovascular coupling, astrocyte, 
parenchymal arteriole, brain slice
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I. INTRODUCTION

A. Statement of the Problem

Hypertension, defined as systolic blood pressure >140 mmHg or diastolic blood

pressure >90mmHg, is a serious health problem in the United States affecting

1 •approximately 30% of the adult population ’ . Given its high prevalence, hypertension 

is a major source of medical expenditures. In 2010, hypertension accounted for over $46 

billion of annual health care costs in the United States; this value is projected to increase 

to $274 billion by 2 0 3 0 Hypertension significantly increases the risk o f cardiovascular 

disease and stroke1,2. Moreover, nearly half (-47% ) of the hypertensive population has 

uncontrolled hypertension1 leaving them particularly vulnerable to hypertension-induced 

pathologies. The growing predominance and cost o f hypertension highlights the 

necessity o f research directed towards furthering our understanding o f both the causes of 

this disease as well at its pathological consequences.

Hypertension is known to alter the structure o f cells within the neurovascular unit 

(NVU). Multiple studies have found that hypertension induces changes in the 

cerebrovascular network; however, the data are conflicting with some studies reporting 

increased vascular density3, 4 and others reporting rarefaction5, 6. O f note, cerebral 

rarefaction has not been described in hypertensive patients7. Hypertension-induced 

alterations in cerebrovascular density are likely specific to discrete regions of the vascular

1
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network (i.e. pial arteries vs. capillaries) which may account for some o f the disparities 

in the literature. For example, capillary number is decreased in the spontaneously 

hypertensive rat (SHR) 6 whereas pial artery number remains unchanged as compared to 

normotensive controls8. Further, cerebral vascular smooth muscle cell (VSMC)

R i dhypertrophy" and luminal narrowing of the cerebral vasculature are well- 

characterized1013’ 15,16. In animal models o f hypertension, remodeling develops with age 

and commences in large extracerebral arteries before occurring in smaller pial ateries7. 

Alterations in blood brain barrier (BBB) structure17 and increased BBB permeability18"20 

have also been described in experimental models o f  hypertension. Pericyte degeneration 

is observed in SHR and stroke-prone SHR and is linked with enhanced BBB

9  tpermeability . Moreover, hypertension has marked effects on the non-vascular cells 

within the NVU. Neuronal density is decreased in SHR22. In astrocytes, hypertension 

has been shown to increase both the astrocytic process marker GFAP13’ 22, 23 and the 

astrocytic endfoot marker AQP42 4 suggesting that hypertension induces astrogliosis.

Hypertension has also been shown to alter cerebrovascular function. As is the 

case with cerebrovascular density, data regarding the effects of hypertension on basal 

cerebral blood flow (CBF) are discordant; while some studies describe decreased CBF25"

97 1 f \  9fi, others describe CBF values similar to control ’ . Moreover, maximal dilation of

cerebral arteries is blunted in hypertensive animals29’31. Another widely accepted effect 

o f hypertension on the cerebral vasculature is the rightward shift in the autoregulatory

7 8 32 33curve ’ ’ ’ which allows cerebral arterioles to maintain constant CBF in the presence 

of higher perfusion pressures. While this pathological alteration is protective in that it



extends the upper limits o f autoregulation to prevent autoregulatory breakthrough, it also 

has maladaptive consequences in that the lower limit of autoregulation is also increased7. 

Consequently, hypertensive patients are particularly vulnerable to cerebral ischemia upon 

decreases in blood pressure because the cerebral vasculature fails to dilate in response to 

the lower perfusion pressures. As for the mechanisms underlying this pathological 

consequence of hypertension, increased production of the constrictive arachidonic acid 

(AA) metabolite 20-hydroxyeicosatetraenoic acid (20-HETE) and function of the 

canonical transient receptor potential channel TRPC6  are thought to mediate the 

hypertension-induced alterations in the autoregulatory curve34. However, although the 

autoregulatory curve is shifted to the right in young hypertensive animals, cerebral 

arteries from aged hypertensive mice lose their autoregulatory abilities3 4  suggesting that 

this cerebral vascular function continues to deteriorate in the continued presence of 

hypertension.

In recent years, a number o f studies have been dedicated to investigating the 

effects of hypertension on the vasodilatory neurovascular coupling (NVC) mechanisms 

underlying functional hyperemia (FH), the process in which neuronal activation triggers
•7

local increases in CBF. In 2003, Kazama et al. were the first to demonstrate that FH is 

impaired in a mouse model of short-term (14 days) Angiotensin-II (Ang II) induced 

hypertension. This cerebrovascular dysfunction was likely mediated by Ang II and not 

the elevated blood pressure as phenylephrine-induced hypertensive mice did not exhibit a 

disruption in the hyperemic response35. In further support o f this conclusion, subpressor 

doses of Ang II (which induce a delayed elevation in blood pressure) have been shown to
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impair FH prior to the onset of hypertension36. Because neither mice treated with 

reactive oxygen species (ROS) scavengers nor knockout (KO) mice for the gp91phox 

subunit of NADPH oxidase exhibited blunted NVC following Ang II treatment despite an 

elevation in blood pressure37, these Ang-II mediated impairments in NVC are thought to 

be mediated by increased generation of ROS by NADPH oxidase . Importantly, humans 

with untreated hypertension also display impairments in the hyperemic response during
1 Q

memory performance tasks thus confirming the presence of this cerebrovascular 

dysfunction in the patient population. In a recent study of chronic hypertension,
i n

Calcinaghi et al. showed that NVC is blunted in 20- and 40-week-old SHR whereas no 

cerebrovascular dysfunction is detected in 10-week-old SHR. Although 10 week 

treatment with either the L-type Ca channel blocker Verapamil or the Ang II receptor 

antagonist Losartan reduced blood pressure in hypertensive animals, these drugs did not 

attenuate the impairments in FH39, suggesting that increased blood pressure is not the sole 

parameter mediating hypertension-induced impairments in cerebrovascular function.

While these studies have provided invaluable insight into the mechanisms 

regulating the compromised hyperemic response during both short and long-term 

hypertension, the mechanisms by which hypertension disrupts communication among 

cells within the NVU is not completely understood. The studies described above have 

employed regional CBF measurements to deliver valuable insight into the vascular 

mechanisms underlying hypertension-induced disruptions in NVC at the level o f the pial 

arteries which cover the brain surface. However, hypertension-induced NVC deficits 

have yet to be investigated precisely in the distinct subpopulation of cerebral
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microvessels penetrating the brain parenchyma, the parenchymal arterioles (PAs). Given 

that artery size is an important determinant o f cerebral myogenic responses4 0 and that

myogenic tone is mediated by different mechanisms in pial arteries vs. PAs41’ 42, the

importance of studying hypertension-induced brain pathologies in discrete vascular beds 

should not be underestimated. In this dissertation project, we tested the central 

hypothesis that hypertension-induced impairments in FH are mediated by a specific 

disruption of communication within the NVU at the PA level of the cerebrovascular tree. 

We utilized the SHR and its normotensive counterpart, the Wistar Kyoto rat (WKY) to 

test this hypothesis with the following two specific aims:

Aim 1: Determine the effect o f hypertension on cell-to-cell communication within 

the NVU. Hypothesis: PA and astrocyte dysfunction mediate impairments in 

NVC. To test this hypothesis we measured:

a. PA tone & VSMC Ca2+ dynamics.

b. PA responses to direct stimulation with extracellular K+.

c. PA responses to indirect stimulation of astrocytes & neurons.

Aim 2: Determine the effect of hypertension on the structural integrity o f the 

NVU. Hypothesis: Hypertension induces PA remodeling. To test this hypothesis 

we measured:

a. Cerebrovascular density.

b. PA structure (wall to lumen ratio, wall thickness, lumen diameter).
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B. Review of Related Literature

Defining characteristics of the cerebral vasculature

Two pairs of arteries are responsible for delivering blood to the brain: the left and 

right vertebral arteries that provide blood to the brainstem and cerebrum and the left and 

right internal carotid arteries which provide blood to the cerebrum43. At the level o f the 

brainstem, the vertebral arteries anastomose to form the basilar artery which subsequently 

branches into the left and right posterior cerebral arteries at the base o f the brain44. The 

posterior cerebral arteries coalesce with the paired internal carotid arteries, anterior 

cerebral arteries, and the anterior and posterior communicating arteries to form a ring 

known as the circle of Willis44. Three paired arteries - the anterior, middle and posterior 

cerebral arteries - diverge from the circle o f Willis and wrap around the brain where they 

divide into additional arteries o f smaller magnitude that supply blood to the brain 

surface43. Finally, branches of these surface arteries dive into the brain where they give 

rise to an extensive capillary network thus supplying blood to the brain parenchyma43.

The vessels of the cerebral arterial network can be broadly classified into two 

major categories: pial arteries and PAs (Fig. 1A). Located in the subarachnoid space, 

pial arteries are the extracerebral arteries which cover the brain surface43. Conversely, 

PAs are the intracerebral arteries residing within the brain parenchyma43. Penetrating 

arteries serve as the structural link between pial arteries and PAs43. These arteries branch 

off pial arteries at right angles44, penetrating the brain tissue in an extension of the 

subarachnoid space known as the Virchow-Robin space43. The penetrating arterioles
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transition into PAs as the Virchow-Robin space ends and the basal lamina of the arteriole 

is encased by astrocytic endfeet43,45.

Pial arteries and PAs are characterized by three primary anatomical differences 

(Fig. 1B&C). First, medial layer composition differs between these two vascular 

populations. While pial arteries are comprised o f 2-3 vascular smooth muscle cell 

(VSMC) layers, PAs consist of a single VSMC layer43. Further, the source of neuronal 

innervation varies between pial arteries and PAs. Pial arteries are extrinsically innervated 

by the superior cervical, sphenopalatine, otic and trigeminal ganglia o f the peripheral 

nervous system46. PAs, on the other hand, are intrinsically innervated by local 

intemeurons and afferents arising from the locus coeruleus, nucleus basalis and raphe 

nucleus46. Finally, structural relationships with the surrounding glia are different among 

pial arteries and PAs. Pial arteries rest on top of the glia limitans, the layer o f astrocytic 

processes covering the surface of the brain45, 47’48. In contrast, PAs are ensheathed by 

specialized astrocytic processes termed endfeet which surround over 99% of the cerebral 

vasculature45.

While both pial arteries and PAs contribute to vascular resistance in the brain43,49, 

these two discrete vascular beds differ functionally — both in response to luminal pressure 

and regulation of myogenic tone. The myogenic responsiveness (defined as the percent 

change in diameter per change in pressure) o f PAs is greatest at lower luminal pressures 

(20-60 mmHg) whereas the myogenic responsiveness of pial arteries is greatest at higher 

luminal pressures (60-100 mmHg)40. Upon exposure to physiological pressure (40
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Fieure 1: Pial artery vs. parenchymal arteriole (PA) localization and structure. A: Schematic o f  pial artery and PA location 
within the cortex. Pial arteries cover the brain surface, and PAs reside within the brain parenchyma. B: Schematic o f  pial artery 
structure. Pial arteries are comprised o f an endothelial cell (EC) layer surrounded by 2-3 vascular smooth muscle cell (VMSC) 
layers. They are extrinsically innervated by peripheral nerves and rest atop the glia limitans. C: Schematic o f PA structure. PAs 
are comprised o f  an EC layer surrounded by a single VSMC layer. They are intrinsically innervated by local interneurons and 
afferents (not pictured) and are ensheathed by astrocytic endfeet.
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mmHg for PAs and 75 mmHg for pial arteries), PAs develop higher tone than pial 

arteries41. Further, myogenic tone is greater in PAs than pial arteries at luminal pressures 

ranging from 20-80 mmHg42, 50; these differential tone responses are no longer evident at 

100 mmHg50. Increased PA myogenic tone is due to increased VSMC Ca2+ in response 

to luminal pressure42. Given that the open probability o f voltage dependent Ca2+ 

channels (VDCC) - a primary mediator o f VSMC intracellular Ca2+ - is similar in PA and 

pial artery VSMCs, the enhanced Ca2+ in PAs is thought to be due to more depolarized 

VSMC membrane potential42.

In respect to cerebrovascular tone, different Ca -sensitive K (Kca) channels are 

responsible for the modulation of myogenic tone in PA and pial arteries. Kca channels 

regulate cerebrovascular tone via a negative feedback mechanism that counteracts 

pressure-induced myogenic tone. Three types o f Kca channels have been identified: 1) 

voltage dependent (or large-conductance) Ca2+ sensitive potassium (BKca) channels, 2)
i

small-conductance Ca sensitive potassium (SKca) channels, and 3) intermediate- 

conductance Ca2+ sensitive potassium (IKca) channels. Because Kca channels are Ca2+ 

activated, tone-induced increases in VSMC Ca lead to K efflux through open BKca 

channels thus causing VSMC hyperpolarization51. VDCCs are inactivated by this Kca 

channel hyperpolarization triggering a decrease in intracellular Ca2+ and vasodilation. In 

pial arteries with myogenic tone, blockade of BKca channels with tetraethylammonium 

(TEA) or iberiotoxin (IbTX) elicits vasoconstriction51. BKCa channel blockade with 

paxilline also induces PA constriction albeit to a lesser degree than the constriction 

observed in pial arteries in response to TEA51 or IbTx51’52. In addition to VSMC BKca
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channels, cerebral arteriole endothelial cell (EC) SKca and IKca channels also participate 

in the negative feedback mechanisms regulating cerebral arteriole myogenic tone. 

Although a single study has demonstrated that SKCa channel blocker apamin and the IKca 

channel blocker l-[(2-Chlorophenyl)diphenylmethyl]-l//-pyrazole (TRAM-34) modulate 

myogenic tone in pial arteries53, multiple studies have shown that apamin41,51, 5 4 , 55 and 

TRAM-344 1 , 5 4 , 55 have no effect on pial artery myogenic tone. These conflicting data can 

likely be attributed to differences in animal strains (Long-Evans53 vs. Wistar rats4 1 , 5 4 , 55 

or rabbit51) or experimental conditions (concurrent nitric oxide synthase (NOS) and 

cyclooxygenase (COX) inhibition53 vs. no NOS and COX inhibition41, 51, 54, 55). The 

preponderance of data obtained from studies investigating pial arteries suggest that BKca, 

but not SKca or IKca, channels are tonically active in pial arteries and thus contribute to 

the regulation of myogenic tone in this subpopulation of the cerebral vasculature. In 

contrast, SKca channel blockade with apamin and IKca channel blockade with TRAM-34 

elicit constriction of PAs with myogenic tone41,56. These data indicate that all three types 

of Kca channels participate in the regulation of myogenic tone in PAs with BKca channels 

playing a minor role compared to that o f SKca and IKca channels.

Cerebral blood flow regulation

The brain is one of the body’s most metabolically demanding organs, expending 

20% of the body’s energy while accounting for only 2% of total body mass57. The 

continuous supply of blood to the brain is crucial for the adequate supply o f oxygen and 

glucose to neurons4 4 , 45 and clearance of metabolic waste58. Even minor decreases in CBF
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can adversely affect neuronal functionality , highlighting the importance of sufficient 

CBF for proper brain function. The brain possesses two primary mechanisms for the 

control of CBF: autoregulation and FH45.

Autoregulation. The process of cerebral autoregulation ensures relatively constant CBF 

over a span of mean arterial pressures ranging from approximately 60-150 mmHg59. 

Within this autoregulatory range, arterioles dilate in response to decreases in cerebral 

perfusion pressure and constrict in response to increases in cerebral perfusion pressure40, 

59. In contrast, vessels collapse below the lower limit o f autoregulation and undergo 

forced dilation above the upper limit of autoregulation59. Maintenance of constant CBF 

is of particular importance for cerebral homeostasis as it protects the brain from 

parenchymal ischemia during decreased blood pressure and vascular injury and cerebral 

edema during increased blood pressure5 9 inside the limits o f the autoregulatory range. 

The onset of autoregulatory responses occurs rapidly, within seconds o f blood pressure 

modulation60,61, further emphasizing the significance of this CBF control process. Three 

major autoregulatory control mechanisms have been proposed: myogenic, metabolic and 

neurogenic.

