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1 | INTRODUCTION

Diabetic retinopathy remains one of the most feared com-
plications for those with diabetes. It develops in ~22% of
those with type I and II diabetes, or an estimated 103 mil-
lion people world-wide.! Vision-threatening forms of

Michael A. Dixon PhD' | Samuel A. Mills PhD? |

Abstract

Diabetic retinopathy is the most feared complication for those with diabetes.
Although visible vascular pathology traditionally defines the management of this
condition, it is now recognised that a range of cellular changes occur in the retina
from an early stage of diabetes. One of the most significant functional changes
that occurs in those with diabetes is a loss of vasoregulation in response to
changes in neural activity. There are several retinal cell types that are critical for
mediating so-called neurovascular coupling, including Miiller cells, microglia and
pericytes. Although there is a great deal of evidence that suggests that Miiller cells
are integral to regulating the vasculature, they only modulate part of the vascular
tree, highlighting the complexity of vasoregulation within the retina. Recent stud-
ies suggest that retinal immune cells, microglia, play an important role in mediat-
ing vasoconstriction. Importantly, retinal microglia contact both the vasculature
and neural synapses and induce vasoconstriction in response to neurally
expressed chemokines such as fractalkine. This microglial-dependent regulation
occurs via the vasomediator angiotensinogen. Diabetes alters the way microglia
regulate the retinal vasculature, by increasing angiotensinogen expression, causing
capillary vasoconstriction and contributing to a loss of vascular reactivity to physi-
ological signals. This article summarises recent studies showing changes in vascu-
lar regulation during diabetes, the potential mechanisms by which this occurs and
the significance of these early changes to the progression of diabetic retinopathy.
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diabetic retinopathy, including diabetic macular oedema
or proliferative diabetic retinopathy develop in ~10% of
those with diabetes. Although there have been tremen-
dous efforts to improve clinical care and treatment of
those with diabetic retinopathy, over the last 30 years the
burden of diabetic retinopathy has continued to increase,
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particularly in developing nations.” Reflecting this, an
increase in prevalence of diabetic retinopathy of 14.9%
was identified in southeast Asia, and sub-Saharan Africa,
whereas over the same period of time and in the same
countries there was an overall decrease in prevalence of
vision impairment due to glaucoma or age-related macu-
lar degeneration.” Understanding the underlying mecha-
nisms that lead to the development and/or progression of
this disease is important for developing novel therapies to
improve clinical management.

The visible vascular pathology that develops during dia-
betic retinopathy is well described and central to diabetic
retinopathy management.®* Formation of new blood ves-
sels via angiogenesis, and/or vascular leakage leading to
macular oedema are well described causes of irreversible
vision loss in those with diabetic retinopathy.* However,
there are also a range of other more subtle changes in vas-
cular and neural function that occur from a very early stage
of diabetes.>® Retinal function, as measured by multifocal
electroretinography, is known to be reduced in areas that
later develop visible vascular pathology, suggesting that
neural dysfunction precedes the development of visible vas-
cular pathology.®’” In addition to multifocal electroretino-
gram alterations, other studies have also reported early
deficits in contrast sensitivity and dark adaptation.>® More
recently, a meta-analysis of 36 studies examining the thick-
ness of retinal layers with optical coherence tomography
showed significant thinning of the macula ganglion cell
layer and nerve fibre layer in those with diabetes who were
yet to exhibit clinical signs of retinopathy.’ Moreover, grad-
ual loss of the inner retina (ganglion cell layer-inner plexi-
form layer) has been shown to independently predict long-
term progression of diabetic retinopathy in those with type
II diabetes.!® In addition to inner retinal change, a recent
study showed patients with no signs of diabetic retinopathy
exhibited photoreceptor change as measured by optical
coherence tomography.'' These human studies have gener-
ally been recapitulated in animal models of diabetes with
both inner and outer retinal neuronal change reported.
While these studies highlight the myriad of early changes
that occur in the diabetic retina, the aetiology of these alter-
ations remains to be determined.

