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Functional hyperemia and mechanisms of neurovascular
coupling in the retinal vasculature

Eric A Newman

The retinal vasculature supplies cells of the inner and middle layers of the retina with oxygen and nutrients. Photic stimulation
dilates retinal arterioles producing blood flow increases, a response termed functional hyperemia. Despite recent advances, the
neurovascular coupling mechanisms mediating the functional hyperemia response in the retina remain unclear. In this review, the
retinal functional hyperemia response is described, and the cellular mechanisms that may mediate the response are assessed. These
neurovascular coupling mechanisms include neuronal stimulation of glial cells, leading to the release of vasoactive arachidonic acid
metabolites onto blood vessels, release of potassium from glial cells onto vessels, and production and release of nitric oxide (NO),
lactate, and adenosine from neurons and glia. The modulation of neurovascular coupling by oxygen and NO are described, and
changes in functional hyperemia that occur with aging and in diabetic retinopathy, glaucoma, and other pathologies, are reviewed.
Finally, outstanding questions concerning retinal blood flow in health and disease are discussed.
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INTRODUCTION

Oxygen and nutrients are supplied to the retina by a dual circulatory
system (Figure 1). The high metabolic needs of the retinal
photoreceptors (photoreceptors have the highest metabolic rate
of any cell in the body") are satisfied by the choroidal vasculature.
The more modest metabolic demands of the neurons and glial cells
of the inner portions of the retina are met by the retinal vasculature.
In lower vertebrates that have thinner retinas, including amphibians,
reptiles, and some mammals, the retinal vasculature is absent and
the choroidal circulation supplies the entire retina.?

The choroidal circulation is supplied by the long and short
ciliary arteries and the anterior ciliary arteries, which feed the large
arteries in the outer portion of the choroid.? These arteries branch
into smaller vessels, which, in turn, feed the highly anastomosed
choriocapillaris network lying at the inner border of the choroid,
adjacent to the retinal pigment epithelium and retinal
photoreceptors. The total blood flow supplying the choroid is
much greater than that supplying the retina (606 vs. 25 mg/min/
whole tissue®), to meet the high metabolic demands of the
photoreceptors.’

The retinal vasculature is supplied by the central retinal artery,
which enters the retina with the optic nerve at the optic disc. The
artery branches into radial arterioles and smaller vessels on the
vitreal surface of the retina.? Pre-capillary arterioles and capillaries
ramify from these surface vessels and form anastomotic networks
in the ganglion cell layer, just beneath the retinal surface, and
deeper in the inner nuclear layer, supplying horizontal cells,
bipolar cells, amacrine cells, and Miuller glial cells. Blood is
returned through radial venules on the retinal surface that empty
into the central retinal vein in the optic nerve.

The retinal and choroidal vasculatures differ in several respects.
Retinal vessels lack autonomic innervation,®” whereas the choroidal
circulation is innervated by both sympathetic and parasympathetic

retinal
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nerves®'%  Also, autoregulation is present in the
circulation'""? but is less well developed in choroidal vessels.
Responses to light also differ. As will be described below, functional
hyperemia is well developed in the retinal vasculature while the
choroidal blood supply does not respond well to flickering light
stimuli (but see Lovasik et al'®). Choroidal vessels do respond to the
adaptation state of the eye, however, with higher choroidal blood
flow observed in the light than in the dark.'s"

When the retina is stimulated by a flickering light, blood flow in
the retinal vasculature increases significantly.'® This increase in
blood flow, the functional hyperemia response, supplies oxygen
and glucose to the active neurons in the inner and middle retinal
layers. This hemodynamic response is present in the cerebral cir-
culation as well and was described long ago in the cerebral cortex
by Mosso'® and Roy and Sherrington.*°

It is believed that the functional hyperemia response is critical
for proper retinal function.'® With increased neuronal activity in
the retina, there is a need for enhanced oxygen and glucose
supply and removal of metabolites. The increase in retinal blood
flow serves this need. The loss of functional hyperemia that occurs
in certain diseases may compromise retinal health and may
contribute to the development of pathology.

This review will focus on functional hyperemia in the retinal
vasculature in health and disease. Special emphasis will be placed
on the signaling mechanisms responsible for generating the
functional h1yperemia response. The reader is referred to recent
reviews>'8212 for information about other aspects of ocular
circulation.

FUNCTIONAL HYPEREMIA IN THE RETINA

Functional hyperemia in the retina is typically studied by
stimulating the eye with a flickering light, which maximally activates

Department of Neuroscience, University of Minnesota, Minneapolis, Minnesota, USA. Correspondence: Dr EA Newman, Department of Neuroscience, University of Minnesota,

Minneapolis, MN 55455, USA.
E-mail: ean@umn.edu
This study was supported by the Fondation Leducq and an NIH Grant EY004077.