Myogenic mechanism of autoregulation. O f the three proposed mechanisms for 

autoregulation, the myogenic mechanism has received the most experimental validation. 

During the myogenic mechanism, cerebral artery VSMCs respond to changes in luminal 

pressure that occur during CBF alterations thus eliciting cerebral artery constriction in
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response to increases in luminal pressure34, 40,62'66. VSMC membrane potential6 2 , 6 4 , 6 6 , 67  

and intracellular Ca ’ increase concomitantly with pressure-induced constriction 

indicating that myogenic reactivity is central to autoregulation. In PAs, treatment with 

antisense oligonucleotides for P2Y4 and P2Y6 purinergic receptors attenuates pressure- 

induced myogenic constriction68, suggesting that P2Y receptors contribute to 

autoregulatory mechanisms in PAs.

In addition to P2Y receptor mediated autoregulation in PAs, Gebremedhin et al . 69 

proposed that 20-HETE mediates pial artery myogenic responses as 20-HETE is capable 

of triggering protein kinase C activation and modifying L-type Ca2+ channel and KCa 

channel activity. To this end, pial artery 20-HETE concentrations increase in response to 

increased pressure69. Further, 20-HETE inhibition prevents pressure-induced pial artery 

constriction34, 69, 70. Exogenous 20-HETE application has also been shown to elicit 

increased pial artery vasoconstriction and VSMC Ca2+ levels70.

Welsh et al. 65 was the first to demonstrate that the mechanosensitive canonical 

transient receptor potential channel, TRPC6 , participates in the pressure-induced 

component o f autoregulation in pial arteries. Two recent Toth et al. studies have 

expanded upon these findings providing evidence for a link between TRPC6  and 20- 

HETE signaling. In this regard, pial arteries express multiple isoforms of the 20-HETE 

producing enzyme co-hyroxylase in addition to TRPC6  channels34. Further, inhibition of 

TRPC6  channels blunts 20-HETE-induced cerebral constriction34 and the concurrent 

increases in VSMC Ca2+ 70 suggesting that 20-HETE activates TRPC channels. 

However, TRPC6  blockade leads to a slight, non-significant attenuation o f pressure-
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induced pial artery tone34 and VSMC Ca2+ 70. Although 20-HETE is capable of 

activating TRPC6  channels, these data imply that TRPC6  channels are not the primary 

modulator o f pressure-induced autoregulatory responses. Instead, other ion channels, 

such as L-type Ca2+ and Kca channels proposed by Gebremedhin et al., are likely the 

chief mediators of this response.

The melastatin transient receptor potential channel, TRPM4, was later also shown 

to contribute to myogenic constriction in two studies by Joseph Brayden’s group. This 

Ca2+ activated cation channel conducts monovalent cations including Na+ 6 4  and is 

expressed in cerebral artery VSMCs63, 64. TRPM4 downregulation prevents pressure- 

induced VSMC membrane depolarization and attenuates cerebral artery myogenic 

constriction64. Further, TRPM4 has also been shown to contribute to autoregulation in 

vivo as rats treated with antisense oligonucleotides for TRPM4 displayed increased CBF 

in response to increases in mean arterial pressure (i.e. impaired autoregulation)63. A 

recent elegantly designed study by Gonzales et al. 6 6  links TRPC6  and TRPM4 channels 

in a single signaling pathway that contributes to the regulation o f autoregulatory

9 +myogenic constriction. Ca influx through mechanosensitive TRPC6  channels is 

necessary for the activation of TRPM4 channels, which were demonstrated to be 

incapable of direct mechanosensation66. Na+ influx via activated TRPM4 channels 

enhances membrane depolarization thus inducing VDCC activation and contributing to 

myogenic constriction66. Phospholipase C activation, specifically the yl isoform, also 

plays a integral role in this complex signaling pathway via generation of inositol

9+ (\f\trisphosphate (IP3 ) which sensitizes IP3 receptors to TRPC6  induced Ca influx .
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In vivo, cerebral hemodynamics are extremely complex and include multiple 

parameters in addition to pressure such as luminal flow and shear stress. Thus, it follows 

that these additional hemodynamic parameters also contribute to in vivo autoregulatory 

mechanisms in addition to the pressure-induced myogenic mechanism. To this end, 

cerebral arteries have also been shown to constrict following increases in luminal flow71' 

74. Increased shear stress is thought to be a primary mediator o f this flow-induced 

mechanism because shear stress increases concomitantly with increases in flow72, 74. 

Indeed, increasing shear at a constant flow rate induces constrictions similar to those 

observed with increases in flow72. Similar to the pressure-induced myogenic mechanism,

7120-HETE also contributes to flow-induced constrictions . However, in contrast to the 

pressure-induced component, 20-HETE seems to be acting via activation of the 

thromboxane A2 (TXA2)/prostaglandin H2 receptor71. 20-HETE also elicits superoxide

71production during flow-induced constriction . Blockade o f flow-induced constrictions 

with scavengers o f reactive oxygen species (ROS) 7 1 ’ 73 suggests that ROS generation also 

plays a role in this myogenic mechanism of autoregulation. The effects o f ROS are 

potentially mediated by activation of tyrosine kinase73. While a Toth et al. study71 has 

shown that indomethacin treatment blocks flow-induced constrictions a Madden et al. 

study73 showed no effect of indomethacin, leaving the contribution o f COX metabolites 

to flow-induced constrictions a matter o f debate. Given that flow-induced constrictions 

persist following endothelial denudation72, 73, they are considered endothelium 

independent. Instead, VSMC integrin signaling appears to mediate these constrictions as 

blockers of integrin binding blunt flow-induced constriction72,73.
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Metabolic mechanism of autoregulation. In the metabolic mechanism, byproducts of 

cerebral metabolism are proposed to mediate autoregulatory responses. Ions, (H+ and 

K+), gases (O2 , CO2) and adenosine are all known vasoactive mediators and have been 

proposed as potential mediators of the metabolic autoregulatory mechanisms75. 

Adenosine is a particularly attractive candidate as it has been shown to both induce pial 

artery dilation76 and increase with decreases in systemic blood pressure77. In addition, 

increases in brain parenchyma O2 tension blunt hypotension-induced cerebral

78vasodilation suggesting that decreased O2 tension also contributes to the metabolic 

component of autoregulation.

Neurogenic mechanism of autoregulation. In the neurogenic mechanism, 

neurotransmitters released from perivascular nerves are thought to mediate 

autoregulatory responses. While pial arteries are extensively innervated by perivascular 

nerves, PAs display very little perivascular innervation50 thus indicating that neurogenic 

mechanisms of autoregulation are more likely to occur at the pial artery level rather than 

at the downstream PAs. Although the cerebral vasculature receives both parasympathetic 

and sympathetic input, it is unlikely that neuronal input plays a primary role in 

autoregulation because parasympathetically or sympathetically dennervated animals are 

capable o f autoregulation49. Instead, nervous input likely serves to fine-tune 

autoregulatory responses. To this end, parasympathetic denervation seems to impair 

autoregulatory responses at the lower limit o f the autoregulatory range (-60  mmHg)79. 

Moreover, sympathetic stimulation elicits a rightward shift in the autoregulatory curve59
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thus conferring additional parenchymal protection against higher perfusion pressures. In 

contrast, combined blockade of pial artery a-adrenergic receptors and perivascular nerve 

function does not blunt, but rather increases, pressure-induced VSMC depolarization62 

suggesting that perivascular nerves may actually counteract autoregulatory mechanisms.

FH and NVC. Although FH, the process in which neuronal activation initiates local 

increases in CBF, was first described in the late 1800s by Mosso80 and Roy and

o  1
Sherrington , studies yielding mechanistic insight on the hyperemic response did not 

become a major research focus until over a century later. Communication between the 

neurons and vasculature, such as that which occurs during FH, is termed NVC. NVC is 

initiated at the level o f the NVU, a functional unit within the brain that is comprised of 

four major components: neurons, astrocytes, the cerebral vasculature, and microglia8 2 , 83 

(Fig. 2). Both neurons58 and astrocytes84 have been shown to play an integral role in 

NVC mechanisms, facilitating both cerebral vasodilation and vasoconstriction (Table I). 

An overview of the major vasodilatory NVC pathways is presented in Fig. 3.

Neuronal signaling mediating NVC. In addition to initiating the NVC signaling 

cascade, neurons are also thought to participate in NVC via direct neuron to vessel 

communication mediated by neuronal release of vasodilatory compounds. Glutamate 

released during synaptic activity binds to neuronal N-methyl-D-aspartate receptors
o c

(NMDARs) and initiates vasodilation as both glutamate and N-methyl-D- aspartate
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Figure 2: Components o f  the neurovascular unit (NVU). Schematic representation 
o f  the major NVU components: neurons, astrocytes and the cerebral vasculature 
(microglia not pictured). Astrocytes are positioned between neurons and the cerebral 
vasculature with perisynaptic astrocytic processes surrounding neuronal synapses and  
astrocytic endfeet encasing the cerebral vasculature; thus, they are ideally suited to 
act as communication bridges between neurons and the cerebral vasculature. 
VSMCs: vascular smooth muscle cells; ECs: endothelial cells.
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Table I: Primary vasoactive signals mediating neurovascular coupling (NVC) mechanisms

Source Signal Vascular response elicited Proposed mechanism

Neurons NO vasodilation VSMC soluble guanylyl cyclase activation
Prostaglandins vasodilation vascular prostanoid receptor activation

Intemeurons
VIP vasodilation likely via vascular or astrocytic VIP receptor activation
NO vasodilation VSMC soluble guanylyl cyclase activation
SOM vasoconstriction likely via vascular or astrocytic SOM receptor activation

Astrocytes

EETs vasodilation VSMC BKCa activation

p g e2 vasodilation EP4  prostanoid receptor activation 
VSMC cAMP and cGMP formation

K+
concentration dependent: 
[K+]<15 mmol/L: vasodilation 
[K+l>15 mmol/L: constriction

vasodilation via VSMC Kjr channel activation & 
vasoconstriction via VSMC Kir channel inactivation

20-HETE vasoconstriction VSMC BKCa inhibition
NO: nitric oxide, VIP: vasoactive intestinal peptide, SOM: somatostatin, EETs: epoxyeicosatrienoic acid, K+: potassium, 
PGE2: prostaglandin E2, 20-HETE: 20-hydroxyeicosatetraenoic acid, VSMC: vascular smooth muscle cell; Kjr: inward rectifier 
potassium channel; BKca: voltage dependent (or large-conductance) Ca2+ sensitive potassium channel; cAMP: cyclic 
adenosine monophosphate; cGMP: cyclic guanosine monophosphate
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Fieure 3: Major vasodilatory neurovascular coupling (NVC) pathways. Glutamate 
released into the synaptic cleft binds to both N-methyl-D-aspartate receptors 
(NMDARs) on post-synaptic neurons to trigger neuronal NVC pathways and to 
metabotropic glutamate receptor (mGluRs) on perisynaptic astrocytic processes to 
trigger astrocytic NVC pathways. In neurons, increased intracellular Ca2+ triggered 
by NMDAR activation leads to the production o f  vasodilatory prostaglandins (PG) 
and nitric oxide (NO). In astrocytes, increased intracellular Ca2+ triggered by mGluR 
activation leads to the production o f  vasodilatory PGs and epoxyeicosatrienoic acids 
(EETs) via the phospholipase A2  (PLA2)  and arachidonic acid (AA) signaling 
pathway. Increased Ca2+ in astrocytes also activates voltage dependent (or large- 
conductance) Ca?+ sensitive potassium (B K ) channels on astrocytic endfeet leading to 
K f efflux into the perivascular space and subsequent VSMC inward rectifier 
potassium (Kjr)  channel activation and vasodilation.
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(NMDA) 8 5 ' 88 have been shown to induce cerebral vasodilation. Further, the NMDAR 

antagonist MK-801 has been shown to block glutamate-induced vasodilation85. In 

contrast, although the neurotoxin tetrodotoxin (TTX) inhibits NMDA-induced 

vasodilations87'89, it does not block glutamate-induced vasodilations89 calling into 

question whether NMDA-induced neuronal signaling is indeed a mediator o f NVC 

mechanisms initiated by glutamate.

Nitric oxide (NO) and COX metabolites are the putative mediators o f neuronally- 

mediated NVC mechanisms. During synaptic activity, glutamate-induced neuronal 

NMDAR activation elicits intracellular Ca2+ elevations that activate Ca2+ dependent 

enzymes including neuronal NOS (nNOS) and phospholipase A2 (PLA2 ) 9 0  which produce 

NO and AA, respectively. NO is produced in the somatosensory cortex following 

forepaw stimulation in vivo91 and NOS-expressing neurons have been shown to abut the 

cerebrovasculature92, 93 suggesting that neuronally derived NO may contribute to NVC. 

Global NOS inhibition blunts cortical CBF increases induced by whisker94, hindpaw95 

and sciatic nerve96 stimulation. Moreover, specific pharmacological inhibition o f nNOS 

with 7-nitroindazole (7-NI) 94 and genetic deletion o f nNOS95  blunt cerebral vasodilation 

following whisker and hindpaw stimulation, respectively, suggesting that neurons are the 

primary source of NO during NVC responses. However, it is important to note that 

restoration of basal NO levels with NO donors reverses the inhibitory effects of NOS 

blockade on CBF responses94. These data suggest that, in the cortex, neuronal NO is not 

a direct mediator of NVC responses but, rather, a modulator that fine-tunes NVC.
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In addition to NO, AA produced by PLA2 can be metabolized into other vasodilatory 

compounds by COX2, the COX isoform expressed in excitatory neurons97. In vivo 

COX2 inhibition attenuates CBF responses to forepaw98, hindpaw99  and vibrissal100 

somatosensory stimulation. Further, COX2 KO mice display attenuated CBF responses 

following somatosensory stimulation100. Together, these data suggest that neuronally- 

derived COX metabolites also mediate neuronal NVC mechanisms.

Additional experimental evidence also suggests that y-aminobutyric acid (GABA) 

intemeurons contribute to NVC. In the cortex, GABAergic intemeuron terminals are 

located in close apposition to parenchymal vessels101, an ideal position for direct neuron- 

vascular signaling. Further, individual GABA intemeuron stimulation is capable of 

eliciting both PA vasodilation, via vasoactive intestinal peptide (VIP) and NO, and 

vasoconstriction, via somatostatin (SOM) . Cholinergic neurons in the basal forebrain 

and serotonergic neurons in the brainstem project afferents to these GABAergic 

intemeurons102 suggesting that neuronal activation in these regions are responsible for 

GABergic-intemeuron mediated NVC responses. Indeed, basal forebrain electrical 

stimulation elicits CBF increases that are blocked by cholinergic deafferentiation, GABA 

and GAB A-A receptor antagonism103. Although the cerebral vasculature expresses 

receptors for some of the peptides implicated in GABA intemeuron signaling, namely 

VIP and SOM102, isolated cerebral arterioles do not respond to GABA104 suggesting that 

another cell type may act as an intermediary in GABAergic interneuron-induced NVC 

mechanisms. To this end, astrocytes express GABA-A105, VIP102 and SOM 102 receptors 

and respond to topical application of VIP and SOM with increases in intracellular Ca2+
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106, a response often linked to cerebral vasodilation. However, SOM receptor blockade 

does not block basal forebrain stimulation-induced increases in CBF 103 suggesting that 

astrocytes do not mediate SOM signaling between GABAergic intemeurons and the 

cerebral vasculature. Nevertheless, astrocytes may participate in intemeuron-induced 

NVC mechanisms via signaling pathways aside from SOM receptor mediated astrocytic 

activation, including astrocytic GABA-A or VIP receptor activation.

Astrocyte-induced cerebral vasodilation. Within the NVU, astrocytes are positioned 

between neurons and the cerebral microvasculature where they project cellular extensions 

to these surrounding structures. Perisynaptic astrocytic processes surround neuronal 

synapses45 thus forming the tripartite synapse where they function to modulate synaptic 

activity107. In addition, specialized astrocytic processes termed endfeet, which are 

characterized by highly polarized expression of the water channel aquaporin 4 (AQP4)108, 

envelop the cerebral vasculature45. Consequently, astrocytes are ideally positioned to act 

as communication bridges between neurons and the cerebral vasculature.