The metabolic needs of neurons in the retina and brain
are precisely met by functional changes in the vasculature to
maintain normal neural function. This localised control is
referred to as neurovascular coupling — a process whereby
blood flow is altered in direct response to neural activity.
Approximately 20% of total body energy consumption is
attributed to neural activity, and synaptic activity, in particu-
lar, is highly energy demanding. Thus, when even slight
changes to the supply of energy metabolites to neurons
occurs, dysfunction and loss of neurons can be a conse-
quence. In the brain, aberrant neurovascular coupling and
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reduced cerebral blood flow have been implicated in Alzhei-
mer's disease, multiple sclerosis, traumatic brain injury, spinal
cord injury and stroke.'>"* In the retina, disruption of neuro-
vascular coupling has been implicated as a possible contribut-
ing factor to the development of diabetic retinopathy.

Unlike other parts of the body, where vascular supply
is regulated by the autonomic nervous system, in the
Central Nervous System and retina, blood flow is pre-
cisely regulated by non-neural means. In particular, neu-
rovascular coupling is mediated via the neurovascular
unit, a community of diverse cells types including neu-
rons, glia, microglia and endothelial cells. While the con-
tribution of glia in modulating vascular calibre has been
demonstrated in both the brain and retina, these cells
only regulate parts of the retinal vascular tree. Indeed,
there are likely to be multiple cellular mechanisms that
regulate blood flow in response to neural needs.

The aim of this review is to provide a detailed overview
of the cellular mechanisms important for regulation of ret-
inal vascular function, and in particular, to highlight the
contribution that microglia have maintaining proper reti-
nal blood flow in both health and diabetic retinopathy.

2 | RETINAL VASCULAR
CHANGES THAT DEVELOP FROM
AN EARLY STAGE OF DIABETES

The metabolic needs of the neurons of the retina are met
by the actions of a dual vascular supply, including vessels
located within the choroid (choroidal vasculature) and the
inner retinal vasculature derived from the central retinal
artery. The choriocapillaris provides the majority of nutri-
ent support for photoreceptors and does not autoregulate,
suggesting that regardless of retinal activity, nutrient flow
to photoreceptors remains fixed. In contrast, inner retinal
neurons (proximal from the outer plexiform layer) are sup-
plied by the arterioles and capillaries that arise from the
central retinal artery and fan out to form three parallel
plexuses within the ganglion cell layer (called the superfi-
cial vascular plexus), the border of the inner nuclear and
inner plexiform layers (called the intermediate vascular
plexus) and the border of the inner nuclear and outer plex-
iform layers (called the deep vascular plexus).* As this
vascular supply is critical to homeostatic retinal function
and diabetes is often described as a vascular disease, it is
not surprising that there is considerable functional and
structural evidence that retinal vasculature is altered from
a very early stage of diabetes.

One of the earliest changes in vascular function that
occurs in those with diabetes is reduced blood flow,
which is reported within 5-10 years following the onset
of diabetes.”>'® Reductions in blood flow have been
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reported prior to the development of any other signs of
disease in both humans and also rodent models of diabe-
tes, implying that it may be a potential driver of subse-
quent retinal pathology.'”'® In agreement with the
observations that blood flow is altered in diabetes, vascu-
lar calibre has also been shown to be altered in those
with diabetes.'® These measures have focused on changes
in the largest arterioles and venules within one disc
diameter of the optic nerve head, quantified using com-
puterised analysis of fundus images. Notably, evaluation
of subjects in the Wisconsin Epidemiology Study of Dia-
betic Retinopathy revealed that larger diameter veins
were associated with increased risk of progression of dia-
betic retinopathy.’®*' In contrast, a study of Australian
children with type I diabetes showed that larger arteriolar
diameters were associated with increased risk of diabetic
retinopathy over a 2.5 year follow up period.”* More
recently, optical coherence tomography angiography
(OCTA) has been utilised to evaluate not just the largest
blood vessels near the optic nerve head, but also capil-
laries in the deeper layers of the retina. These studies
show that there is a reduced density of capillaries within
the superficial and deep plexuses in those with prolifera-
tive diabetic retinopathy compared with no retinopa-
thy*>** and in one study of 34 subjects with type I
diabetes, density loss of capillaries preceded loss of neu-
ronal layers, suggesting that vascular compromise could
be one of the earliest identifiable changes in the retina of
those with diabetes.*®