Received 14 June 2013; revised 19 July 2013; accepted 22 July 2013; published online 21 August 2013


http://dx.doi.org/10.1038/jcbfm.2013.145
mailto:ean@umn.edu
http://www.jcbfm.com

Neurovascular coupling in the retinal vasculature

EA Newman
1686
Lamina cribrosa
A Post. Ciliarya.  Circle of Zinn " )
Dura C‘::.“ :
A N s \
Pia - — ‘t
Optic n.— i. I g g o] ‘
AN ha
- = —
f - - ‘ [l
y - B—— —4 II"ll
"'""
Central retinal v. -
Central retinal a. Post. Ciliary a. Sclera/ =
Choriod
Retina
B
Superficial
capillary
plexus
Deep Henle's fiber layer
capillary Photoreceptor layer
plexus
Pigmented epithelium
Bruch's membrane
Choriocapillaris
Choroid
Figure 1. Anatomy of the ocular circulation. (A) Cut away drawing of the human eye along the superior-inferior axis through the optic nerve,

showing the vascular supply to the retina and choroid. The retinal vessels are supplied by the central retinal artery. a, artery; v, vein; n, nerve.
(B) Drawing showing the vasculature of the retina and choroid. Retinal arterioles and venules lie on the vitreal surface of the retina while
capillary plexi lie in just beneath the surface and in the inner nuclear layer. Drawings by Dave Schumick from Anand-Apte and Hollyfield.'*°

amacrine cells and ganglion cells in the inner retina.?® A flickering
stimulus dilates the primary arterioles on the retinal surface
(Figure 2), leading to an increase in blood flow in arterioles,
capillaries, and venules of the retina. Flickering light also increases
blood flow in the capillaries of the optic disc (Figure 2). Increases in
blood flow in retinal vessels supply active neurons in the inner and
middle retinal layers with increased oxygen and glucose while
blood flow increases in the capillaries of the optic disc supply the
active axons of the retinal ganglion cells.

Arteriole dilation can be monitored with a modified fundus
camera, such as the retinal vessel analyzer.>* In humans, flickering
light evokes sustained dilations ranging from 3% to 5%.2*"2° The
response has a latency of <1s. Primary venules in humans dilate
to nearly the same extent as arterioles,*?> although it is unclear
whether this is an active or passive response. Similar light-evoked
arteriole dilations occur in cats®”?® and rodents.”® In rats and mice,
light-evoked venule dilations are much smaller than those of
arterioles (TE Kornfield, Al Srienc, and EA Newman, unpublished
observations).

Arteriole dilation leads to increases in retinal blood velocity,
which can be measured using techniques based on the Doppler
effect. These measurement techniques include bi-directional laser
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Doppler velocimetry, which yields an absolute measure of red
blood cell velocity, laser Doppler flowmetry, which measures
relative red blood cell velocity, blood volume, and flux in the optic
nerve head and choroid, and laser speckle flowmetry, which yields
two-dimensional images of relative blood velocity on the retina
surface.'® Retinal blood flow can also be measured using magnetic
resonance imaging, which has sufficient spatial resolution to
distinguish retinal arterioles, venules, and choroidal vessels3 In
humans, a flickering light results in blood flux increases of 30-38%
in the optic nerve head®'*? and flux increases of 59% in retinal
arterioles.® In the cat optic nerve head, flux increases of 27-59%
are observed.”’?

As originally noted by Roy and Sherrington,®® the localized
nature of blood flow control is a hallmark of the functional
hyperemia response. In the cortex, activation of a small
parenchymal region results in an increase in blood flow that is
largely restricted to that region. The localized nature of the
response demonstrates that blood flow can be controlled locally
in the cerebral vasculature. The few studies that have been
conducted in the retina demonstrate that the retinal vasculature is
also able to control blood flow locally in response to focal photic
stimulation. When one hemi-field of the cat retina is stimulated

© 2013 ISCBFM
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Figure 2. The functional hyperemia response in the retina. (A) Mean

increase in primary arterial diameter to flicker stimulation in humans
measured with the retinal vessel analyzer (RVA). Light onset is at
time=0. TP<0.001. From Nagel and Vilser.'*' (B) Blood flow
increase to flicker stimulation (black bar) measured at the rim of the
optic disc in cats with laser Doppler flowmetry. From Riva et al.'® (C,
D) Increase in primary arteriole diameter to flicker stimulation in a
single trial in the rat measured with confocal microscopy. From
Mishra and Newman.?® Shown are segments of a confocal line scan
image before, during, and after stimulation (C) and the diameter of
the arteriole (D). Scale bars in panel C, 25 um and 100 ms.

with a drifting grating, blood flow increases, monitored with blood
oxygen level-dependent functional magnetic resonance imaging,
are restricted to the stimulated half of the retina.3> Similarly, when
the rat retina is stimulated focally with a flickering spot, blood
velocity increases, monitored with laser speckle flowmetry, are
greatest near the stimulated region.>®

Active control of blood flow in the retinal circulation is believed
to occur principally in the arterioles on the surface of the retina.

© 2013 ISCBFM

These vessels are surrounded by layers of smooth muscle cells?’
and display large dilations ranging from 3% to 8% 2**%° in
response to photic stimulation. It is possible, however, that active
control of blood flow also occurs in retinal capillaries, which are
surrounded by contractile pericytes. Pericytes share many
properties with vascular smooth muscle cells. Pericytes contain
contractile proteins®’*® and have been shown to relax and
contract in response to various signaling molecules.>%*° Pericytes
cover a large fraction of the surface of capillaries in the retina,
much larger than that in the brain,*'*? and active contraction of
pericytes restricts blood flow through retinal capillaries after an
ischemic insult.** However, it remains unclear whether pericytes
actively control blood flow in the retina under normal physiologic
conditions.