Harder et al. 109 first proposed that astrocytes function as mediators o f the 

hyperemic response in a 1998 review. Citing the ideal location of astrocytes within the 

NVU and the ability of astrocytes to synthesize the AA metabolite epoxyeicosatrienoic 

acid (EET) in response to glutamate stimulation, the authors postulated that astrocytes 

release vasodilatory AA metabolites in response to neuronal activation, thus eliciting 

cerebral artery dilation109. A seminal study by Zonta et al. 11 0 followed this hypothesis in
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2003, providing the first experimental evidence that astrocytes are active participants in 

NVC.

Despite recent controversy1 11 ’ 112, numerous studies suggest that astrocytic 

activation (i.e., increased intracellular Ca2+) is central to NVC responses. Astrocyte 

stimulation via cellular depolarization110 and intracellular Ca2+ uncaging113, 114 leads to 

cerebral artery vasodilation. Further, the increase in astrocytic Ca2+ following electrical 

field stimulation (EFS) coincides with an inhibition of PA VSMC Ca2+ thus eliciting 

vasodilation115. Depletion of astrocytic intracellular Ca2+ with the Ca2+ chelator 1,2- 

5/.s'(2-aminophenoxy)ethane-A,,A/>V,V-tetraacetic acid tetrakis - acetoxymethyl ester 

(BAPTA-AM) prevents cerebral vasodilation following astrocyte stimulation110. These
■y,

data indicate that the increase in intracellular Ca is necessary for astrocyte-mediated 

cerebral vasodilation.
'y i

The concentration of astrocytic Ca , per se, is also likely an important factor in 

determining the magnitude of cerebral arteriole responses during NVC. The magnitude 

of astrocytic activation following neuronal stimulation is directly correlated with the 

degree of neuronal activity induced by stimulation116. Additional in vivo data suggest 

that the magnitude of cerebral artery dilation during NVC may be dependent upon the 

increase in astrocytic endfoot Ca2+ following neuronal stimulation113. In contrast, a more 

recent study by Girouard et al. 114 suggests that only modest increases in intracellular Ca2+ 

(300— 400 nM) in astrocytic endfeet elicit cerebral artery vasodilation while robust

9-+-increases in endfoot Ca (>700 nM) elicit cerebral artery vasoconstrictions yielding 

added complexity to the role of astrocytic Ca2+ signaling in control o f the cerebral
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vasculature. Astrocyte-induced vasoconstrictions will be covered more extensively in 

subsequent sections.

While astrocytes express both ionotropic and metabotropic glutamate receptors

(iGluRs and mGluRs, respectively)109’ 117, extensive experimental evidence suggests that

astrocytic mGluRs mediate astrocyte responses to neuronal activation and the subsequent

cerebral vasodilation. Neuronal stimulation induces astrocytic Ca2+ transients both in

vitro (cell culture118, 119, acute brain slices106, 110, 115, 120' 122) and in v/vo113, 116. These

increases in intracellular Ca precede the cerebral vasodilation that occurs following

neuronal stimulation106,110. While astrocytic Ca2+ responses are not blocked by the iGluR

1^1antagonist kynurenic acid , they are blocked by the nonselective mGluR antagonist a- 

Methyl-4-carboxyphenylglycine (MCPG)120, 121. Further, treatment with the mGluRl 

antagonist LY367385 and the mGluR5 antagonist 2-Methyl-6-(phenylethynyl)pyridine 

hydrochloride (MPEP), both alone116 and in combination110, 116, inhibits both astrocytic 

activation and cerebral vasodilation following neuronal stimulation. The mGluR agonists 

(±)-1 -Aminocyclopentane-frvms-1,3-dicarboxylic acid (/-ACPD)110, 120, 123 125 and

(1 S,3R)-1 -Aminocyclopentane-1,3-dicarboxylic acid (R-ACPD ) 126 as well as the dual 

mGluR and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor 

agonist quisqualate127, 128 also elicit Ca2+ activity in astrocytes. Both f-ACPD1 1 0 , 129 and 

R-ACPD have also been shown to elicit cerebral vasodilation in vitro. Moreover, the 

group I mGluR agonist (5)-3,5-Dihydroxyphenylglycine (DHPG) increases CBF in vivo, 

an effect which is blocked by the mGluR antagonists LY367385 and MPEP130. Together, 

these data indicate that glutamate released into the synaptic cleft during neuronal
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activation binds to mGluRs on perisynaptic astrocytic processes inducing intracellular 

Ca2+ oscillations in astrocytes that subsequently elicit cerebral vasodilation.

Intracellular Ca2+ stores mediate mGluR-induced increases in astrocytic Ca2+. 

While astrocytes have been shown to express functional ryanodine receptors (RyR)131, l32,

’?+ 94-an intracellular Ca channel involved in Ca release from the endoplasmic reticulum 

(ER), a study by Straub et al. 106 suggests that RyRs do not participate in astrocytic Ca2+ 

responses following neuronal stimulation. Instead, multiple studies suggest that IP3- 

induced ER Ca2+ release is the primary mediator o f astrocytic Ca2+ activation. mGluR 

activation initiates the conversion of phosphotidylinositol 4,5-bisphosphate (PIP2 ) to IP3 

by phospholipase C (PLC)123’ 133. The PLC inhibitor U73122 blocks EFS-induced 

increases in astrocytic Ca2+ 106 further supporting the presence of this mechanism in 

astrocytes. IP3 then binds to IP3 receptors (IP3R) on the ER of astrocytes leading to the 

release o f Ca2+ into the cytoplasm123, 134, 135. The induction of glial Ca2+ activity and 

subsequent cerebral vasodilation following selective IP3 uncaging in retina136 and brain 

slices106 suggests that IP3 is sufficient for eliciting astrocyte-induced vasodilations. 

Moreover, depletion of ER Ca2+ with sarco-endoplasmic reticulum Ca2+-ATPase 

(SERCA) inhibitors and blockade of IP3RS prevent astrocytic Ca2+ increases following 

either ATP exposure137 and EFS106 thus indicating that IP3R-mediated Ca2+ release from 

the ER is necessary for astrocyte activation.

O f the three IP3R isoforms, EP3R2  is the primary isoform expressed in 

astrocytes138. Accordingly, IP3R2  KO mice do not display astrocytic Ca2+ responses 

following treatment with a G protein coupled receptor (GPCR) cocktail containing the
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DHPG139 or sole treatment with the mGluR agonist R-ACPD126. Moreover, treatment 

with R-ACPD or EFS do not elicit vasodilations in IP3R2  KO mice126 further 

demonstrating the importance o f IP3R2  isoform in mediating astrocyte-induced 

vasodilations.

Blockade of extracellular Ca2+ entry with the VDCC antagonists nifedipine115 or 

verapamil140, 141 also inhibits astrocytic Ca2+ activation. However, this inhibition is 

thought to be mediated by an attenuation o f neuronal activity rather than a direct effect on 

astrocytes as verapamil reduces neuronal responses to stimulation and astrocytes do not 

display voltage dependent Ca2+ currents following membrane depolarization142. Further, 

astrocytic activation persists in the presence o f  extracellular solutions lacking Ca2+ 137 

also suggesting that intracellular Ca2+ stores are the source of cytosolic Ca2+ during 

astrocytic activation rather than extracellular Ca2+.

Increased intracellular Ca in astrocytes initiates the synthesis and release o f  

multiple vasoactive peptides, a process that is dependent upon AA release and

•yi

metabolism. Astrocytic Ca activates PLA2 which liberates AA from phospholipid

c n  j 'yf.
membranes within the cell ’ . The PLA2 inhibitor methyl arachidonyl

fluorophosphonate (MAFP) blocks arteriole dilation in vivo following Ca2+ uncaging in

113astrocytes suggesting that PLA2 is necessary for astrocyte-mediated dilations. Later in 

vitro brain slice experiments conducted with PLA2 KO mice confirm these

pharmacological results as arterioles from PLA2 KOs do not dilate in response to either

126R-ACPD or EFS . However, in vivo experiments did not detect cerebrovasodilatory 

deficits in PLA2 KO mice following hindpaw stimulation95. These conflicting results



27

may be attributed to differences in NVC vasodilatory mechanisms in pial arteries (as 

studied in vivo in Kitaura et al.95) vs. PA (as studied in vitro by He et al.126), the 

methodology used (pressurized vessels with flow in vivo95 vs. non-pressurized vessels 

lacking flow in vitrom ) or the mouse strain studied (C57BL/6J95 vs. BALB/C126).

Once released into the cytosol by PLA2, AA can then be metabolized into two 

vasodilatory peptides: 1) prostaglandin E2 (PGE2), which is formed via the action of 

COX and prostaglandin E (PGE) synthase, and 2) EET, which is formed via the action of 

cytochrome P450 (CYP) epoxygenase57. Numerous studies suggest that both PGE2 and 

EETs contribute to astrocyte-mediated dilation. The nonspecific COX inhibitors aspirin 

and indomethacin attenuate arteriole vasodilation following both astrocyte activation110, 

113 and neuronal stimulation1 1 0 , 113 suggesting that a COX product, likely PGE2, mediates 

NVC mechanisms. Additional astrocytic activation experiments conducted by Takano et 

al. 113 suggest that COX 1, the primary COX isoform expressed in glial cells143, is 

responsible for astrocyte-induced dilations because the COX1 inhibitor SC-560 blunts 

dilations induced by astrocytic Ca2+ uncaging and whisker stimulation while the COX2 

inhibitor NS-398 has no effect. Other studies contradict these findings with data 

demonstrating that COX2 inhibition blunts mGluR agonist-induced130 and somatosensory 

stimulation-induced100 increases in CBF whereas the COX1 inhibition has a minimal 

effect on evoked CBF responses130,144. The Liu et al . 130 study also shows that EETs play 

a prominent role in mGluR agonist-induced increases in CBF as both the EET antagonist 

14,15-Epoxyeicosa-5(Z)-enoic Acid (14,15-EEZE) and the EET synthesis inhibitor N- 

(methylsulfonyl)- 2- (2- propynyloxy)- benzenehexanamide (MS-PPOH) blunt mGluR
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agonist-induced increases in CBF. As with the COX inhibition experiments, these data
1 |  T

contradict the Takano et al. study which shows that MS-PPOH and a second EET 

synthesis inhibitor, miconazole, have no effect on astrocyte-induced dilations. While 

differences in the experimental endpoint (arteriole cross-sectional area113 vs. CBF100,130, 

144) may account for these differences, these data suggest that multiple AA metabolites 

originating from multiple sources (i.e. neurons and astrocytes) likely contribute to 

regulation of the cerebral vasculature following neuronal activation, thus highlighting the 

need for ongoing research in the field.

Additional research has also identified extracellular K+ as an important mediator 

of NVC. Using computational modeling, Paulson and Newman145 were the first to 

demonstrate that astrocytes ‘siphon’ extracellular K+ released into the synaptic cleft 

during neuronal activity and release it at the perivascular space thus eliciting 

vasodilation. Subsequent experimental evidence delivered mechanistic insight into this 

process demonstrating that astrocytic inward rectifier K+ (Kjr) channels mediate glial K+ 

siphoning146,147. Later work by Filosa et al. 122 showed that astrocytic BKca channels are 

also primary mediators o f astrocytic NVC mechanisms. During the hyperemic response,

9 - f -increased intracellular Ca in astrocytes activates BKca channels as demonstrated by 

increased astrocytic BKca channel open probability following neuronal stimulation122. 

BKca channels are preferentially expressed on astrocytic endfeet surrounding the 

vasculature148; consequently, their activation leads to K+ efflux into the perivascular 

space. Mild to moderate local increases in extracellular K+ (<20 mM) at the gliovascular 

space activate K;r channels on pial artery and PA VSMCs causing VSMC
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hyperpolarization and vasodilation122,149' 151; both the BKca channel blocker TEA and the 

Kir channel blocker barium (Ba ) blunt PA vasodilation following neuronal 

stimulation122 further demonstrating that K+ signaling is an important mediator of NVC. 

In contrast to these data, experiments conducted in the retina demonstrate that, although 

exogenous K+ application elicits vasodilation, Kir-mediated glial K+ release, the purported 

mediator o f glial K+ siphoning, does not trigger vasodilation152 suggesting that K+ 

siphoning does not contribute to NVC mediated vasodilation in the retina and that the 

signaling pathways mediating vasodilatory NVC responses likely vary between discrete 

vascular beds.

Indirect evidence also suggests that EETs may be involved in K+-mediated NVC 

responses. Our lab has demonstrated that EETs, putatively derived from astrocytes, act in

74-an autocrine manner to increase astrocytic Ca and thus activate BKca channels

1expressed in astrocytic endfeet . During astrocyte stimulation, blockade o f EET 

production significantly attenuates the single channel open probability o f BKca channels 

in astrocytic endfeet, thus suggesting that endogenously derived EETS are a major 

contributor to astrocytic K+ release into the perivascular space 153.

Upstream conduction of NVC-mediated vasodilations. Cortical stimulation leads to 

dilation of surface arteries upstream o f the activated region1 5 4 , 155 thus facilitating NVC- 

mediated vasodilations and preventing concurrent decreases in CBF in inactive regions 

sharing the same upstream blood supply156. Although neuronal innnervation o f the 

cerebral vasculature has been shown to mediate cerebral tone46, sympathectomy and
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cholinergic deafferentiation do not alter cortical activation-induced pial artery dilation in 

vivo157 suggesting that direct neuronal signaling does not play a role in upstream 

conduction of NVC responses. Instead, signaling within the cerebral vascular network 

itself and the surrounding astrocytic syncytium are thought to participate in the 

transmission of NVC-induced vasodilations from the brain parenchyma to upstream 

surface arteries.

Although intrinsic vascular signaling pathways are known to mediate ascending

1 SRvasodilation in the peripheral vasculature , relatively little is known about vascular 

conduction of dilatory responses in the cerebral vasculature. Importantly, isolated 

cerebral arteries display conducted vasodilation in response to vasoactive stimuli159 

indicating that the vasculature itself is capable of participating in upstream conduction of 

NVC-induced responses. However, neither endothelial injury nor blockade o f the 

cerebral vascular gap junction protein connexin (Cx) 40 blunts pial artery dilation 

following neuronal activation in vivo . These data suggest that cerebral ECs do not 

contribute to upstream conduction of NVC responses. Whether cerebral arteriole VSMC 

gap junctions or myoendothelial gap junctions contribute to cerebral vascular conduction 

of vasodilatory responses remains unknown.

Disruption of the glia limitans with the selective gliotoxin, L-a-aminoadipic acid 

(L-AAA) impairs pial artery dilation following neuronal activation in v/'vo48. L-AAA 

does not impair EC or VCMC relaxation47 or blunt neuronal activity following 

stimulation4 7 , 48 indicating that the observed effects o f the gliotoxin are indeed astrocyte- 

specific and not due to impairments in pial artery or somatosensory neuron function.
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Astrocytes are thought to mediate upstream conduction of NVC-mediated vasodilation 

via intercellular communication within the astrocyte syncytium. As demonstrated by 

intercellular dye diffusion, cortical astrocytes are functionally coupled via gap junctions 

to form extensive networks108’ 160"162. Although astrocytes express multiple types o f the 

gap junction forming protein Cx163,164, Cx43 and Cx30 are the primary astrocytic Cxs164. 

Blockade of Cx43 attenuates pial artery dilation following neuronal activation in v/vo48 

suggesting that intercellular astrocytic communication via gap junctions is integral to 

upstream conduction of NVC responses. Adenosine triphosphate (ATP) mediates 

astrocyte-induced upstream conduction of vasodilatory signals165 both directly, via gap 

junction-mediated diffusion of ATP to neighboring astrocytes, and indirectly, via ATP- 

induced intercellular Ca2+ signaling. Along these lines, intercellular calcium waves have 

been shown to propagate through functionally coupled cortical astrocytes in both in vitro 

(cell culture1 6 6 , 167 and brain slices108,168,169) and in vivo170 suggesting another signaling 

pathway via which astrocytes may mediate upstream conduction of vascular responses.