In the early pre-clinical stage of diabetic retinopathy,
the coincident reduction of retinal blood flow, neuronal
dysfunction in the inner retina, and glial/microglial cell
reactivity suggests a breakdown in the neurovascular unit
early in diabetes,'®*® Several studies in humans and ani-
mals have demonstrated a diminished or absent light
flicker response in blood vessels, beginning before the
appearance of any signs of retinopathy, and increasing
with DR severity.'®***” The neuronal effects induced by
the flicker light response can also be detected using the
ERG. One study by Lasta et al. (2013) used the dual
response of neuronal and vascular response to flickering
light to test the neurovascular response in blood vessels
in conjunction with neuronal ERG responses in type
1 diabetes patients without diabetic retinopathy.?® Lasta
et al. found that the blood vessel response to flicker stim-
ulus was reduced early in patients, however, this was
seen independently of any ERG deficits,”® indicating that
abnormal neurovascular coupling presents prior to neu-
ronal functional decline.

Our recent data of vascular regulation in a rodent
model of type I diabetes showed that retinal blood flow
was reduced from 4 weeks following the onset of diabe-
tes.” Figure 1 shows blood flow changes in the rat retina
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as measured by video fluorescein angiography across
arterioles, capillaries and venules. Following 4 weeks of
diabetes (induced with streptozotocin), blood flow is
reduced (or the fill time increased) across all three vessels
types.”” This was demonstrated using two methods to
measure blood flow including video fluorescein angiogra-
phy as well as high-speed imaging to measure movement
of blood cells within large arterioles and venules within
the superficial vascular plexus. Importantly, both
methods showed that blood flow was reduced in both
arterioles and venules independent of a change in the
diameter of these larger vessels. By using optical coher-
ence tomography angiography, we found that at this
early time post diabetes induction there was a significant
reduction in the diameter of the small capillary vessels
within the superficial plexus.”® This was independent of
any loss of capillary density suggesting early loss of capil-
lary vasoregulation via impaired neurovascular coupling
could precede the capillary loss and contribute to the
reduced blood flow found in diabetic retinae. These are
important findings that suggest it is possible to study the
cellular basis for the reduction in retinal blood flow using
animal models and furthermore, such studies may be of
significance for the progression of disease. Moreover, the
techniques described above are similar to those used in
clinical management of patients, suggesting that the
knowledge developed in animal models may directly
inform the assessment of disease progression in a clinical
setting.

3 | THE CONTRIBUTION OF
PERICYTES TO NEUROVASCULAR
COUPLING AND THEIR POTENTIAL
ROLE IN EARLY VASCULAR
DYSFUNCTION DURING DIABETES

Pericytes are contractile cells that lie on the abluminal
side of capillaries and show several different morphologi-
cal subtypes often dependent on where on the capillary
they are found.>**' While the capacity of these cells to
control vessel calibre and blood flow has been controver-
sial, it is now accepted that pericytes can actively con-
strict and dilate capillaries independent of arterioles via a
calcium-dependent process.>* Within the retina, studies
have shown vasoactive factors such as Angiotensin II,
Endothelin and ATP can modulate pericyte mediated ves-
sel diameter,*® with signalling through the prostaglandin
E2 receptor 4 (EP4) important for pericyte mediated vaso-
dilation.** While the contractile machinery responsible
for pericyte mediated capillary regulation is still being
elucidated, recent work has suggested that apart from the
localised capillary response, pericytes also are capable of
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a more coordinated response. Work from Alarcon-
Martinez and colleagues has shown that within the ret-
ina, diversion of blood from one part of the vascular tree
to another involves interpericytes communication via
extremely fine processes called interpericyte tunnelling
nanotubes (IP-TNTs).** Specifically, they show that when
one pericyte contracts, the neighbouring blood vessel
dilates due to communication through IP-TNTs. Impor-
tantly, when IP-TNTs are selectively ablated or affected
by disease (e.g., retinal ischaemia, glaucoma), vascular
regulation is impaired.>**> An example of an IP-TNT is
shown in Figure 2, as a fine structure connecting two
capillaries.