MECHANISMS OF NEUROVASCULAR COUPLING IN THE RETINA
Metabolic Feedback vs. Feedforward Mechanisms

Functional hyperemia is mediated, either directly or indirectly, by
signaling from neurons to blood vessels. The mechanisms that
mediate functional hyperemia, termed neurovascular coupling,
have been of great interest for over a century. In their seminal
work, Roy and Sherrington®® proposed that metabolic products
released from active neurons mediate functional hyperemia.
According to this metabolic negative feedback mechanism,**
neuronal activity leads to a drop in energy reserves in active
neurons and to the generation of metabolic signals that dilate
nearby blood vessels. The resulting increase in blood flow
augments glucose and oxygen supplies and restores the energy
reserves of the active neurons. Several metabolic signals could
function as the neurovascular coupling signal. These include a drop
in oxygen or glucose levels or increases in CO, (leading to
acidification), adenosine, or lactate levels. All of these changes
could dilate arterioles. Recent work has demonstrated, however,
that some of these signals do not mediate neurovascular coupling.
Specifically, functional hyperemia can occur in the absence of a
drop in oxygen“s'47 or glucose®® levels or acidification of the
parenchyma,***° demonstrating that O,, glucose, and CO, do not
function as the neurovascular coupling signal. Still, neurovascular
coupling could be mediated, at least in part, by adenosine or
lactate metabolic signals. As discussed below, lactate may control
blood flow indirectly by modulating prostaglandin E, (PGE,) levels.

An alternate to the metabolic negative feedback mechanism
of neurovascular coupling is a feedforward mechanism.** In a
feedforward mechanism, active neurons release signaling mole-
cules that directly or indirectly result in vasodilation. These signal-
ing molecules are not directly related to cell metabolism, thus
distinguishing this form of neurovascular coupling from metabolic
negative feedback. Many signaling pathways may contribute to
feedforward neurovascular coupling in the central nervous system.
Active neurons release nitric oxide (NO) and PGE,, both of which
relax vascular smooth muscle cells and result in vasodilation. Active
neurons also release a number of transmitters that act on glial
metabotropic receptors, evoking Ca>* increases in glial cells. These
Ca® " increases lead to the release of vasodilatory agents from glial
cells, including K* and the arachidonic acid metabolites PGE, and
epoxyeicosatrienoic acids (EETs).

Both feedforward signals as well as metabolic negative feed-
back signals may contribute to functional hyperemia in the retina.
Evidence supporting different neurovascular coupling signaling
mechanisms is reviewed in the following sections.

Arachidonic Acid Metabolite-Mediated Neurovascular Coupling

In recent years, persuasive evidence has emerged indicating that a
feedforward neurovascular coupling mechanism mediated by
signaling from neurons to glial cells to blood vessels is instrumental
in generating functional hyperemia in the mammalian retina.

Journal of Cerebral Blood Flow & Metabolism (2013), 1685 - 1695
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According to this model, neurovascular coupling occurs in several
steps. The release of neurotransmitters from active neurons leads
to Ca® " increases in glial cells, which, in turn, results in the release
of vasodilatory agents from the glial cells onto blood vessels.

As Ramon y Cajal®' pointed out over a century ago, glial cells
are ideally suited to regulate blood flow. Blood vessels are almost
completely enveloped by the endfeet of glial cells.>*> Thus, glial
cells, more than neurons, are well situated to communicate
directly with vessels. In the retina, blood vessels are surrounded
by the endfeet of both astrocytes, which lie near the vitreal
surface of the retina, and Miiller cells, which are the principal glial
cells of the retina and extend from the vitreal surface to the
photoreceptors.?"3

When neurons in the retina are activated by photic stimulation,
intracellular Ca® " increases are observed in glial cells (Figure 3).>*
The Ca® " increases occur in Miiller cells but not in astrocytes. This
is not surprising as Miller cells directly contact neuronal synapses
in the plexiform layers of the retina and thus will be stimulated by
the release of transmitters from neurons.>* Astrocytes, in contrast,
are restricted to the vitreal surface of the retina and are far from
neurotransmitter release sites. Light-evoked Ca®" increases in

A

Figure 3.

Cytoplasmic ca’t
retlna (A) Calcium increases in elght Mdiller cells. The frequency of
Ca’™ transients in |nd|V|duaI ceIIs increases during flicker stimula-

increases in Muller glial cells of the rat

tion. (B) Mean Miiller cell Ca®" increase to flicker stimulation. The
time course of the flicker stimulus is shown at the bottom in A and B,
with the dashed lines indicating zero intensity. From Newman.>*
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Miller cells are mediated by the release of ATP from neurons and
the activation of glial purinergic receptors.>* The Ca®>" increases
are blocked by purinergic antagonists but not by glutamatergic,
GABAergic, or cholinergic antagonists. Light-evoked glial Ca®™
increases are also blocked by tetrodotoxin,>* indicating that ATP
release from ganglion cells and amacrine cells, the only retinal
neurons which generate tetrodotoxin-sensitive action potentials,
stimulate the Miiller cells. Antidromic activation of ganglion cells
also evokes Ca® " increases in Miiller cells, supporting the role of
these neurons in the generation of glial Ca>" increases.>*