Astrocyte-induced cerebral constriction. While astrocytes are primarily thought o f as 

mediators of vasodilation in the context o f NVC, astrocytic signaling has also been 

shown to have a constrictive effect on the cerebral vasculature in a number o f studies. 

Increased intracellular Ca during astrocyte activation has been shown to elicit cerebral 

vasoconstriction release via two primary mechanisms: 1 ) production of the constrictive 

arachidonic acid metabolite 20-HETE and 2) increased release of K+ into the perivascular 

space.
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Using selective photolysis o f caged Ca2+ in astrocytes, Mulligan and MacVicar168

were the first to demonstrate that astrocyte activation was capable o f inducing cerebral

arteriole vasoconstriction in brain slices. The astrocyte-induced vasoconstriction of small

cerebral arterioles was blocked by both the PLA2 inhibitor, MAFP, and an inhibitor of

20-HETE production, HET0016,168 demonstrating that A A release (since PLA2 is an AA

releasing enzyme) and 20-HETE production are necessary for astrocyte-induced
1

constrictions. Metea and Newman expanded on this study, showing that retinal glia 

are key mediators o f light-induced retinal arteriole constriction (i.e. constrictions 

triggered by a stimulus aside from direct glial stimulation); light-induced constrictions 

were abolished after inhibition of retinal neuron-to-glia signaling with the purinergic

1 3Areceptor antagonist suramin . Other experiments from this study demonstrating that 

HET0016 significantly reduces the percentage of constricting arterioles in response both

136light stimulation and direct glial activation further supported the role o f 20-HETE as an 

important component of glia-induced constriction.

Although 20-HETE has been shown to be involved in glia-induced constrictions, 

the cellular source of this constrictive AA metabolite has not been fully elucidated. A 

number o f studies have demonstrated that 20-HETE is produced in cerebral artery

AO 71 171 1 7 7VSMCs ’ ’ ’ where it has been shown to contribute to the autoregulation of

cerebral blood flow69  as well as flow-induced constriction71. Consequently, cerebral 

VSMCs are often regarded as the sole generator o f 20-HETE. Importantly, a study by 

Nithipatikom et al. 173 demonstrated that rat astrocytes are also capable o f metablozing 

AA into 20-HETE, so astrocytic 20-HETE may potentially contribute to glia-induced
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constrictions as well. However, additional studies are needed to determine whether 20- 

HETE generated in astrocytes also participates in cerebral vasoconstriction following 

glial activation.

Experimental evidence has also shown that K+ signaling mediates cerebrovascular 

constriction following increases in astrocytic Ca2+. While mild to moderate (<20 mM) 

extracellular K+ levels elicit cerebrovascular dilation114’ l22> l49"151, 174 and thus are 

important mediators o f vasodilatory NVC mechansisms122, high extracellular K+ 

concentrations trigger vasoconstriction150, 174 via the inactivation o f inwardly rectifying 

K+ (Kir) channels on cerebral VSMCs150,151, 175,176. To this end, Girouard et al. 114 showed
' y,

astrocyte intracellular Ca levels >700 nM induce cerebral arteriole vasoconstriction in 

cortical brain slices. This constriction is dependent upon astrocytic BKca channels as the 

BKca channel blocker paxilline abrogates astrocyte-induced vasoconstrictions both in 

vitro and in vivo114.

Astrocytic transient receptor potential (TRP) channels as novel regulators of 

vascular tone. Recent experimental evidence demonstrating the involvement o f TRP 

channels, a family o f non-selective cation channels, in regulating astrocytic Ca2+

177 1RQ •levels ' also suggests the potential for these channels contribute to astrocyte-induced

regulation o f vascular tone as well. Beginning with Pizzo et al. 190 in 2001, a number o f

studies have characterized the expression and function o f  multiple TRP channels in

astrocytes. To date, members o f the ankyrin (TRPA1177,178,191), canonical (TRPC1179"181, 

.83, 184? 3182-184̂  4 !79, 180, m  ^  g.83, 184, ,89)? ^  (TRpV 4185-187) TRP
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subfamilies have been identified in astrocytes. O f the TRP channels expressed in 

astrocytes, TRPV4 channels are the most attractive candidates for monitoring vascular 

tone given that they are expressed primarily in astrocytic endfeet185, 186 encasing the 

cerebral microvasculature, an ideal location for monitoring and/or regulating vascular 

tone.

Structurally, the TRPV4 protein is comprised of six transmembrane segments

1 O ’)with a cation pore located between segments 5 and 6  . Four subunits are required for

the formation of a functional TRPV4 channel192. In addition to forming homotetramers, 

recent studies suggest that TRPV4 can also heteromerize with TRPC1 and TRPP2193’ 194.

2 4"Functionally, these cation channels are moderately selective for Ca as compared to 

other cations with a permeability ratio of 5.8 -6 .9 Pca/PNa'95’197- TRPV4 channels are 

activated by both chemical (endocannabinoids198, AA 198 and 4-a-phorbol esters197’199’200) 

and physical stimuli (cell swelling195, heat2 0 0 ,2 0 1  and mechanical displacement202). EETs, 

which are produced by both ECs and astrocytes, are potent endogenous activators of 

TRPV4 channels198, 203'206; CYP epoxygenase metabolism of AA to EETs mediates 

TRPV4 activation by endocannabinoids and cell swelling198,207.

TRPV4 channels expressed in both cerebral artery VSMCs203 and ECs2 0 8 have 

been shown to contribute to cerebral arteriole tone. In VSMCs, EET-induced activation 

of TRPV4 channels initiates VSMC hyperpolarization and vascular relaxation via the 

subsequent activation of BKca channels203, 204. In ECs, increases in intracellular Ca2+ 

induced by TRPV4 activation initiate both NO and endothelial derived hyperpolarizing 

factor (EDHF)-mediated vasodilation209,210.
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The importance of astrocytic TRPV4 channels in modulating vascular tone was

1 8 7first demonstrated in a recent study by Dunn et al. showing that astrocytic TRPV4 

channel activation enhances vasodilation during NVC. While they show that EETs are 

capable of inducing TRPV4-mediated increases in astrocytic endfoot Ca2+, EETs do not 

seem to mediate this TRPV4-induced increase in NVC responses; instead, the response is 

induced by the subsequent activation of inositol 1,4,5-trisphosphate receptors (IP3R )187. 

Given that the level of intracellular Ca2+ in astrocytes has been shown to dictate the 

polarity of astrocyte-induced vascular responses114 (i.e. dilation vs. constriction), 

astrocytic TRPV4 channel activation is also likely capable o f eliciting vasoconstriction in 

addition to this aforementioned vasodilation if sufficiently high intracellular Ca2+ levels 

are achieved.

Other indirect evidence also suggests that TRPV4 channels may play a more 

complex role in the regulation of vascular tone. Higashimori et al. 153 demonstrated that

9 +the synthetic EET analog 1 l-nonyloxy-undec-8 (Z)-enoic acid increased both Ca 

oscillation frequency and BKca channel currents in astrocytes. Given that EETs are 

endogenous TRPV4 agonists198, 2 0 3 "20 6 and astrocytic K+ signaling is an important 

mediator of vascular tone114’ 122, these data support the idea that EET-induced activation
-y,

of TRPV4 channels and subsequent increases in intracellular Ca may contribute to 

astrocyte K+ signaling and the regulation of cerebral vascular tone. Further, TRPV4

 ̂1 1 919
channel activation is associated with the production of NO ’ which itself can elicit 

sustained increases in astrocytic Ca2+ 213 thus suggesting that TRPV4 channels may also 

modulate vascular tone via an NO dependent signaling mechanism.
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Physiological parameters mediating astrocytic control o f the cerebral vasculature.

Because astrocytes are capable o f producing and releasing both vasodilatory and 

vasoconstrictive agents, the balance of these mediators likely contributes to fine-tune 

regulation of cerebral vascular tone. Under basal conditions (i.e. in the absence of 

neuronal activity), the production and release of vasoconstrictive agents is likely favored 

thus ensuring that the basal tone of cerebral arteries is great enough to ensure optimal 

dilation of cerebral arterioles upon exposure to vasodilatory agents. During increased 

neuronal activity, the production and release of vasodilatory agents likely surpasses that 

of vasoconstrictors in astrocytes thus contributing to vasodilation. In vivo, spatial 

regulation of astrocyte-induced dilations and constrictions may also contribute to the 

center-surround pattern o f CBF observed during fMRI recordings o f brain activity as

1 36suggested by Metea and Newman .

Although the physiological relevance of astrocyte-induced constrictions has yet to 

be fully elucidated, several physiological parameters mediating the constrictor/dilator 

balance have been identified (Table II). Tissue oxygen levels have been shown to 

modulate vascular responses in hippocampal brain slices. Upon both neuronal and 

astrocyte stimulation, arterioles constrict in the presence of a high O 2 concentration 

(95%), whereas arterioles dilate in the presence of low O 2 (20%)214. In the presence of 

low O2 , increased extracellular lactate levels block reuptake of the vasodilatory AA 

metabolite PGE2 and increased extracellular adenosine abrogates astrocyte mediated- 

constriction214. Further, NO generation is reduced in conditions of low O2 215. While 

decreased NO levels may seem contradictory to vasodilation, decreased NO was later
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Table II: Physiological parameters mediating astrocytic neurovascular coupling 
(NVC) mechanisms

Physiological parameter Effect

NO availability •  vasoconstriction favored with increased NO
•  vasodilation favored with decreased NO

Tissue O2 levels •  vasoconstriction favored in high O2 (95%)
•  vasodilation favored in low O2 (20%)

Lactate •  vasodilation favored with increased extracellular 
lactate levels

Degree of vascular tone

•  vasoconstriction favored in PAs with low tone (>70% 
of initial diameter)

•  vasodilation favored in PAs with high tone (<50% of 
initial diameter)

NO: nitric oxide; O2 : oxygen; PA: parenchymal arteriole
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shown to convert arteriole constriction to dilation following neuronal and astrocyte

1 I ASstimulation in the retina and cortex , respectively. Further, increased NO converts 

retinal arteriole dilation to constriction136. Arteriole tone has also been shown to play a 

role in modulating constrictor and dilator responses as well. Blanco et al. demonstrated 

that cortical arterioles with high tone (<50% of initial diameter) dilate in response to 

astrocyte activation with the metabotropic glutamate receptor agonist, /-ACPD, and bath

1 70application of astrocyte-derived signals . In contrast, arterioles with low tone (>70% of 

initial diameter) constrict in response to astrocyte activation and bath application of 

astrocyte-derived signals129. These data indicate that the level of arteriolar tone is a “set- 

point” which dictates whether arteriole responses to vasoactive compounds will be either 

constrictive or dilatory.



II. MATERIALS AND METHODS

Animal model. 13-16 week old (up to 18 weeks for astrocyte electrophysiology) and 24- 

27 week old male WKY (n=67 and 4, respectively) and SHR (n=58 and 4, respectively) 

(Harlan Laboratories, Indianapolis, IN) were housed in institutional facilities with a 12 hr 

light/dark cycle and ad libitum access to food and water. Since blood pressure plateaus

91 f \  9 1 7after 12 weeks in SHR ’ , animals in the selected age ranges have established

hypertension. As measured via tail cuff plethysmography, mean systolic blood pressure 

was 123.3±0.9 mmHg for WKY and 178.5±1.3 mmHg for SHR (P<0.0001) in the 13-16 

week age group and 159.8+3.7 mmHg for WKY and 190,0±6.2 mmHg for SHR 

(P=0.006) in the 24-27 week age group. All animal procedures were approved by the 

Institutional Animal Care and Use Committee at Georgia Regents University and 

conducted in accordance with the Public Health Service Policy on Humane Care and Use 

of Laboratory Animals.

Brain slice preparation and arteriole selection. Following anesthesia with sodium 

pentobarbital, the brain was removed, and coronal cortical slices (250-270 pm) were cut 

using a Leica VT 1200S vibratome (Leica Microsystems, Wetzlar, Germany) in ice cold 

artificial cerebrospinal fluid (aCSF) comprised of (in mmol/L): KC1 3, NaCl 120, MgCh 

1, NaHCC>3 26, N a^PCL 1.25, glucose 10, CaCL 2 and L-ascorbic acid 0.4, with

39
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osmolarity 300-305 mOsm, equilibrated with 95% 0 2 -5 % CO2 (pH 7.4). A schematic of 

the brain slicing procedure can be found in Fig. 4. Slices were incubated in equilibrated 

room temperature (RT) aCSF until needed. Prior to bath application of U46619 or PA 

cannulation, the luminal diameter o f all PAs used was <20 jam.

Pharmacological induction of tone. Once a PA was located, baseline diameter was 

recorded for approximately five minutes. The slice was then perfused with aCSF 

containing the TXA2 receptor agonist U46619 (100-250 nmol/L) to induce tone as

1 1 S 199 190 l l f i  9 1 opreviously demonstrated ’ ’ ’ ’ .W e  then assessed PA responses to 10 mmol/L

K+ (5-10 minute exposure) in the continued presence of U46619. For comparisons of 

percent tone and K+-induced dilations between SHR and WKY (Fig. 9B and 11B-C), 

PAs that did not develop at least 10% tone in response to U46619 (150 nmol/L) were 

excluded from analysis. Fig. 5 shows a schematic illustrating pharmacologic induction of 

tone.

Calcium imaging. Cortical slices were incubated in oxygenated, RT aCSF containing 

Fluo-4 AM (10 pmol/L) and pluronic acid (2.5 pg/ml) for Wz-l hours and then 

transferred to RT aCSF until needed; Fig. 6 shows a schematic o f the mechanisms 

underlying bulk loading of slices with Fluo-4 AM. After a PA was visualized, VSMC 

Ca2+ activity was measured for 40-60 seconds at baseline and every 5 minutes during a
9 ,

25 minute U46619 (150 nmol/L) exposure. Ca imaging was performed using the Andor 

Technology Revolution System (iXON camera connected to Yokogawa confocal
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Fisure 4: Brain slicine. After rapid decapitation o f  an anesthetized rat, the brain is 
removedfrom the skull (A). The cerebellum is then removed (B) and the fla t surface o f  
the cerebrum is glued to the metal vibratome disc (C). Agar is used to stabilize the 
brain during the slicing process. The disc is then placed into the vibratome chamber 
and ice-cold, oxygenated artificial cerebral spinal flu id  (aCSF) is added after which 
point very thin (250-270 pm) coronal sections are cut (D). Slices are stored in room 
temperature aCSF until needed.
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Figure 5: Pharmacological induction o f  tone. A: Representative image o f  a 
parenchymal arteriole (PA) at baseline. B: Schematic representation o f  the in vitro 
brain slice preparation in which bath applied U46619 is used to induce PA tone.
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Fieure 6: Bulk Fluo-4 AM  loadins. A: Slices are incubated in artificial cerebral 
spinal flu id  (aCSF) containing 10 pmol/L Fluo-4 AM. B: The AM  group on the Fluo-4 
AM  renders the dye uncharged thus making it cell permeable so that it can traverse 
the cell membrane. C: Once the dye is inside the cell, cytosolic esterases cleave the 
AM  group from the dye. The resulting molecule, Fluo-4, is charged and is, therefore,
trapped inside the cell. D: Fluo-4 binds to Ca2+ as intracellular CaJ+ levels increase, 
and the fluorescent intensity o f  the dye increases.

J+
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scanning unit; Andor Technology, Belfast, UK). Fluorescent images were acquired at ~2 

frames/second using a krypton/argon laser (488 nm excitation; >495 nm emission). 

VSMC Ca oscillation frequency (Hz) and amplitude (fractional fluorescence- F/Fo) 

were measured within a ROI (8 x8  pixels or 2.64x2.64 pm) placed over an active cell 

using custom software created by Dr. Adrian D. Bonev (Univ. o f Vermont). F/Fo was

calculated by dividing the fluorescence intensity (F) by a baseline fluorescence value (Fo)

• 2 +determined from 20 images showing no activity. Ca oscillation peaks were detected 

using a threshold of 0.20 F/Fo. Slices that did not respond to U46619 with an increase in 

VSMC Ca2+ were considered unhealthy and excluded from analysis.