Being involved in capillary regulation and blood ret-
ina barrier maintenance, it is perhaps not surprising that
pericytes are regarded as one of the first vascular cell
types affected by diabetes. Anomalies in pericyte density
and function are known to occur in humans with diabe-
tes and considered an important step in the initiation of
early diabetic retinopathy. Pericyte loss and the appear-
ance of ‘pericyte ghosts’ is considered to be one of the
earliest signs of diabetic retinopathy® with human post-
mortem studies identifying pericyte loss as a significant
predictor of microaneurysms.’” Providing some mecha-
nistic basis for this cellular loss, some patients with dia-
betes develop autoantibodies targeting pericytes. For
example, a recent study identified an increase in pericyte
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FIGURE 1 Retinal blood flow is reduced in
arterioles, capillaries and venules in the retina
during diabetes. Fluorescein angiograms of
control and STZ induced diabetic rats showing
the blood flow in arterioles, (A) capillaries

(C) and venules (E). Rate of flow is indicated by
the colour map to the right. Graphs of the mean
+ SEM fill time in (B) arterioles, (D) capillaries
and (F) venules for control and diabetic rats
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reactive IgGs in 44 individuals with type II diabetes and
diabetic retinopathy. Notably, the pericyte reactive IgGs
activated complement especially C5a in those with dia-
betic retinopathy implicating innate immune mecha-
nisms in the loss of pericytes.*® Apart from cell loss,
studies have also showed altered pericyte function during
diabetes with pericytes obtained from diabetic and ‘nor-
mal’ donor tissue showing a reduced contractile pheno-
type and altered cytoskeletal signalling (F-actin and
smooth muscle actin).** Rodent models of diabetes show
similar pericyte effects with a 70% reduction in pericyte-
endothelial cell connectivity”® and a 15% reduction in
density within 6 months of onset of diabetes.*’ Further-
more, functional deficits in rodent pericytes have been
reported by 8-12 weeks following the onset of diabetes,
with interpericyte communication reduced because of a
loss of gap junctions, especially those expressing Con-
nexin 43.*

In summary, pericytes are known to be critical for
regulating vascular calibre and are a key cell type that
are altered during early stages of diabetes. Obviously, any
loss of pericytes on the retinal capillary network or
altered contractile capacity would impact upon local ves-
sel control. For this reason, the cells and mechanisms
that lead to functional change of pericytes is an impor-
tant consideration for understanding early vascular
changes in diabetes.



FLETCHER Er AL.

FIGURE 2

Microglia are closely associated with retinal vasculature. (A) Whole-mounted retina from the Cx3crl+/GFP mouse retina

imaged at the level of the superficial and intermediate vascular plexuses labelled for blood vessels (IB4, red) and microglia (GFP, green).

Contact between the microglial cell and vasculature is highlighted in white, determined by the apparent co-localisation of fluorescence. An
interpericyte tunnelling nanotube (IP-TNT) can be seen connecting capillaries of the superficial vasculature with microglial contact at the
distal end. (B) A 3D reconstruction of the image in (A). Note this cell has been inverted so that the areas of contract between the microglia

and the blood vessel are apparent.