Calcium increases in glial cells result in the release of vasoactive
agents that dilate retinal arterioles. When retinal glial cells are
directly stimulated by photolysis of caged Ca>™ or caged inositol
1,4,5 trisphosphate, resulting in increased glial Ca>™, neighboring
arterioles dilate (Figure 4).>> Signaling from glial cells to blood
vessels is direct and does not involve neurons, as glial-evoked
vasodilation is not reduced when transmitter release from neurons
is blocked with tetanus toxin.>® Glial-evoked vasodilation is
mediated by the production of PGE, and EETs. When the
synthetic enzymes for these two arachidonic acid metabolites
are inhibited, glial-evoked vasodilation is reduced by 88%.>>>°

Calcium increases in glial cells can also result in the production
of the vasoconstrictor 20-hydroxyeicosatetraenoic acid (20-
HETE).>®> Under physiologic conditions, production of 20-HETE is
outweighed by the production of the vasodilators PGE, and EETs,
and vasodilation results. However, as will be discussed below,
under non-physiologic conditions, including hyperoxia and high
NO levels, the vasodilatory mechanisms are suppressed, and
20-HETE-mediated vasoconstriction is observed.

The glial cell-mediated feedforward mechanism of neurovas-
cular coupling, summarized in Figure 5, contributes significantly to
functional hyperemia in the retina. When signaling from neurons
to glial cells is interrupted by the purinergic antagonist suramin,
light-evoked vasodilation is nearly abolished.® Suramin acts by
preventing glial Ca®>" increases rather than by interfering with
neuronal activity or intrinsic vascular responsiveness. Suramin
neither reduces light-evoked neuronal activity nor does it block
glial-evoked vasodilation when glial cells are stimulated by
photolysis of caged compounds.>

The role of prostaglandins in mediating neurovascular coupling is
supported by additional observations. PGE, dilates retinal arterioles
in the ex vivo whole-mount retina,>®> and PGE, dilates arterioles
in vivo when injected near retinal vessels>’ Also, intravenous
administration of the cyclooxygenase inhibitor indomethacin to
block prostaglandin synthesis reduces arteriole diameter and blood
flow in humans®® and constricts arterioles in the miniature pig.> It
should be noted, however, that ibuprofen, another cyclooxygenase
inhibitor, fails to reduce retinal blood flow in the pig.°

5

Potassium-Mediated Neurovascular Coupling

Neurovascular coupling in the retina may also be mediated by the
release of K™ onto blood vessels. When extracellular K™
concentration ([K"1,) is raised from a resting level of 3-5 mmol/L
up to 10-15mmol/L, blood vessels dilate. Potassium-induced
vasodilation is mediated by an increase in the conductance of
inwardly rectifying K* channels on vascular smooth muscle
cells®®? and by activation of the Na "-K™ ATPase on the smooth
muscle cells,%*®* both of which result in hyperpolarization and
relaxation of the muscle cells. However, larger K™ increases, above
~ 15 mmol/L, depolarize vascular smooth muscle cells, resulting in
vasoconstriction.

Depolarizing neurons in the retina release K into the
extracellular space. In vivo, photic stimulation produces increases
in [K"], at the surface of the optic nerve head that are well
correlated with changes in blood flow. [K*], and flow vary
similarly as the luminance and flicker frequency of the stimulus is
changed.”” In both mammalian®® and amphibian®®®’ retinas,

© 2013 ISCBFM
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Figure 4. Calcium increases in glial cells evokes arteriole dilation in the rat retina. (A—C) Fluorescence images showing Ca®" in glial cells.
Photolysis of caged-Ca® ™ within a glial cell (yellow dot in panel A) evokes an increase in glial Ca>* that propagates through several glial cells
adjacent to the blood vessels. (D-F) Infrared differential interference contrast images showing a higher magnification view of the small
arteriole indicated by the yellow box in panel A. Each frame was acquired 0.5 s after the corresponding image above. Glial stimulation evokes

arteriole dilation. Yellow arrowheads indicate luminal diameter of vessel. (G) Time course of the glial Ca®

Metea and Newman.*”

[K*1, increases are the largest in the plexiform layers (increases of
<1 mmol/L are observed), where K™ is released from presynaptic
and postsynaptic neuronal elements. This K* diffuses to blood
vessels on the retinal surface where it may dilate vessels.

A number of years ago, it was proposed that neurovascular
coupling is mediated by a feedforward glial cell K™ siphoning
mechanism.®® According to this model,?® the diffusion of K+ from
neurons to blood vessels is enhanced by a K™ current flow
through Miller cells. The [K™], increase due to neuronal activity
generates an influx of K™ into Miiller cells and results in Mdiller cell
depolarization. Depolarization, in turn, induces a K* efflux from
cell endfeet, which have a very high density of K™ channels.”%”
Because Miiller cell endfeet terminate on blood vessels, the K™
efflux occurs directly onto the vessels. Computer simulations of
K* dynamics®® demonstrate that glial K™ siphoning results in a
K™ increase at the vessel that is larger and more rapid than would
occur solely by KT diffusion through extracellular space.
Potassium siphoned onto blood vessels could mediate
neurovascular coupling.