PA cannulation. Details of the cannulation procedure can be found in Kim et. al, 

2012219. Briefly, cannulas (1.5 mm OD and 1.17 mm ID; Warner Instruments, Hamden, 

CT) were created using the P-97 micropipette puller (Sutter Instruments, Novato CA), 

filled with internal solution and mounted onto a MP-225 motorized micromanipulator 

(Sutter Instruments). Cannula internal solution was comprised of (in mmol/L): KC1 3, 

NaCl 135, MgCl2 1, CaCl2 2, glucose 10, HEPES 10 and 1% albumin with osmolarity 

300-305 mOsm and pH 7.4. Albumin was included in the internal solution for 

endothelial stabilization220. Luminal flow was controlled with a PHD 2000 syringe pump 

(Harvard Apparatus, Holliston MA). System pressure was continuously monitored using 

a pressure transducer placed prior to the cannula and connected to a PS-200 pressure 

servo controller (Living Systems Instrumentation, St. Albans VT). PA luminal pressure
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was calculated as previously described using a derivation of Ohm’s law 

(resistance=Apressure/flow).

Once a PA with a visible opening was located, a cannula filled with internal 

solution was advanced into the PA lumen in the presence o f minimal cannula outflow219. 

Flow rate (0.05-1.0 pl/min) was set according to PA size, and the arteriole was allowed to 

equilibrate until stable myogenic tone was achieved (~30 min). Shear stress (SS) values 

were calculated as previously described2 1 9  using the equation t=4 r|Q/7rr3 in which t 

represents shear stress, q represents viscosity, Q represents flow, and r represents radius. 

The slice was then perfused with 10 mmol/L K+ or 100 pmol/L t-ACPD for 5-10 

minutes. Fig. 7 shows a representative schematic o f  the cannulation setup.

In a subset o f t-ACPD experiments, slices were perfused with the gliotoxin DL-2- 

aminoadipic acid (DL-AAA; 2 mmol/L) for 20-30 min prior to /-ACPD exposure to

7 7 i 7 7 7
inactivate astrocytes ’ . Although our DL-AAA treatment protocol is well below the

dose and incubation time (>3 mmol/L and 2 hours) that has previously been shown to 

induce neuronal toxicity222, we cannot definitively rule out the potential for neuronal 

toxicity in our experiments. However, we believe these data do not confound the 

conclusions of the study as: 1) DL-AAA was used in t-ACPD experiments which were 

designed to test the effect of hypertension on astrocytes and other downstream mGluR 

expressing cells (see schematic Fig. SI) and 2) although neurons also express mGluR, t- 

ACPD has been shown to suppress neuronal activity ’ therefore we would not expect 

neuronal toxicity to have an adverse effect on t-ACPD-induced dilations.
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Figure 7: Parenchymal arteriole (PA) cannulation. Schematic representation o f  the 
cannulation setup and a representative image o f  a cannulated PA(top right). A 
pressure transducer placed prior to the cannula and connected to a pressure 
transducer constantly measures system pressure. A syringe pump is used to control 
luminal flow  rate.
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At the end of the experimental protocol, maximum diameter was obtained by 

perfusing slices with zero Ca2+ aCSF containing papaverine (100 pmol/L). PAs with SS

■y
values > 2 0 0  dynes/cm were excluded from percent tone and diameter at peak tone 

comparisons (Fig. 12). Lumen diameter (inner diameter), wall thickness ((outer 

diameter-inner diameter)/2 ), and wall to lumen ratios ((outer diameter-inner 

diameter)/inner diameter) were calculated using maximally dilated PAs.

Electrical Field Stimulation. In a separate set o f cannulation experiments, vascular 

responses were measured following neuronal activation evoked via electrical field

1 7')stimulation (EFS) as previously shown . Dual platinum wires placed on either side of 

the brain slice were used to apply 200 msec trains o f 100 Hz at a rate o f 0.2 Hz and an 

amplitude of 3-4 V for ~30 sec, a protocol eliciting repeatable dilations. To facilitate the 

maintenance of tone throughout the duration of the experiment, the bath solution was 

supplemented with U46619 (100 nmol/L). EFS-evoked vascular responses were also 

corroborated in aCSF gassed with 20% O2 .

Video microscopy and PA diameter analysis. For imaging, a slice was transferred to a 

microscope chamber continuously perfused with equilibrated aCSF using a miniplus 3 

peristaltic pump (Gilson, Middleton, WI) and held with a nylon grid. Chamber 

temperature was maintained at 35+2 C using a single line solution heater (Warner 

Instruments) connected to a DC power supply (BK Precision, Yorba Linda, CA). 

Cortical PAs were visualized using an iXON camera (Andor Technology) attached to



48

either an Axioskop 2FS microscope (Carl Zeiss Microscopy, Thomwood, NY) equipped 

with a 40x or 60x Achroplan objective (Carl Zeiss Microscopy) or a Nikon Eclipse FN 1 

microscope (Nikon, Tokyo, Japan) equipped with a 60x NIR Apo objective (Nikon). 

Images were acquired at 1-2 frames/sec using Andor IQ software (Andor Technology). 

PA luminal diameter was measured using custom software created by Dr. Adrian D. 

Bonev (Univ. o f Vermont). Given that PAs dilated uniformly to all stimuli, diameter was 

measured at a single point in the PA where the focus remained most stable during the 

experimental protocol.

PA luminal diameters were converted to percent (%) diameter for analysis. In 

cannulation experiments, diameter is expressed as % change from maximum diameter 

obtained with zero Ca2+ aCSF containing papaverine (100 pmol/L). However, in 

experiments in which tone was induced with U46619, PAs did not dilate maximally 

despite prolonged exposure (>30 min) to zero Ca2+ aCSF containing papaverine likely 

due to the lack of flow within the vessel. Consequently, diameter is expressed as % 

change from baseline diameter prior to U46619 exposure in these experiments. % tone 

and % dilation were calculated as follows: % tone=(% baseline/maximum diameter - % 

steady state tone diameter) / % baseline/maximum * 1 0 0 ; % dilation=(% diameter @ 

peak dilation - % diameter @ steady state tone) / % diameter @ steady state tone * 1 0 0 .

Electrophysiology. Cortical astrocytes were visualized using an infrared CCD 

monochrome camera (DAGE-MTI, Michigan City, IN) camera attached to an Axioskop 

2FS plus microscope (Carl Zeiss Microscopy) equipped with a 40x Achroplan objective
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(Carl Zeiss Microscopy). Whole cell current recordings were obtained using a 

Multiclamp 700A amplifier (Molecular Devices; Sunnyvale, CA). Patch pipettes (1.5 

mm OD and 0.86 mm ID, BF150-86-7.5; Sutter Instruments) were pulled to resistances 

between 5-7 mQ using the P-97 micropipette puller (Sutter Instruments). Patch pipette 

internal solution was comprised of (in mM): K+ gluconate 135, HEPES 10, EGTA 0.2, 

KC1 10, MgCh 0.9, Mg2ATP 4, Na2GTP 0.3, phosphocreatine 20, with osmolarity 291- 

295 mOsm and pH adjusted to 7.2 with KOH. Current signals were filtered at 1 kHZ 

with a low pass filter and digitized with a Digidata 1322A board (Molecular Devices). 

Data were acquired and stored using pClamp 9.2 (Molecular Devices). RAMP protocols 

of -120 to +80 mV were used to determine current-voltage (I-V) relationships. Peak 

current (pA/pF) was calculated at +80 mV during a 2-4 min exposure to 100 pM t- 

ACPD.

Immunofluorescence. Male WKY and SHR (13-16 weeks) were anesthetized and 

transcardially perfused with 150 ml 0.01 M phosphate buffered saline (PBS; pH 7.3-7.4) 

followed by 350 ml 4% paraformaldehyde (PFD). After 3-4 hour fixation in 4% PFD at 

4°C, brains were transferred to 0.01 M PBS containing 30% sucrose for 72 hours and 

then frozen at -80°C. 30 pm coronal sections were cut with a Leica CM3050 S cryostat 

(Leica Microsystems, Wetzlar, Germany) and stored in cryoprotectant solution (50 

mmol/L PBS, 30% ethylene glycol, 20% glycerol) until staining.

For staining, fixed slices were blocked for one hour in 0.01 M PBS containing 

0.1% Triton X-100, 0.04% NaN3 and 10% horse serum (Vector Labs, Burlingame, CA).



50

Slices were then incubated at room temperature for 24 hours in one of four primary 

antibody cocktails: 1) mouse anti-RECA-1 (1:1000; AbD Serotec), rabbit anti-mGluRl 

(1:1,000; Millipore) and goat anti-AQP4 (1:500; Santa Cruz); 2) mouse anti-RECA-1 

(1:1000; AbD Serotec), rabbit anti-mGluR5 (1:500; Alomone) and goat anti-AQP4 

(1:500; Santa Cruz); 3) goat anti-SlOObeta (1:500; Santa Cruz), rabbit anti-mGluRl 

(1:1,000; Millipore) and mouse anti-GFAP (1:1,000; Millipore); 4) goat anti-SlOObeta 

(1:500; Santa Cruz), rabbit anti-mGluR5 (1:500; Alomone) and mouse anti-GFAP 

(1:1,000; Millipore). Following primary antibody exposure and three washes with 0.01 

M PBS, slices were incubated for four hours in one o f two secondary antibody cocktails:

1) donkey anti-mouse FITC (1:250), donkey anti-rabbit Alexa Fluor 594 (1:250) and 

donkey anti-goat Alexa Fluor 647 (1:50) for immunos 1 & 2 or 2) donkey anti-goat Alexa 

Fluor 488 (1:250), donkey anti-rabbit Alexa Fluor 594 (1:250) and donkey anti-mouse 

Alexa Fluor 647 (1:50) for immunos 3 & 4 (secondary antibodies purchased from 

Jackson ImmunoResearch, West Grove, PA). Both primary and secondary antibodies 

were diluted in 0.01 M PBS containing 0.1% Triton X-100 and 0.04% NaN 3 . Slices were 

mounted using Vectashield (Vector Labs, Burlingame, CA). Images were acquired at an 

interval of 0.5 pm with a Zeiss LSM 510 confocal scanning microscope using a 63x oil 

immersion objective and Zen acquisition software (Carl Zeiss Microscopy, Oberkochen, 

Germany).

Vascular density. Male WKY and SHR (13-16 weeks) were anesthetized with a 

ketamine/xylazine cocktail (60 mg and 8  mg/ml respectively, intramuscular injection),
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and 70 kilodalton (kDa) fluorescein isothiocyanate (FITC)-dextran (50 mg/ml dissolved 

in sterile 0.9% saline; 1.43 pl/g) was administered via intrajugular injection. After 10 

min FITC-dextran circulation, the brain was removed and fixed in 4% PFD for 48 hours 

at 4°C. Brains were then transferred to 0.01 M PBS containing 30% sucrose for 72 hours 

and subsequently frozen at -80°C. 50 pm coronal sections were cut with the Leica 

CM3050 S cryostat and stored in cryoprotectant solution (see immunofluorescence 

section for composition) until needed. Prior to imaging, slices were stained for 15 min 

with the nuclear marker TOTO (1:15,000; Invitrogen) in 0.01 M PBS containing 0.1% 

Triton X-100 and 0.04% NaN3 . Because the cerebral cortical layers exhibit very distinct 

nuclear organization patterns, TOTO fluorescence was used as a reference to identify the 

cortical region being imaged during acquisition. Following three washes with 0.01 M 

PBS, slices were mounted using Vectashield (Vector Labs, Burlingame, CA). 50 pm Z- 

stacks were acquired at a 1.0 pm interval with a Zeiss LSM 510 confocal scanning 

microscope using a 25x oil immersion objective and Zen acquisition software (Carl Zeiss 

Microscopy, Oberkochen, Germany). A series of three images (approximated as cortical 

layers 1&2, layers 2&3, and layers 3&4) were acquired from both hemispheres of three 

cortical slices per animal.

Vascular density analysis was performed using ImageJ software (NIH). After 

creating maximum projection stacks of each image, the image was thresholded, coverted 

to binary and finally skeletonized. Image background/noise was reduced using the 

despeckle and median filter ( 1 . 0  pixel radius) process functions prior to each of these 

three steps. The generation of skeletonized images is outlined in Fig. 8. The
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tagged skeletonskeleton

Fisure 8: Vascular density analysis. After creating a maximum projection z stack o f  
an acquired image (A), the image was thresholded and converted to binary (B). 
Binary images were then skeletonized (C), and the ImageJ AnalyzeSkeleton plugin was 
used to generate a tagged skeleton(D) and the skeleton anaylsis data.
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AnalyzeSkeleton plugin was then used to obtain the following values for each 

skeletonized image: branch number, branch length, junction number, Euclidean distance, 

and skeleton percent area. Values obtained from each hemisphere o f corresponding 

cortical regions were averaged to obtain a single value per region for each slice.

Drugs and Chemicals. All chemicals were obtained from Sigma Aldrich (St Louis, 

MO) with the exception of U46619 (Cayman Chemical; Ann Arbor MI), Fluo-4 AM 

(Invitrogen; Carlsbad, CA), bovine serum albumin (Fisher Scientific; Pittsburgh, PA), 

and /-ACPD (Tocris Bioscience; Minneapolis, MN).

Statistical Analysis. Data are expressed as mean ± SEM. “n” represents the number of 

slices in which each experiment was completed. Differences between means from each 

group (WKY vs. SHR) were evaluated using a two-tailed, unpaired Student’s t test. 

Single within-group comparisons with control (baseline) were evaluated using a paired 

Student’s t test, and multiple within-group comparisons with control were evaluated 

using repeated measures one-way ANOVA with Dunnet’s multiple comparison post-test 

(Fig. 2). Pearson’s Correlation test was used to calculate the R2 for XY plots, and a linear 

regression analysis was used to test for differences between the slopes o f two lines. 

P<0.05 was considered significant for all analyses.



III. RESULTS

U46619-induced PA constriction is enhanced in SHR.

To determine whether PA function is altered in SHR, arteriole diameter was 

measured in response to bath application of the TXA2 receptor agonist U46619, an 

established approach to induce vascular tone in non-perfused arterioles115,122,129, 136, 218. 

Fig. 9A shows representative traces of U46619-induced PA constrictions. In response to 

150 nmol/L U46619, PAs from SHR (n=21) developed significantly higher percent tone 

as compared to WKY (n=14) (40.24±3.05% vs. 28.64±3.24%; P=0.02; Fig. 9B). The 

time to peak tone (from onset of U46619 exposure to constriction plateau) was not 

different between groups (20.08±0.86 min (WKY) vs. 20.34±0.80 min (SHR); P=0.83). 

These data suggest that PA reactivity is increased in SHR.

Baseline PA VSMC Ca2+ oscillation frequency is increased in SHR.

To test whether the enhanced U46619-induced PA tone in SHR was correlated 

with increased VSMC Ca2+, PA VSMC Ca2+ activity was recorded at baseline and at 5 

min intervals during a 25 min exposure to U46619 (150 nmol/L). Fig. 10A shows 

representative confocal images o f PA VSMCs loaded with the Ca2+ indicator dye Fluo-4 

AM and corresponding traces of VSMC Ca2+ activity. PA VSMC Ca2+ oscillation 

frequency was significantly higher in SHR (n=23) as compared to WKY (n=28)

54
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Fieure 9: SHR parenchymal arterioles (PA) show increased reactivity to the 
thromboxane Ay agonist. U46619. A: Representative traces o f  diameter changes 
elicited by 150 nmol/L U46619 in WKY and SHR. B: Summary data showing mean 
percent tone values elicited by 150 nmol/L U46619for WKY (n=14) and SHR (n—21). 
Results represent means ±SEM. *P<0.05.
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Fieure 10: Basal vascular smooth muscle cell (VSMC) Ca2* oscillation frequency 
is increased in SHR. A: Representative image o f  parenchymal arteriole (PA) VSMCs 
loaded with the Ca* indicator dye Fluo4-AM (left) and Ca2+ traces from  the regions 
o f  interest shown in the representative image (right). B: Summary data showing 
VSMC Ca2+ oscillation frequency values in WKY (n=28) and SHR (n=23). C: 
Summary data showing VSMC Ca2' oscillation amplitude values in WKY (n=28) and  
SHR (n—23). Results represent means ±  SEM. /KAAP<0.001 vs. respective baseline; 
#P<0.05 vs. respective baseline and *P<0.05 between groups.
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at baseline (prior to U46619 exposure) and at the onset o f  U46619 exposure (0 min) 

(0.17±0.02 Hz vs. 0.10±0.02 Hz, P=0.04 and 0.17±0.02 Hz vs. 0.11 ±0.02 Hz; P=0.04, 

respectively; Fig. 10B). Consistent with PA constriction, U46619 elicited a significant 

increase in VSMC Ca2+ oscillation frequency in both WKY (P<0.001, 5-25 min) and 

SHR (P<0.05, 10-15 min) (Fig. 10B). PA VSMC Ca2+ oscillation amplitude was not 

different between WKY and SHR at any time point nor was it increased by U46619 

(P=0.15 and P=0.35; Fig. 10C). These data suggest that increased baseline VSMC Ca2+ 

oscillation frequency in SHR may contribute to the increased PA tone observed in these 

animals.