More recently, the glial K* siphoning hypothesis of neur-
ovascular coupling was tested in the retina.”? The results do not

© 2013 ISCBFM
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support the K* siphoning hypothesis. Glial cells were depolarized
by current injection through patch pipettes. This depolarization
should evoke K* efflux from the cell endfeet and result in
vasodilation. Although vessels dilated in response to bath-applied
increases in [K*],, current injection did not induce vasodilation. In
a second test of the K* siphoning hypothesis, light-evoked
vasodilation was assessed in mice where Kir4.1 K™ channels were
genetically knocked out. Kir4.1 is the principal K™ channel in
retinal glial cells,® and K™ siphoning fluxes should be nearly
abolished in Kir4.1 knockout animals. However, light-evoked
vasodilation was as large in the knockout animals as in wild-
type controls. The experiments demonstrate that glial cell K*
siphoning does not contribute significantly to neurovascular
coupling in the retina.

Although neurovascular coupling in the retina is not mediated by
K™ siphoning, it could be mediated by a different K™ mechanism.
Retinal Miiller cells express BK Ca® " -activated K™ channels as well
as Kir channels.”* When neuronal activity evokes Ca® " increases in
Miiller cells, BK K* channels will open®' BK channels are also
modulated by arachidonic acid metabolites, and Ca® " -dependent
increases in EETs will open the channels.”>”® BK channel opening

Journal of Cerebral Blood Flow & Metabolism (2013), 1685 - 1695
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Figure 5. Summary of the arachidonic acid metabolite-mediated

neurovascular coupling mechanism. ATP released from active
neurons stimulates P2Y receptors on glial cells, resulting in the
production of inositol 1,4,5 trisphosphate (IP3) and the release of
Ca’?* from internal stores. Glial Ca>" activates phospholipase A,
(PLA;) resulting in the production of arachidonic acid (AA) from
membrane phospholipids (MPL). Increased AA levels lead to the
production of its metabolites, including the vasodilators epoxyei-
cosatrienoic acids (EETs) and prostaglandin E, (PGE,;) and the
vasoconstrictor 20-hydroxyeicosatetraenoic acid (20-HETE). Under
physiologic conditions, the vasodilators have a stronger influence
on vessels than the vasoconstrictor, leading to vessel dilation and
increased blood flow. Drawing by Anusha Mishra, unpublished.

will result in an efflux of K* from glial cell endfeet onto blood
vessels, which could lead to vessel dilation. This K * -glial BK channel
hypothesis of neurovascular coupling has received support in
experiments in the cortex,®’ but the hypothesis has not been tested
in the retina.

Nitric Oxide-Mediated Neurovascular Coupling

Nitric oxide is a potent vasodilator and is believed to have an
important role in mediating neurovascular coupling in the
cerebellum.”” Activity-dependent Ca® "increases within neurons
activate neuronal nitric oxide synthase (NOS), leading to the
production of NO. The membrane-permeant NO can then diffuse
to blood vessels, where it opens K™ channels and relaxes vascular
smooth muscle cells,”® leading to vasodilation and increased
blood flow.

In the retina, NO levels have been measured in vivo with NO-
sensitive microelectrodes positioned in the vitreous humor.
A flickering light produces an increase in NO at the retinal
surface’® and at the optic nerve head,** suggesting that it could
mediate neurovascular coupling. In both humans®® and cats,®
systemic administration of non-selective NOS inhibitors reduces
flicker-evoked increases in blood flow, consistent with a neuro-
vascular coupling mechanism mediated by NO.

These results would appear to support NO as an important
mediator of neurovascular coupling in the retina. However,
additional studies indicate that the effects of NO are more
complicated. In the ex vivo rat retina, non-selective inhibition of
NOS results in an increase, not a decrease, in flicker-evoked
vasodilation.>® As will be discussed below, the principal effect of
NO in the retina may be as a modulator of neurovascular coupling,
not as a mediator. A similar conclusion has been reached in the
brain. Reduction of NOS activity in the cerebral cortex by topical
administration of a neuronal NOS inhibitor results in a reduction in
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the functional hyperemia response.®° However, the response is
restored when NO levels are raised by addition of an NO donor.
Also, functional hyperemia in the cortex is not diminished when
neuronal NOS activity is reduced by genetic manipulation.®’ These
results demonstrate that in the cerebral cortex NO modulates
neurovascular coupling and must be present for functional
hyperemia to occur. However, NO does not mediate the
response. NO may have a similar modulatory role in the retina.

Lactate-Mediated Neurovascular Coupling

Lactate is a vasodilator that is a product of anaerobic glycolysis and
is released by both glial cells and neurons. Lactate production
increases substantially in the rabbit retina in response to flickering
light3%% In the miniature pig, intravitreal injection of lactate near
the retinal surface evokes arteriole dilation.>® This effect is not due
to acidification, as lactate injection at a neutral pH produces the
same effect. A similar response is seen in isolated, pressurized
retinal arterioles of the pig, which dilate in response to lactate.®* In
humans, increased serum levels of lactate, produced either by
exercise or by intravenous injection, reduces flicker-evoked arteriole
dilation.® This suggests that lactate contributes to neurovascular
coupling, although the interpretation is complicated by the fact
that lactate could have systemic effects and was administered on
the luminal rather than on the abluminal side of blood vessels.
Together these experiments demonstrate that lactate could
contribute to neurovascular coupling as a metabolic negative-
feedback mediator. However, definitive evidence for its role as a
mediator of neurovascular coupling is lacking.

Adenosine-Mediated Neurovascular Coupling

Adenosine is another vasodilatory metabolic byproduct released
by neurons and glial cells that could mediate functional hypere-
mia in the retina. Intravitreal but not intravenous administration of
adenosine in the rabbit produces vasodilation and increased basal
blood flow.®> Adenosine also relaxes cultured pericytes isolated
from the bovine retina.?® In the cat, intravenous administration of
adenosine increases baseline blood flow and enhances flicker-
induced increases in blood flow.>* This would argue against
adenosine being a mediator of neurovascular coupling, as raising
baseline levels of adenosine would be expected to decrease an
adenosine-mediated vasodilation during flicker stimulation.

Summary of Neurovascular Coupling Mechanisms

As reviewed above, many vasoactive agents that are produced
during photic stimulation dilate retinal arterioles and could mediate
neurovascular coupling. It is likely that several of these agents act in
concert to produce functional hyperemia in the retina. A similar
phenomenon is seen in the brain, where a number of neurovascular
coupling mechanisms are believed to operate concurrently to
produce functional hyperemia.*> However, recent studies suggest
that one particular neurovascular coupling mechanism, the
feedforward mechanism where glial cells release vasodilatory
PGE, and EETs, is a principal and perhaps dominant mechanism
mediating functional hyperemia in the retina. Determining the
relative importance of this and other neurovascular coupling
mechanisms awaits further experimentation.

MODULATION OF FUNCTIONAL HYPEREMIA IN THE RETINA
Oxygen Modulation of Neurovascular Coupling

Oxygen as well as CO, is a well-known modulator of blood flow. In
humans,2”%8 monkeys,®® and miniature pigs,?* hyperoxia constricts
retinal arterioles and venules and reduces retinal blood flow.
Similarly, hypoxia dilates arterioles and venules and increases
blood flow in the retina.

© 2013 ISCBFM
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Figure 6. Oxygen depresses flicker-induced vasodilation in the

ex vivo whole-mount retina but not in vivo. (A) Under normoxic
conditions, when the ex vivo rat retina is superfused with saline
equilibrated with air, flicker stimulation dilates arterioles. (B) When
exposed to 100% O,, vasodilations are depressed, unmasking a
flicker-induced vasoconstriction. (C) Summary of results in the
ex vivo preparation. In 21% O,, flicker-induced vasodilations (gray
bars) and much larger than vasoconstrictions (black bars). In 100%
0O,, vasodilations are depressed and vasoconstrictions enhanced.
*P<0.005. (D, E) In the in vivo preparation, hyperoxia, induced by
breathing 100% O,, does not depress flicker-induced arteriole
dilation (D) nor increase blood velocity (E). From Mishra et al.>®

In addition to modifying basal blood flow, oxygen modulates
neurovascular coupling in the retina. In the ex vivo whole-mount
preparation of the rat retina, raising O, reduces flicker-induced
vasodilation.>® Under normoxic conditions (superfusate bubbled
with air), a flickering stimulus evokes a large (30%) vasodilation,
which is sometimes followed by a small (7%) vasoconstriction
(Figures 6A and 6C). When O, is raised to 100%, vasodilations
are reduced to 8% whereas vasoconstrictions increase to 17%
(Figures 6B and 6C). Pharmacological inhibition of the synthetic
enzymes of arachidonic acid metabolites demonstrates that
O, acts by blocking PGE,-mediated but not EETs-mediated
dilation of blood vessels.

A similar O, inhibition of PGE, signaling is seen in hippocampal
slices. Under normoxic conditions, vasodilation evoked by neuronal
activity is mediated by PGE, release from astrocytes®® Under
hyperoxic conditions, O, inhibits PGE, signaling by increasing
the uptake of PGE, into cells via the prostaglandin transporter,
which exchanges PGE, for lactate. When pO, is raised, glycolytic
production of lactate is reduced, lowering extracellular lactate

levels. This enhances PGE, transport into cells, lowering
extracellular PGE, levels and thus reducing PGE,-induced
vasodilation.

Although O, modulates neurovascular coupling in ex vivo
preparations of the retina as well as the brain, it does not
modulate functional hyperemia in the retina in vivo. Flicker-
evoked dilation of rat retinal arterioles and increases in blood
velocity are not reduced when the O, level of inspired air is
increased to 100%>° (Figures 6D and 6E). A similar insensitivity to
hyperoxia is seen in the cerebral cortex in vivo, where hyperbaric
hyperoxygenation has no effect on functional hyperemia.*® These
seemingly conflicting results arise due to the different pO, levels
reached in hyperoxic ex vivo and in vivo preparations. When the
ex vivo whole-mount retina is exposed to 100% O,, pO, within the
retina reaches 548 mm Hg.>® In contrast, when an animal breathes
100% O,, pO, within the retina only increases to 53 mm Hg.”' This