Increased tone mediates enhanced K -induced PA dilations in SHR.

During NVC-mediated vasodilations, increased extracellular K+ (<20 mmol/L) 

activates VSMC Kir channels thus eliciting VSMC hyperpolarization225. Consequently, 

we next measured PA responses to bath applied 10 mmol/L K+ following induction of 

tone with U46619 (150 nmol/L) (see model depicting the experimental paradigm used to 

activate different components of the NVU, Fig. 11). Fig. 12A shows representative 

traces of extracellular K+-induced PA dilations. While the time to peak dilation was not 

different between groups (5.21±1.09 min (WKY; n=14) vs. 3.90±0.48 min (SHR; n=21); 

P=0.23), PAs from SHR exhibited significantly greater dilations to K+ than WKY 

(24.44±4.36% vs. 12.61±2.18%; P=0.04; Fig. 12B, 10-70% tone).
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PORTION OF NEUROVASCULAR COUPLING CASCADE STIMULATED

I) Vessel: 10 mM K*
(Fig. 12 & 14)

II) Astrocyte and/or o ther mGluR expressing  cells-vessel: ^
100 nM fr-ACPD (Fig. 15, 16 & 19) __________________________________

III) Neuron-vessel and/or Neuron-astrocyte-vessel: EFS (Fig. 20-22)

PLAj -* AA r> PG * 
t  »EET

Synapse Astrocyte Parenchymal
Arteriole

Fisure 11: Study desien. A schematic o f  the neurovascular coupling (NVC) cascade 
labeled with the portion o f  the signaling pathway targeted (e.g. I) vessel only, II) 
astrocyte-to-vessel or III) neuron-to-vessel and/or neuron-to-astrocyte-to-vessel) by 
each set o f  experiments. mGluR: metabotropic glutamate receptor; PLA2 : 
phospholipase A2, AA: arachidonic acid, EET: epoxyeicosatrienoic acid, BK: large- 
conductance, Ca2+-sensitive fC  channel, Kir: inward rectifier i f  channel.
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Figure 12: Increased tone mediates enhanced K+-induced parenchymal arteriole (PA1 dilations in SHR. A: Representative 
traces o f  10 mmol/L K f -evoked dilations in WKY and SHR PAs preconstricted with 150 nmol/L U46619. B: Summary data 
showing mean 10 mmol/L 1C-induced dilation in WKY (n=14) and SHR (n=21)for all PAs (10-70% tone) and PAs with similar 
tone (20-40% tone; WKY n=8, SHR n=7). C: Correlation between percent tone and percent K + induced dilation in WKY (n=30) 
and SHR (n-29) following preconstriction o f arterioles with a range o f U46619 doses (100-250 nmol/L). Results represent means 
±SEM. *P<0.05.
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Importantly, our group has previously demonstrated a positive correlation 

between the magnitude o f extracellular K+-induced dilations and the level o f PA tone

1 ?Qprior to dilation - PAs with higher tone respond to vasodilatory stimuli with greater 

dilations. Given that SHR PAs constricted more in response to U46619, the enhanced K+- 

induced dilations in SHR could be due to enhanced tone. Accordingly, K+-induced 

dilations were similar in WKY (n=8) and SHR (n=7) (12.80±3.11% vs. 17.45±4.52%; 

P=0.40; Fig. 12B, 20-40% tone) when responses were compared among PAs with similar 

percent tone (20-40%). We next tested for the presence of the tone-dilation correlation in 

our model by measuring K+-induced dilations in PAs with different levels o f tone 

induced by graded doses o f U46619 (100-250 nmol/L). When K+-induced dilations were 

plotted as a function of percent tone, both WKY (n=30; R2=0.34, P=0.001) and SHR 

(n=29; R2-0.47, P 0 .0001) showed a positive correlation between these two variables 

(Fig. 12C). Further, the slopes of the linear regression lines were not different between 

groups (0.54±0.14 vs. 0.99±0.20; P=0.07) demonstrating that K+-induced dilations are 

similar in WKY and SHR when the arterioles have comparable levels o f tone. Together, 

these data suggest that the mechanisms mediating K+-induced PA dilation is not impaired 

in SHR, but rather enhanced due to higher tone.

PA myogenic tone is increased in SHR.

To measure vascular reactivity under conditions that more closely mimic normal 

physiology, we next used a modified in vitro brain slice preparation in which PAs are 

perfused and pressurized, an approach characterized and validated in a recent publication
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by our group . Luminal flow and pressure enables the development o f myogenic tone, 

thus providing a more physiological setting to address the effects o f hypertension on PA 

biomechanics. When cannulated arterioles were perfused at similar flow rates (0.2-0.3 

pl/min), PAs from SHR (n=13) exhibited significantly higher tone than WKY (n=17) 

(26.25±2.95 vs. 16.93±2.48%; P=0.02; Fig. 13A). In accordance with higher PA tone, 

luminal diameter at peak tone was significantly lower in SHR vs. WKY (13.84±0.43 pm 

vs. 15.60±0.64 pm; P=0.04; Fig. 13B). While the increase in vascular resistance was 

associated with an increase in PA luminal pressure and shear stress in SHR vs. WKY 

(16.00+4.38 mmHg, n=8 vs. 7.91±1.64 mmHg, n=10; and 114.0+12.02 dynes/cm2, n=13 

vs. 87.72+8.86 dynes/cm2, n=17, respectively), these values did not reach statistical 

significance (P=0.08 for both). The increased myogenic tone and enhanced U46619- 

induced vasoconstriction observed in SHR suggest that PA reactivity is increased in this 

model of hypertension.

K -induced PA dilations are similar in WKY and SHR.

Given the importance o f the tone-dilation correlation in determining the 

magnitude of PA responses to vasodilatory stimuli in WKY and SHR, we next measured 

extracellular K+-induced dilations in cannulated arterioles to determine whether this 

correlation persisted in PAs with myogenic tone (Fig. 11). In these experiments, 

different levels o f myogenic tone were achieved by using a range o f flow rates. Fig. 14A 

shows representative traces o f K+-induced dilations. In agreement with the U46619 

experiments, the tone-K+-induced dilation correlation was similar in WKY (n=23;
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Figure 13: Parenchymal arteriole (PA) myogenic tone is increased in SHR. A:
Summary data showing mean percent tone induced by luminal pressure/flow (0.2-0.3 
pL/min) in WKY (n=I7) and SHR (n—13). B: Summary data showing mean diameter 
at peak tone induced by luminal pressure/flow (0.2-0.3 pL/min) in WKY (n—17) and  
SHR(n=13). Results represent means ±SEM. *P<0.05.
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R2=0.76, PO.OOOl) and SHR (n=T7; R2=:0.67, P<0.0001) as the slopes o f  the linear 

regression lines were not different between the two groups (1.30±0.16 vs. 1.41 ±0.26; 

P=0.71) (Fig. 14B). In support o f the linear regression data, the mean K+-induced 

dilation for all PAs was not different between WKY and SHR (24.72±4.37% vs. 

19.70+4.88%; P=0.45) (Fig. 14C). Further, the time to peak K+-induced dilation was not 

different between groups (4.06±0.36 min (WKY) vs. 4.38+0.42 min (SHR); P=0.57). 

These data suggest that K+-induced PA dilations are not impaired in 13-16 week SHR.

mGluR-induced PA dilations are enhanced during hypertension.

Because vascular responses to direct stimulation with extracellular K+ were not 

impaired, we next moved upstream in the NVC signaling pathway and stimulated the 

mGluR pathway (Fig. 11). In response to synaptically released glutamate, mGluR 

activation, putatively in astrocytes, mediates NVC via release o f vasodilatory

S7 7 7S  1 i f  i -jo
compounds ’ . Thus, as an indirect measure of astrocytic contributions to NVC ’ ,

we measured PA luminal diameter changes following mGluR activation with the agonist 

/-ACPD (100 pmol/L). Fig. 15A shows representative traces o f /-ACPD-induced 

dilations. Both WKY (n=15) and SHR (n=12) exhibited a positive correlation between 

tone and /-ACPD-induced dilation (R2=0.51, P=0.003 and R2=0.76, P^O.0002 

respectively; Fig. 15B). To our surprise, /-ACPD-induced dilations were enhanced in 

SHR when compared to WKY as demonstrated by a steeper slope of the linear regression 

line (1.76±0.31 vs. 0.46±0.12; P=0.0004). In agreement, the mean /-ACPD-induced
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Fieure 14: iC-induced parenchymal arteriole (PA) dilations are similar in WKY and SHR. A: Representative traces o f  10 
mmol/L K f -evoked dilations in WKY and SHR PAs with myogenic tone. B: Correlation between percent tone and percent K  
induced dilation in WKY (n-23) and SHR (n=17) following development o f  myogenic tone using luminal pressure/flow. C: 
Summary data showing mean K +-induced dilation in WKY (n-23) and SHR (n=l 7). Results represent means ±SEM.
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Fieure 15: Metabotropic slutamate receptor (mGluR) activation-induced parenchymal arteriole (PA) dilations are enhanced 
in SHR. A: Representative traces o f dilations elicited by mGluR agonist, t-ACPD (100 pmol/L) in WKY and SHR PAs with 
myogenic tone. B: Correlation between percent tone and percent t-ACPD-induced dilation in WKY (n=15) and SHR ('n—12) 
following development o f  myogenic tone. C: Summary data showing mean t-ACPD-induced dilation in WKY (n=15) and SHR 
(n-12). Results represent means ±SEM. *P<0.05, ***P<0.001.
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dilation for all PAs was significantly higher in SHR as compared to WKY (28.19±5.75 

vs. 13.45±2.99; P=0.02) (Fig. 15C). However, the time to peak /-ACPD-induced 

dilation was not different between groups (9.79±1.77 min (WKY) vs. 11.13± 1.64 min 

(SHR); P=0.59). The enhanced tone-/-ACPD-induced dilation correlation in SHR 

suggests that glutamate-mediated vasodilatory NVC signaling pathways may be 

enhanced in SHR.

Astrocyte activation engages two primary NVC mechanisms: K+ release and AA 

metabolism57. In an attempt to delineate whether increased astrocytic K+ release, via 

activation of endfoot BK channels153, contributes to enhanced mGluR-induced dilations 

in SHR, we measured changes in astrocyte whole cell currents induced by /-ACPD (100 

pmol/L). At +80 mV, /-ACPD-induced outward currents were significantly increased in 

WKY (P=0.0006, n=8 ) and SHR (P=0.02, n=8 ); however, while the subtracted current 

tended to be higher in SHR, this parameter was not significantly different between groups 

(273.8±63.94 pA/pF vs. 780.0±324.9 pA/pF; P=0.15; Fig. 16B). Consistent with K+ 

channel opening, the reversal potential for this current was -85.01±4 mV in WKY and - 

89.30±2.8 mV in SHR. These data suggest that alterations in K+ efflux from astrocytic 

endfeet are not responsible for the enhanced /-ACPD-induced dilations in SHR.

Given a previous study suggesting that mGluR 1 and mGluR5 (the primary targets 

o f /-ACPD) are not expressed in adult mice226, we determined if this was also the case in 

adult WKY and SHR. Figs. 17&18 show representative immunofluorescence images of 

mGluR 1 and mGluR5 expression and their corresponding colocalization with three 

astrocyte markers: AQP4 (endfeet), slOOP (soma) and GFAP (primary processes).
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Fieure 16: Astrocytic t-ACPD-induced outward currents are similar in WKY and 
SHR. A: Representative t-ACPD-induced outward currents in response to a voltage 
ramp protocol from  -120 to +100 mV in perivascular astrocytes from  WKY (left) and 
SHR (right). B: Summary data showing t-ACPD(100 pm ol/L f sensitive peak outward 
currents (pA/pF) (subtracted currents) at +80 m V in WKY (n=8) and SHR (n=8). 
C: Representative image o f  a Lucifer yellow-loaded perivascular astrocyte in close 
proximity to a parenchymal arteriole. Results represent means ±SEM.
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mGluRI AQP4 RECA-1 mGluRI + AQP4 
colocalization

mGluRI + RECA-1 
colocalization

mGluRI + GFAP 
colocalization

mGluRI + s100p 
colocalizationmGluRI

Figure 17: Metabotropic elutamate receptor (mGluR) 1 is expressed in astrocytes.
A: Immunofluorescence fo r  mGluR 1 (red; 1st column), the astrocytic endfoot marker 
AQP4 (blue; 2nd column) and the endothelial cell marker RECA-1 (gre 
mGluRI and AQP4 colocalization (4th column) and mGluRI
colocalization (5th column). B: Immunofluorescence fo r  mGluRI (red;

and RECA-1 
1st column), the

astrocytic process marker GFAP (blue; 2nd column) and the astrocytic soma marker
3rd column).SlOOfi (green;

mGluRI and SlOOf colocalization (5th column).
mGluRI and GFAP colocalization (4th column) and
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mGluR5 AQP4 RECA-1 mGluR5 + AQP4 
colocalization

mGluR5 + RECA-1 
colocalization

B
mGluR5 GFAP s100p mGluR5 + GFAP 

colocalization
mGluR5 + s100p 

colocalization

Fieure 18: Metabotropic elutam ate receptor (mGluR) 5 is expressed in astrocytes.
A: Immunofluorescence fo r  mGluR5 (red; 1st column), the astrocytic endfoot marker 
AQP4 (blue; 2nd column) and the endothelial cell marker RECA-1 (green; 3rd column). 
mGluR5 and AQP4 colocalization (4th column) and mGluR5 and RECA-1 
colocalization (5th column). B: Immunofluorescence fo r  mGluR5 (red; 1st column), the 
astrocytic process marker GFAP (blue; 2nd column) and the astrocytic soma marker 
S I00(3 (green; 3rd column). mGluR5 and GFAP colocalization (4th column) and 
mGluRS and S I00/3 colocalization (5th column).
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While.prominent mGluRl/5 colocalization was observed with GFAP and AQP4, little, if 

any, colocalization was observed with slOOp. Moreover, we did not observe mGluR 1/5 

colocalization with the EC marker RECA-1 (Fig. 17&18). These data suggest that, 

contrary to what has been observed in mice226, mGluR 1/5 expression is not 

developmentally regulated in WKY and SHR

Because other components of the NVU, including the microvasculature227, also 

express mGluRs, we repeated t-ACPD experiments in the presence of the gliotoxin DL- 

aminoadipic acid (DL-AAA; 2 mmol/L)221, 22 2 to elucidate the contribution of astrocytes 

to mGluR-mediated vasodilations. Following PA cannulation, DL-AAA was bath 

applied for 20-30 min at which point the slice was exposed to t-ACPD in the continued 

presence of DL-AAA. Treatment with DL-AAA significantly reduced tone in both WKY 

(24.75±2.79% vs. 35.09±2.08%; PO.OOOl, n=10) and SHR (31.28±2.42% vs. 

49.28±0.89%; P=0.0004, n=5) (Fig. 19A&B); the reduction in tone was significantly 

greater in SHR than WKY (35.35±2.62% vs. 15.90±2.23%; P=0.0001) (Fig. 19C). In the 

presence of DL-AAA, t-ACPD-induced dilations were no longer enhanced in SHR 

compared to WKY (14.51±5.89% vs. 16.98±2.05, respectively; P=0.63) (Fig. 19D); 

however, dilations were not completely abolished. Together, these data support enhanced 

astrocyte activation as a mediator of the increased PA tone and t-ACPD-induced dilations 

observed in SHR.
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Figure 19: The gliotoxin DL-AAA reduces parenchymal arteriole (PA) 
myogenic tone and normalizes t-ACPD-induced dilations in SHR. A: Summary data 
showing the mean decrease in percent myogenic tone induced by incubation with the 
gliotoxin DL-AAA (2 mmol/L) in WKY (n=10). B: Summary data showing the mean 
decrease in percent myogenic tone induced by incubation with DL-AAA (2 mmol/L) in 
SHR (n=5). C: Summary data showing the mean DL-AAA induced reduction in 
percent myogenic tone in WKY (n=10) and SHR (n=5). D: Summary data showing 
mean t-ACPD-induced dilation in the presence o f  DL-AAA in WKY (n=10) and SHR
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Neuronal activation-induced PA dilations are similar in WKY and SHR.

Enhanced /-ACPD-induced dilations in SHR PAs are suggestive o f a 

compensatory mechanism at the glutamate signaling level in 13-16 week SHR. 

Therefore, to determine if  differences in neuronally-evoked responses occurred in SHR, 

we next activated the entire NVC cascade (Fig. 11). Following PA cannulation and the 

development of myogenic tone, EFS was used to stimulate the cortical neuronal/synaptic 

network and evoke NVC responses as previously described115,122. Fig. 20A shows 

representative traces of EFS-induced dilations. Both WKY (n=8 ) and SHR (n=12) 

exhibited a positive correlation between tone and EFS-induced dilation (R2=0.86, 

P=0.0009 and R2=0.54, P=0.006 respectively; Fig. 20B). EFS-induced dilations were 

similar in WKY and SHR as the slopes o f the linear regression lines were not different 

between groups (2.05±0.34 vs. 1.19±0.35; P=0.10; Fig. 20B). In agreement with the 

linear regression data, the mean EFS-induced dilation for all PAs was not different 

between WKY and SHR (40.52±10.16 vs. 27.33+5.32; P=0.22) (Fig. 20C). Further, the 

time to peak EFS-induced dilation was not different between groups (1.21 ±0.19 min 

(WKY) vs. 1.36±0.20 min (SHR); P=0.60). Together, these data suggest that, at least at 

the PA level, NVC is not impaired in 13-16 week SHR.

Because the polarity of the vascular response can be modulated by tissue O 2 

levels214, EFS-induced vascular responses (13-16 week age group) were corroborated in 

slices perfused with 20% O2- As observed with 95% O2 , both WKY (n=6 ) and SHR 

(n=6 ) exhibited a positive correlation between tone and EFS-induced dilation (R2=0.77, 

P=0.02 and R2=0.85, P=0.009 respectively; Fig. 21) in the presence o f 20% O2 . Further,
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Fieure 20: Neuronallv-mediated parenchymal arteriole (PA) dilations are similar in WKY and SHR at 13-16 weeks and 24-27 
weeks. Representative traces o f  dilations elicited by electrical field  stimulation (EFS) in 13-16 week (A) and 24-27 week (D) WKY 
and SHR PAs with myogenic tone. Correlation between percent tone and percent EFS-induced dilation in 13-16 week (B) and 24- 
27 week (E) WKY (n=8 and 7, respectively) and SHR (n=12 and 9, respectively) following development o f  myogenic tone. 
Summary data showing mean EFS-induced dilation in 13-16 week (C) and 24-27 week (F) WKY (n=8 and 7, respectively) and SHR 
(n=12 and 9. respectivelv). Results represent means +SEM.
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(light grey) in WKY (A; 95% O2 n=8 and 20% O2 n=6) and SHR (B; 95% O2 n=12 
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EFS-induced dilations in 20% O2 were similar to those observed in 95% O2 as the slopes 

of the linear regression lines were not different in either group (2.44±0.66 vs. 2.05+0.34, 

P=0.62 in WKY; 1.07±0.22 vs. 1.19±.35, P-0.84 in SHR) (Fig. 21). These data suggest 

that EFS-induced responses are not dependent upon O2 concentration in WKY and SHR.

In order to determine whether the stage of hypertension could account for normal 

PA NVC responses in 13-16 week SHR, EFS experiments were performed in 24-27 week 

old WKY and SHR, an age group in which hypertension-induced pathologies are 

expected to be more advanced. Fig. 20D shows representative traces o f EFS-induced 

dilations in this older age group. 24-27 week WKY (n=7) and SHR (n=9) exhibited a 

positive correlation between tone and EFS-induced dilation (R2=0.87, P=0.002 and 

R2=0.60, P=0.01 respectively; Fig. 20E) that did not differ from the tone-response 

correlation observed in 13-16 week animals (P=0.32 for WKY and P=0.93 for SHR; Fig. 

22). Further, EFS-induced dilations were similar in WKY and SHR as the slopes o f the 

linear regression lines were not different between groups (1.58±0.27 vs. 1.24±0.38; 

P=0.53; Fig. 20E). In agreement with the linear regression data, the mean EFS-induced 

dilation was not different between WKY and SHR (49.23±7.87 vs. 43.33±6.94; P=0.58) 

(Fig. 20F). In combination with the 13-16 week data, these data suggest that 

hypertension-induced impairments in NVC mechanisms are not observed when PAs are 

studied in isolation from the upstream cerebral arterial network.
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SHR PAs display vascular remodeling.

In an effort to correlate the observed alterations in PA function (namely enhanced 

myogenic tone) with alterations in PA structure, we also measured wall to lumen ratio, 

lumen diameter and wall thickness in maximally dilated cannulated PAs from the 13-16 

week age group. The wall to lumen ratio was significantly higher in SHR (n=39) than 

WKY (n=47) (0.29±0.01 vs. 0.25±0.01; P=0.02; Fig. 23A). While the lumen diameter 

was similar in SHR (n=39) and WKY (n=47) (17.71±0.51 pm vs. 18.25±0.48 pm; 

P=0.44; Fig. 23B), the wall thickness was significantly higher in SHR vs. WKY 

(2.49±0.08 pm vs. 2.20±0.08 pm; P=0.01; Fig. 23C). Given that PAs are comprised of a 

single VSMC layer, these data suggest that PA VSMC hypertrophy contributes to 

increased wall to lumen ratios in SHR PAs.

SHRs exhibit increased cortical vascular density.

In addition to measuring vascular structure o f individual PAs, we also examined 

cortical vascular organization in the 13-16 week age group by measuring branch number, 

branch length, junction number, Euclidean distance, tortuosity index, and skeleton 

percent area in fixed cortical slices from FITC-dextran injected animals (n=3 

animals/group and 3 slices/animal). Confocal images were acquired at three cortical 

depths (layers 1&2, 2&3 and 3&4). Representative images o f the FITC-dextran perfused 

vasculature can be found in Fig. 24. In the most superficial layers of the cortex (1&2), 

there were no differences between WKY and SHR for any o f the parameters. However, 

differences were observed in deeper cortical layers. The total number o f branches was



WKY SHR WKY SHR WKY SHR

Figure 23: Hypertension induces parenchymal arteriole (PA) remodeline. A: Summary data showing mean wall to lumen ratio o f  
maximally dilated and pressurized PAs in WKY (n=47) and SHR (n=39). B: Summary data showing mean lumen diameter o f  
maximally dilated and pressurized PAs in WKY (n=47) and SHR (n=39). C: Summary data showing mean wall thickness o f  
maximally dilated and pressurized PAs in WKY (n=47) and SHR (n=39). Results represent means ±SEM. *P<0.05.
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■
Fieure 24: Representative imaees o f  cerebral vascular density. Left panel: The 
nuclear marker TOTO (blue) was used as a counterstain to identify the cortical region 
being imaged during acquisition. Middle panel: The cerebral vasculature was marked 
by intravascular injection with 70 kilodalton fluorescein isothiocyanate dextran 
(FITC-70) (green). Right panel: Overlay o f  TOTO and FITC-70 fluorescence.



significantly increased in cortical layers 2&3 of SHR as compared to WKY (167.9±6.66 

vs. 144.4±4.90; P=0.01; Fig. 25A). In addition, the total branch length was significantly 

higher in SHR vs. WKY for cortical layers 2&3 and 3&4 (4,314+111.80 pm vs. 

3,878±77.94 pm; P=0.006 and 3,986±81.78 pm vs. 3,631±77.98 pm; P=0.006, 

respectively; Fig. 25B). Further, the total number o f junctions was significantly higher in 

SHR vs. WKY for cortical layers 2&3 and 3&4 (71.72±4.37 vs. 59.83±2.60; P=0.03 and 

63.11±2.10 vs. 54.56±2.54; P=0.02, respectively; Fig. 25C). The total Euclidean 

distance, defined as the shortest linear distance between two points, was also significantly 

higher in SHR vs. WKY for cortical layers 2&3 and 3&4 (3,741±104.5 pm vs. 

3,349+67.49 pm; P=0.006 and 3,449+66.96 pm vs. 3,140+76.96 pm; P=0.008, 

respectively; Fig. 25D). However, the tortuosity index, defined as the ratio between 

branch length and Euclidean distance, was not different between SHR and WKY in layers 

2&3 or 3&4 (1.15+0.004 vs. 1.16+0.003; P=0.480 and 1.16+0.003 vs. 1.16+0.006; 

P=0.740, respectively; Fig. 25E). Finally the total skeleton percent area was significantly 

increased in SHR as compared to WKY for cortical layers 2&3 and 3&4 (2.18+0.05% vs. 

1.96+0.04%; P=0.006 and 2.00+0.04% vs. 1.83+0.04%; P=0.007, respectively; Fig. 25F). 

Together, these data indicate that while vascular density is increased in the deeper 

cortical layers o f SHR, the vessel tortuosity is not altered.
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Figure 25: Hypertension increases cerebral vascular density. Summary data showing total branch number (A), total branch length 
(B), total junction number (C), total Euclidean distance (D), tortuosity index (E), and skeleton percent area (F) in WKY and SHR. 
Data are grouped according to cortical layers 1&2, 2&3, and 3&4. n=3 animals/group (WKY or SHR) and 3 slices/animal for all 
panels. Results represent means ±SEM. *P<0.05, **P<0.01.



IV. DISCUSSION

Although hypertension has been shown to impair functional hyperemia35,36,38,39, the 

NVC mechanisms underlying this cerebrovascular dysfunction have yet to be fully 

elucidated. While a few innovative studies have investigated the vascular contributions 

to hypertension-induced impairments in NVC using measurements o f regional CBF, to 

our knowledge, no study has addressed the effects o f hypertension on NVC mechanisms 

solely in PAs. Given that pial arteries and PAs represent two functionally 

heterogeneous40 ' 42 subpopulations o f the microvasculature, understanding hypertension- 

induced brain pathologies in discrete cerebrovascular beds is essential. In this 

dissertation project, we used SHR and WKY to test the central hypothesis that 

hypertension-induced impairments in FH are mediated by a specific disruption of 

communication within the NVU at the PA level of the cerebrovascular tree. This central 

hypothesis was tested with two specific aims: a functional aim directed towards 

determining the effect of hypertension on cell-to-cell communication within the NVU 

and a structural aim directed towards determining the effect o f hypertension on the 

structural integrity of the NVU. We demonstrated that in SHR: (1) U46619-induced PA 

tone and basal VSMC Ca2+ oscillation frequency were significantly higher, (2) PA 

myogenic tone was enhanced, (3) K+-induced PA dilations were not impaired, (4)

82
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mGluR-induced PA dilations were enhanced, (5) neuronal activation-induced PA 

dilations were not impaired, (6 ) PA wall to lumen ratio and wall thickness were 

significantly higher, and (7) vascular density was increased in deeper cortical layers. 

Contrary to our hypothesis, these data indicate that while hypertension alters 

cerebrovascular structure as well as PA and mGluR signaling, the overall contribution of 

PAs to the NVC response was not impaired. Instead, we propose that increased PA 

reactivity and mGluR signaling comprise adaptive mechanisms which compensate for 

upstream impairments in NVC (i.e., at the level o f pial arteries).

Contrary to a study using the stroke-prone SHR (SHRSP)228, we found that PAs 

from SHR developed significantly higher tone in response to the vasoconstrictor U46619 

(Fig. 9B). Dissimilarities between the vascular bed studied (PAs vs. pial arteries) or the 

model used (in vitro brain slice as compared to an in vivo preparation in which 

hemodynamic factors are present) may account for these differential U46619 responses. 

Higher myogenic tone (Fig. 13A) was also observed when arterioles were perfused and 

pressurized to more closely mimic the in vivo biomechanics of the cerebral vasculature. 

The hemodynamic factors pressure3 4 , 4 0 , 6 2 -6 6  and shear stress7 2 , 74 have both been shown to 

contribute to myogenic constriction in the cerebral vasculature. Although these 

parameters were elevated in our study, they did not reach significance suggesting that 

these factors likely act in concert to increase myogenic constriction in SHR. These data 

lend credence to the idea that, in vivo, a multiplicity of hemodynamic factors, including 

pressure and shear, contribute to the regulation of myogenic tone. The complex,
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multifactoral regulation of cerebral myogenic tone highlights the importance of this 

vascular response in the maintenance of cerebral homeostasis.

7+While VSMC Ca oscillation frequency was significantly higher in SHR 

compared to WKY at baseline and at the onset o f U46619 exposure, no differences 

between groups were observed in the continued presence o f U46619 (Fig. 10B). These 

data are in agreement with a study published by Ungvari and Roller in which myogenic 

constriction is enhanced in SHR as compared to WKY despite there being no differences

7 +  7 7 0  7 4 -in VSMC Ca between the two groups . The similarities in VSMC Ca between 

WKY and SHR despite the increased tone in SHR during U46619 exposure suggest that, 

in response to contractile stimuli, Ca2+ sensitivity is enhanced in SHR229. For agonist-
7  i

induced Ca sensitization processes, protein kinase C (PKC) and Rho-associated kinase 

(ROCK) are both capable of inhibiting myosin light chain (MLC) phosphatase thus 

increasing levels of phosphorylated MLC and prolonging VSMC constriction in the

7+ 7T0 7T7 74*absence of intracellular Ca changes ~ . Ca sensitization also seems to play an

important role in myogenic responses as evidenced by the fact that VSMC Ca2+ increases 

do not mirror the increase in vascular tone during myogenic constriction230. Indeed, PKC 

and ROCK inhibition blunt myogenic constriction230. ROCK contributes to increased 

vascular resistance in the peripheral vasculature o f hypertensive animals23 2  suggesting

7-fthat this signaling pathway may be involved in Ca sensitization in the cerebral 

vasculature of hypertensive animals as well. However, whether ROCK signaling is 

enhanced in the cerebral vasculature o f hypertensive animals has yet to be determined.
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The increased VSMC Ca2+ oscillation frequency in SHR at baseline (prior to 

U46619 exposure) may serve to “prime” the contractile apparatus. In VSMCs, increased 

intracellular Ca2+ leads to the activation of MLC kinase and subsequent phosphorylation 

of MLC230'232. Thus, enhanced basal Ca2+ in SHR may lead to a greater pool of 

phosphorylated MLC prior to contractile stimulus exposure. The presence of higher 

levels of phosphorylated MLC could therefore enhance the U46619-induced contraction 

in these animals.

As for the source o f enhanced basal Ca2+ in SHR, both voltage dependent Ca2+ 

channels (VDCC) 42 and TRP channels, specifically TRPM46 4  and TRPC70, are important 

regulators o f cerebral artery VSMC Ca2+. Therefore, in SHR, increased basal Ca2+ 

activity could be attributed to increased expression/activity of these channels, a factor 

that could also contribute to increased myogenic constriction. In support of this theory, 

VDCC expression233 and activity2 3 4  are increased in SHR cerebral arteries and TRPM4 

channels are increased in SHR cardiomyocytes235. In SHR, cerebral vascular TRP 

channel expression/activity has yet to be characterized representing a need for additional 

research.