© 2013 ISCBFM

Neurovascular coupling in the retinal vasculature

EA Newman
1691
A SNAP
7.0 - : ‘
. 651 light stimulation
E 6.0
g 551
g€ 50]
s
T 4.5
E 4.0 | light stimulation
§ .
351 20s
3.0 ] I
B 1001 amm
c -m
g’ é 80 - L LY 1]
E ‘J‘\ L]
->C_< S 60 [ ]
e~ -
o L 40 - =
a9 -
g $ L]
8 £ 20 .
g -
O4{m = mm ; . .
0.1 1 10
NO concentration (1M)
Figure 7. Nitric oxide (NO) depresses light-induced vasodilation and

unmasks vasoconstriction in the retina. (A) Flicker stimulation
evokes arteriole dilation in the ex vivo whole-mount rat retina.
When NO levels are raised by the addition of an NO donor
(S-nitroso-N-acetylpenicillamine (SNAP)), the vasodilation is depressed,
revealing a flicker-induced vasoconstriction. (B) When NO concen-
tration is low, flicker evokes vasodilations but not vasoconstrictions.
As NO levels are raised by an NO donor, the fraction of vessels
displaying vasoconstrictions increases. From Metea and Newman.>

level of pO, is not sufficient to block flicker-evoked vasodilation in
the ex vivo retina.®® Thus, although high O, does modulate
neurovascular coupling and block glial-evoked vasodilation, pO,
levels in the hyperoxic retina in vivo do not rise high enough for
this effect to occur.

Nitric Oxide Modulation of Neurovascular Coupling

NO, in addition to being a potent vasodilator, also exerts a strong
effect on blood flow by modulating neurovascular coupling in the
retina. The modulatory effects of NO have been characterized in
the whole-mount rat retina.>®> When NO levels are <100 nmol/L,
flicker-evoked vasodilations, but not vasoconstrictions, are obse-
rved. As NO levels are raised, however, vasodilations become
smaller and vasoconstrictions more common (Figure 7). At
10 umol/L NO, large flicker-evoked vasoconstrictions, mediated
by 20-HETE, occur. The mechanism by which NO suppresses
flicker-evoked vasodilation is not known. The modulatory effect of
NO could be due, however, to its inhibition of P450 epoxygenase,
which synthesizes the vasodilator EETs. With less EETs being
made, vasodilations will be smaller and vasoconstrictions will be
unmasked.

As discussed in the following section, NO modulation of
neurovascular coupling also occurs in vivo. In diabetic retinopathy,
increased levels of NO are responsible for suppressing flicker-
evoked vasodilation.”

FUNCTIONAL HYPEREMIA IN THE PATHOLOGIC RETINA

Aging

Systematic changes in blood flow are observed as the retina
ages. In humans, basal blood volume, velocity, and blood flow all
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decrease as subjects age.”>** A reduction in flicker-evoked arteriole
dilation is also observed in older subjects, although the effect was
not significant.>> Multiple factors could account for reductions in
basal blood flow and light-evoked increases in blood flow in the
aging retina. Age-dependent changes in the responsiveness of
vascular smooth muscle cells could have a principal role in the
reduction of basal and flicker-evoked blood flow.

Another possible mechanism may involve changes in Ca*™
signaling in retinal glial cells, which, as discussed above, mediate
the release of vasodilators and vasoconstrictors onto blood
vessels. Glial cells in the retina®®®” as well as the brain®
generate spontaneous intercellular Ca>" waves that propagate
through networks of glial cells. These glial Ca®>* waves can dilate
or constrict retinal arterioles as they propagate past vessels.>>*° In
the rat, the frequency at which these glial Ca®" waves are
generated increases substantially with age.”® This increase in glial
Ca®" signaling may influence retinal blood flow and contribute to
the changes in basal and light-evoked blood flow that are
observed as the retina ages.

Diabetic Retinopathy

Changes in both basal blood flow and flicker-evoked increases in
blood flow occur during the course of diabetic retinopathy. Both
increases and decreases in basal blood flow have been reported
(reviewed in Pemp and Schmetterer®). An increase in arteriole
cross-sectional area and a decrease in blood velocity, leading to a
net reduction in blood flow, are seen in patients in early stages of
diabetic retinopathy.'® However, another study showed
increased blood flow in the earliest stages of the disease.'’
A trend towards increased blood flow is observed with longer
duration of diabetes.'® A decrease in basal blood flow is observed
in the rat streptozotocin model of diabetic retinopathy just 2
weeks after induction of diabetes'® while a decrease in both
retinal and choroidal blood flow is seen in the Ins2*¥® mouse
model of diabetes at 7 months.'® These inconsistencies in retinal
blood flow changes could be due to several factors, including the
stage of diabetic retinopathy at which the observations are made,
glycemic control, the techniques used to monitor blood flow, and
demographic parameters.

Changes in the functional hyperemia response in diabetic
patients are less ambiguous. There is a pronounced decrease in
flicker-evoked vasodilation in patients in the early stages of
diabetic retinopathy'®~'% (Figure 8A). The loss of vasodilation
occurs before overt signs of clinical retinopathy are observed.
A similar reduction in flicker-evoked vasodilation is seen in a rat
model of type 1 diabetes,’® where light-evoked vasodilations are
reduced from 11% to 4%2° (Figures 8B and 8C). As in patients, this
decrease in functional hyperemia in the rat occurs in the early
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stages of retinopathy, before morphologic changes in the
vasculature are seen. The loss of the functional hyperemia
response observed in both diabetic patients and in an animal
model of diabetes could result in retinal hypoxia and may
contribute to the development of retinopathy.?’