Our group previously demonstrated that the magnitude and polarity (dilation vs. 

constriction) o f PA responses to astrocyte-derived AA metabolites and extracellular K+ 

are dependent upon the level o f arteriole tone in juvenile rats129. Here, we demonstrated, 

for the first time, that PAs with myogenic tone also exhibited positive tone-dilation 

correlations (Fig. 14B) and that these correlations were maintained in SHR. In contrast

737  4“to our data, previous studies ’ have reported enhanced PA K -induced dilations in
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SHR. However, these differences are likely due to unaccounted for increases in PA tone 

in the previously published work rather than hypertension-induced increases in VSMC 

Kjr channel expression/activity. This conclusion is supported by our data demonstrating 

similar K+-induced dilations in SHR and WKY when data are compared among PAs with 

comparable levels of tone and similar tone-K+ dilation correlations between WKY and 

SHR (Figs. 12B&C and 14B). The data from this project demonstrate the importance of 

accounting for pathology-induced differences in tone when comparing cerebral vascular 

responses between diseased and healthy subjects as well as the need for careful 

interpretation of previous published data.

In contrast to our findings that the mGluR agonist t-ACPD induced PA dilation in 

adult rats, a response that was enhanced in SHR (Fig. 15B), recently published data call 

into question the role o f mGluRs in the hyperemic response. A study by Sun et al . 226 

demonstrated a lack of astrocytic mGluR5 expression and function, a primary target o f t- 

ACPD, in adult mice. Further, work by Calcinaghi et al . 238 showed that mGluR5 

inhibition does not alter CBF responses in adult Sprague-Dawley rats following whisker 

stimulation in vivo. It is unlikely that this lack of response is mediated by a dearth of 

mGluR5 expression as observed by Sun et al. because cortical mGluR expression was 

confirmed in Sprague-Dawley using "C-ABP6 8 8 , a radioligand for mGluR5238. 

However, given that the hyperemic response is essential for proper cerebral homeostasis, 

it is likely that mechanistic redundancies compensate for blockade o f a single NVC 

pathway thus preventing any detectable decreases in the hyperemic response. To 

determine whether mGluR was developmentally regulated in WKY and SHR as it is in
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mice, we performed immunofluorescent staining o f cortical brain slices and observed 

robust mGluR5 and mGluR 1 expression in astrocytic processes and endfeet (Fig. 17 and 

18). These data suggest that species specificity may account for the developmental 

regulation of mGluR5 expression in mice versus rats.

Importantly, experiments conducted in the presence of the gliotoxin DL-AAA 

yielded two major observations: 1) astrocytic contributions to baseline PA tone are 

greater in SHR (Fig. 19C) and 2) enhanced /-ACPD-mediated vasodilations in SHR are 

astrocyte dependent (Fig. 19D). While the glial specificity of DL-AAA is not without 

controversy, DL-AAA has only been shown to induce neuronal toxicity at doses and 

incubation times higher than those use for this study (>3 mmol/L and 2 hours)222. 

Therefore, we feel as though this is an appropriate methodology for targeted ablation of 

glia in vitro. The persistence of /-ACPD-mediated vasodilations in the presence of DL- 

AAA suggests the presence o f an alternative signaling pathway. Although mGluRs are

997expressed in the cerebral microvasculature , we did not observe mGluR 1/5 expression 

in the endothelium (Fig. 17 and 18). Given that pericytes have been shown to express 

mGluR2 3 9 and induce dilations in response to glutamate240, these vascular cells may 

constitute an alternative pathway underlying mGluR-mediated vasodilations (as discussed 

in further detail in subsequent paragraphs). Further studies are needed to determine the 

additional mechanisms by which /-ACPD-induced PA dilations occur.

Although astrocytes have been implicated as important participants in NVC57,84’ 

241, recent studies have questioned astrocytic contributions to functional hyperemia in 

vivonx’ in . A 2013 study by Nizar et al. 111 used an in vivo cranial window technique to
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demonstrate that hyperemic responses remained intact in the absence o f astrocytic IP3 R.2 -
■J,

mediated Ca signaling. Further, only a small percentage o f astrocytes (~7%) responded

to somatosensory stimulation, and the cortical activation-induced cerebral vasodilation

preceded elevations in astrocytic Ca2+ m . A 2014 study by Bonder and McCarthy112

expanded upon these findings using an improved in vivo thinned skull technique that

allows for imaging in awake, lightly sedated animals. Data from this study confirmed the

Nizar et al. study observation that the lack of astrocytic IP3 R2 -mediated Ca2+ signaling

112does not block hyperemic responses . Moreover, targeted astrocyte activation did not 

increase CBF, and astrocytes did not display significant Ca2+ changes following visual 

stimulation although this stimulus elicited increased CBF112. Although the Bonder and 

McCarthy study represents a significant improvement in in vivo imaging techniques, this 

study is limited by the attainable image depth (<250 pm) as well as seemingly arbitrary 

analysis o f very specific astrocytic cellular domains while neglecting others (i.e. 

analyzing endfoot but not somatic Ca2+ activity or visa versa). In addition, both studies 

focus only on astrocytic Ca2+ oscillation amplitude, or intensity. However, Ca2+ 

oscillation frequency is also a very important Ca activation parameter. It is possible
' j ,

that astrocytic Ca oscillation frequency is altered in vivo during FH while astrocytic 

Ca2+ amplitude remains unchanged. Further, genetic ablation of IP3 R2  is not without 

limitations. Given that IP3 R signaling is an integral component to multiple cellular 

functions, it is likely that knockout o f this receptor leads to compensatory alterations in 

cell function during development. The use o f conditional astrocyte specific IP3R KOs in
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which the IP3R could be inactivated in adulthood, thus preventing the onset of any 

potential compensatory mechanisms that may occur during development, would more 

appropriately address the role o f astrocytic IP3 R signaling in the hyperemic response. 

Therefore, while intriguing, these studies do not definitively rule out the potential for 

astrocytic contributions to resting CBF or NVC responses. With the continual 

advancement of brain imaging methodologies, these recent findings call for additional 

research investigating the role of astrocytes in regulating CBF.

An overwhelming majority o f research in the field o f glial physiology, including 

our own, has been focused on the mechanisms underlying astrocyte-induced dilations 

whereas considerably less attention has been dedicated to the processes eliciting 

astrocyte-induced constrictions. This experimental emphasis on dilatory mechanisms is 

likely due to the fact that the physiological significance o f astrocyte-induced dilations is 

clear - to facilitate NVC responses -  whereas the physiological relevance of astrocyte- 

induced constrictions remains elusive. Future studies should be dedicated to elucidating 

both the physiological relevance of and additional signaling pathways that contribute to 

astrocyte-induced constrictions.

In vivo, NVC-evoked vasodilations result from signal integration among two 

discrete vascular beds -  the pial arteries and the PAs. When the NVC cascade was 

activated using EFS in brain slices (a preparation in which PAs are separated from the 

upstream pial artery network), PA dilations were similar in both 13-16 and 24-27 week 

WKY and SHR (Fig. 20). These data suggest that, in SHR, increased PA tone and 

mGluR signaling develop as adaptive mechanisms to preserve NVC responses at the PA
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level thus protecting local parenchymal cells, primarily neurons. Further, while multiple 

physiological parameters have been shown to affect the magnitude and polarity of 

vascular responses, including O2 214, our data argues against an 0 2 -dependent mechanism 

as no differences were observed in EFS-induced dilations between experiments 

conducted in 20% and 95% O2 (Fig. 21).

Although our results indicate that the response to hypertension is adaptive rather 

than deleterious in the brain parenchyma, overall dysfunction of the entire 

cerebrovascular network - a phenomenon that may not be detected when a discrete 

vascular bed is studied - cannot be ruled out. A recent publication demonstrating that 

neuronal activation-induced regional CBF increases become impaired during the
IQ

continued presence of hypertension in SHR supports this conclusion. Global 

disruptions in cerebrovascular function during hypertension could precipitated by 

multiple factors including: 1 ) blunted dilatory mechanisms in the pial arteries which feed 

the PAs, 2) impaired upstream conduction o f NVC signals along the vascular network58, 

242 (from PAs to the pial vasculature) or the astrocytic syncytium48 (from perivascular 

astrocytes to the glia limitans) and/or 3) blunted vasodilatory NVC mechanisms at the 

capillary level. Along those lines, impaired upstream conduction o f NVC signals from 

PAs to the pial vasculature seems to be an attractive potential mediator of the NVC 

deficits observed in hypertensive animals as conduction o f vasodilation is impaired in the 

mesenteric arteries of SHR243. Unfortunately, the literature characterizing vascular gap 

junction expression in the SHR is varied244, and to our knowledge, no study has 

characterized astrocytic gap junction expression in SHR. Consequently, a
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characterization of cerebral gap junction expression (both vascular and astrocytic) in 

SHR is warranted in order to determine whether intercellular communication is actually 

impaired in this model of hypertension. In addition to the potential for compromised 

vasodilatory NVC mechanisms upstream of the PAs, impairments downstream of the PAs 

(i.e. at the capillary level) could also contribute to global attenuation o f the hyperemic 

response. To this end, NVC has recently been shown to also occur at the capillary 

level240. Here, pericytes are active regulators of capillary diameter245, 2 4 6  as opposed to 

VSMCs. These data suggest that blunted capillary vasodilation during NVC could also 

contribute to hypertension-induced cerebrovascular dysfunction.

The data from this dissertation project combined with previous data 

demonstrating structural and functional differences between pial arteries and PAs (as 

outlined in the introduction) highlight the heterogeneity of cerebral vasculature. 

Therefore, caution should be taken when making global comparisons about the cerebral 

vascular network as a whole. Instead, data from discrete vascular beds should be 

integrated with in vivo studies incorporating the entire cerebral vascular tree. The 

continued use o f complementary approaches (i.e. in vitro studies o f cerebral 

subpopulations and in vivo studies) is essential for further characterization of the 

heterogeneity of the cerebral vasculature.

This concept o f heterogeneity also likely applies to astrocytes as well. Until the 

late 2 0 th century, astrocytes were primarily thought to function as a scaffold or glue that 

maintained optimal neuronal distribution247. However, as the field o f glial physiology 

flourished, astrocytes were revealed as multi-functional cells essential for the
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maintenance of cerebral homeostasis135, 247, 248. Astrocytes from different brain regions 

display variable ion channel expression patterns249 suggesting that astrocyte functionality 

may be region specific. Further, in the gray matter, astrocytes occupy non-overlapping 

spatial domains45, 249 lending credence to the idea that astrocytes may be even more 

specialized with their function intimately linked to the cells occupying their discrete 

microenvironment. Indeed, the percentage of astrocytes responding to functional 

stimulation often varies according to the type and intensity of the stimulus250. Thus, 

when studying astrocytic responses, it may not be appropriate to categorize all astrocytes 

within a given region as the same as their molecular machinery may be different. Moving 

forward, comprehensive studies o f astrocyte receptor and protein expression are 

warranted to determine whether such astrocyte heterogeneity truly exists.

In agreement with a study by Hart et. al9, wall to lumen ratio was increased in 

SHR PAs (Fig. 23A). While multiple studies have reported luminal narrowing o f the

7 71cerebral vasculature during hypertension ’ , we observed similar luminal diameters in

WKY and SHR (Fig. 23B); these differences are likely attributable to differences in the 

model o f hypertension and/or vascular bed studied. Further, increased wall to lumen 

ratio was attributed to increased PA wall thickness (Fig. 23C). Given that PAs are 

comprised of a single VSMC layer, increased wall thickness in SHR suggests VSMC 

hypertrophy, a finding in agreement with previous studies7,21.

While our data demonstrating an increase in cerebrovascular density in deeper 

cortical layer of SHR (Fig. 25) does agree with two previously published studies3, 4, it 

conflicts with others5, 6. Methodological differences likely account for differences



93

between our study and the Paiardi et al. study5 as this study used the endothelial marker 

CD31 to quantify vascular density. CD31 is expressed primarily at EC junctions and, 

thus, may not be the most accurate measure o f the entire cerebrovascular network. 

Further, to our knowledge, it is not known whether hypertension alters CD31 expression. 

To this end, if hypertension was to decrease CD31 expression, the use o f CD31 to 

characterize cerebrovascular density may lead one to conclude that hypertension induces 

rarefaction when the use o f FITC-dextran perfusion techniques may show no changes or 

increased cerebrovascular density in the same model. A direct comparison of these two 

techniques for the quantification vascular density is warranted to determine whether data 

obtained from these techniques is, in fact, comparable. In contrast to our study, the 

Sokolova et al. study6 measured cerebrovascular density in the brainstem. The diversity 

of the structural data discussed here supports the conclusion that hypertension induces 

varying structural alterations in discrete subpopulations o f the cerebral vasculature as 

suggested by Pires et al.7. Therefore, as proposed when studying the function of the 

cerebral vasculature, global conclusions about the structural effects o f hypertension on 

the cerebral vasculature in its entirety are likely inappropriate. The increased vascular 

density observed in this study potentially serves as an adaptive mechanism to prevent any 

decreases in CBF that may occur as a consequence o f increased cerebrovascular 

resistance in PAs.

While the use of luminal pressure and flow to induce myogenic tone in PAs 

represents improvement over traditional brain slice methodologies (which employ 

pharmacological agents to induce PA tone), a few limitations must be kept in mind when
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using this technique. First, flow rate must be varied across experiments due to variability 

in PA diameter. As a general rule, larger diameter PAs require higher flow rates to 

develop myogenic tone whereas smaller diameter PAs need minimal flow to develop 

myogenic tone. Further, high flow rates are needed to attain luminal pressures in the 

physiological range (27-34 mmHg8) resulting in high shear stress. Consequently, lower 

flow rates are favored in order to maintain low shear stress values. Finally, the PA 

pressures reported in our study are below previously reported in vivo pressures for
o

arterioles o f similar magnitude due primarily to high cannula resistance which results in 

a significant drop in pressure at the level o f the cannula. Despite these limitations, 

cannulated PAs developed a wide range of myogenic tone that allowed vascular 

responses to be studied as a function of tone (tone-dilation correlation). Therefore, we 

believe that this methodology represents an advance over the use o f pharmacological 

stimuli to induce PA tone, which unless the drug elicits similar tone across all groups, 

may yield confounding results and/or data interpretation.

Special consideration should be given to the model used when studying 

hypertension-induced cerebral pathologies as these may provide varying insight that may 

account for the divergence among some experimental findings. As an example, the 

angiotensin II (Ang II) model o f hypertension shows impaired NVC at subthreshold Ang 

II doses prior to the onset of hypertension36, suggesting Ang II rather than hypertension 

per se impairs neurovascular function; further, animals with phenylephrine-induced 

hypertension do not display NVC impairments35,36. Thus, across model comparisons of
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findings may not be appropriate, highlighting the need for additional research 

investigating the effects o f hypertension on cerebrovascular function.



V. SUMMARY

The data presented in this dissertation project suggest that enhanced PA resistance 

and perivascular astrocyte signaling are adaptive consequences o f hypertension. Since 

PAs from both WKY and SHR exhibit a positive correlation between tone and dilation, 

the increased vascular resistance in SHR PAs likely serves to enhance local vasodilatory 

responses to neuronal/glial-derived vasoactive compounds during NVC. Increased PA 

resistance in SHR may also serve to protect the downstream microvasculature (i.e. 

capillaries) from increased systemic pressure thus preventing BBB breakdown and 

edema. Further, enhanced /-ACPD-induced responses in SHR indicate that the 

production and release o f astrocyte-derived vasodilators may also be enhanced. Given 

that we observed no NVC impairments (as tested by EFS) at the level o f the PAs in SHR, 

we propose that hypertension triggers adaptive responses in the brain parenchyma. In the 

absence of these adaptive responses, it is likely that the impairments in NVC observed in
i r  i z  - j o

both animal models o f hypertension ’ ’ and hypertensive patients would be much 

more pronounced resulting in more profound consequences such as parenchymal 

ischemia. In light of these findings, future work in the field should be directed towards 

determining whether global impairments in NVC responses are caused by inherent pial 

artery dysfunction, impaired upstream conduction of NVC signals, blunted NVC 

vasodilatory responses at the capillary level, or a combination of multiple factors.
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