Another change that occurs in the early stages of diabetic
retinopathy in animal models of diabetes is an upregulation of
inducible NOS (iNOS). iNOS increases are seen in both glial cells
and neurons in the retina®*'°® and result in increased NO
levels.'®®'%° As described above, NO, in addition to acting on
vessels to induce vasodilation, is a modulator of neurovascular
coupling that suppresses flicker-evoked vasodilation.>® The
upregulation of iNOS and the resulting increase in NO could be
responsible for the decrease in flicker-evoked vasodilation
observed in diabetic retinopathy. If this is the case, then
inhibition of iNOS should result in the restoration of the
functional hyperemia response in the diabetic retina.

The effect of inhibiting iINOS has been tested in an animal
model of type 1 diabetes. In the rat ex vivo whole-mount
preparation, administration of aminoguanidine or 1400 W, which
are both blockers of iNOS, results in the recovery of flicker-evoked
vasodilation in diabetic retinas.”> Aminoguanidine, administered
acutely by intravenous injection or chronically in the drinking
water, restores the functional hyperemia response in vivo as well
(Figures 8B and 80).%°

Aminoguanidine, by reversing the loss of functional hyperemia,
could be a useful therapeutic tool for treating diabetic retinopathy.
Indeed, aminoguanidine has been shown to dramatically slow the
progression of diabetic retinopathy in animal models of dia-
betes.® "2 A human trial of aminoguanidine also demonstrates a
slowing of diabetic retinopathy progression, although the trial was
terminated early due to side effects of aminoguanidine when
administered at high doses.'’® In addition to inhibiting iNOS,
aminoguanidine also blocks formation of advanced glycation
endproducts and its beneficial effect on diabetic retinopathy could
be due to this effect on advanced glycation endproducts. However,
aminoguanidine slows the progression of diabetic retinopathy
without affecting advanced glycation endproduct levels,''"'?
suggesting that it acts by inhibiting iNOS. It remains to be
determined whether the beneficial effect of iINOS inhibitors in
slowing the progression of diabetic retinopathy is due to the
restoration of the functional hyperemia response.

Other Pathologies

Changes in retinal blood flow have been observed in a number of
other pathologies, although relatively little research has been
done in this area. In patients with open-angle glaucoma, a
reduction in basal blood flow in the optic nerve head and retina is
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observed.""* "¢ Similarly, both retinal and choroidal blood flow is
reduced in the DBA/2J mouse model of glaucoma.'"” Also, in the
early stages of the disease, a reduction in flicker-evoked dilation of
retinal venules but not arterioles is observed in patients.'’® These
observations support the hypothesis that the pathologic changes
associated with glaucoma may be due, at least in some instances,
to retinal ischemia caused by the increase in intraocular pressure
and the resulting decrease in perfusion pressure, leading to a
decrease in retinal blood flow."*? It should be noted, however, that
glaucoma can develop in patients with normal intraocular
pressure.''%120

In patients with age-related macular degeneration, reductions
in choroidal blood flow, but not retinal flow, have been
observed.””'"** These reports support the hypothesis that a
primary cause of age-related macular degeneration may be a
diminished supply of oxygen and nutrients and a decrease in the
clearance of waste products from the pigment epithelium and the
outer retina caused by reduced choroidal blood flow, possibly
arising from stiffening of the sclera and Bruch’s membrane due to
lipid deposition.'®

Changes in functional hyperemia occur in hypertensive
patients,'*® where a reduction in flicker-evoked arteriole dilation
is seen. In Alzheimer’s patients, a narrowing of retinal venules and
a reduction in blood flow occurs.””” A more detailed
characterization of blood flow changes in retinal diseases awaits
additional research.

FUTURE DIRECTIONS

Although much is known about blood flow and functional
hyperemia in the retinal vasculature, many questions remain to
be addressed.

Research during the past decades has implicated many
different mechanisms that may mediate neurovascular coupling
in the retina. These mechanisms include production of arachidonic
acid metabolites by glial cells, release of K™ from glial cells
and neurons, release of NO, and production of neuronal
and glial metabolites, including lactate and adenosine. The
relative importance of each of these signaling mechanisms in
generating the functional hyperemia response remains to be
determined.

Photic stimulation of the retina results in large, rapid dilations of
retinal arterioles. These dilations are presumably responsible for
generating the increases in blood flow that occur in response to
flickering light. However, pericytes, which are intrinsically con-
tractile and surround capillaries, could contribute to generating
the functional hyperemia response in the microvasculature. Future
research will determine whether capillaries and their associated
pericytes actively contribute to generating functional hyperemia.

Reductions in basal blood flow and in flicker-evoked increases
in blood flow are observed in aging and in many retinal
pathologies. These reductions could result in retinal hypoxia and
possibly contribute to the development of retinal pathology. The
retina is particularly susceptible to hypoxia caused by compro-
mised blood flow, as it has an extremely high metabolism and O,
consumption. Arden'?®'® has proposed that compro-
mised retinal blood flow coupled with the increase in O,
consumption of photoreceptors in the dark may be a primary
cause of diabetic retinopathy. Similarly, the decrease in basal
blood flow observed in glaucoma and the resulting hypoxia has
been suggested to be a primary cause of retinal damage
seen in the disease.'’® It remains to be determined whether
these changes in retinal blood flow are responsible for
the development of diabetes, glaucoma, and other retinal
pathologies. An additional challenge will be to determine
whether therapies based on reversing reductions in basal blood
flow and functional hyperemia are successful in treating these
retinal diseases.
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