4 | THE ROLE OF MACROGLIA IN
REGULATING VASCULAR
FUNCTION DURING DIABETES

As mentioned previously, neurovascular coupling and
subsequent vessel regulation involves signalling between
neural synapses and the vasculature via the neurovascu-
lar unit. While pericytes are directly located on the vessel,
proper coordination needs the involvement of support
cells (glia) that span from neuron to vessel. In the brain,
processes of astrocytes are known to contact both blood
vessels, as well as neural synapses. This was recently con-
firmed in vivo, in a study of brain astrocytes in transgenic
mice.”” Using high resolution two-photon imaging
through a cranial window, the vascular contacts astro-
cytes was assessed, revealing virtually all astrocytes have
contact with at least one blood vessel, and a majority con-
tact at least three vessels.*> Moreover, changes in brain
astrocyte function (as detected by changes in intracellular
calcium) are associated with vasodilation or vasoconstric-
tion of neighbouring blood vessels.** The mechanisms by
which neurons signal their metabolic needs to the vascu-
lature is thought to involve neurotransmitter signalling
to glia. Indeed, astrocytes are known to express receptors
for a range of neurotransmitters, including glutamate,
GABA, norepinephrine, acetylcholine, ATP, and endo-
cannabinoids, which can induce a change in intracellular

calcium within astrocytes.*” In response, astrocytes have
the ability to signal directly to vasculature via release of
vasoactive  factors, such as arachidonic acid
(AA) metabolites, prostaglandin (PG) E2 and epoxyeico-
satrienoic acids (EETs), and 20-HETE.*®

Inner retinal vessels, like blood vessels of the brain,
are devoid of input from the autonomic nervous system
and similar to the brain, the retina also contains several
support cells, including astrocytes, Miiller cells and
microglia that form connections with inner retinal blood
vessels. However, unlike the brain, retinal astrocytes do
not have processes that extend into the synaptic regions
of the retina and are therefore unlikely to have a role in
retinal vascular modulation. Rather, in the retina both
Miiller cells and microglia are known to contact both
blood vessels and neural synapses and therefore have a
potential role in regulating vascular function in response
to neural activity.*

Light stimuli are known to induce vasodilation or
vasoconstriction of neighbouring arterioles especially in
the intermediate plexus.*”*® There have been a number
of studies examining whether Miiller cells are capable of
regulating the retinal vasculature in response to neural
function.*®** These studies show that the mediators of
vasoregulatory function in the retina are similar to those
in the brain and involve arachidonic metabolites such as
EETs, and 20-Hydroxy-5, 8, 11, 14-eicosatetraenoic acid
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Schematic of Miiller cell and microglia control of the inner retinal vasculature. A schematic diagram is shown highlighting

the three major plexus of the inner retinal vasculature (deep, intermediate and superficial plexus). Vascular control of the superficial and
intermediate plexus involves at least two mechanisms, shown to the right. First, Muller cells regulate the calibre of the vessels in the
intermediate plexus in response to neural needs via eicosanoids, such as 20-HETE. In contrast, vessels of the superficial plexus have
extensive contact with microglia. They induce vasoconstriction in response to fractalkine-mediated release of Angiotensin II.

(20-HETE).*®* More recently functional connection
between glia and the vasculature has been extended to
that of capillaries. This is important because although
capillary diameter changes tend to be small, capillaries
represent the largest fraction of the total resistance of the
retinal vascular network (capillaries cover ~6% of retina
surface, compared with 2.5% by arterioles), with small
changes in their diameter having proportionally large
effects on blood flow rate. In one estimate from the brain,
a 6% dilation in capillary diameter (~0.32 mm) generates
the majority of the total blood flow increase evoked by
neuronal activity, equating to a 16% increase in overall
flow. In the same estimate arteriole dilations contribute
just 3% to flow change.*> Mechanistically, activation of
calcium transients within Miiller cell endfeet has been
associated with vasodilation of capillaries within the
intermediate plexus, but not those that form the superfi-
cial or deep plexuses.*’ This response was confirmed by
manually inducing Ca*" transients in Miiller glia in the
absence of neuronal activity and also abolished by geneti-
cally ablating of IP3R2 in the presence of light stimulus.*
However, light stimulus still caused vasomotor responses

in the superficial plexus arterioles and capillaries, show-
ing that Miiller cell-dependent calcium signalling only
controls select capillaries within the intermediate vascu-
lar plexus.*® Figure 3 provides a summary of how Muller
cells are thought to regulate the retinal vasculature.
Muller cells receive information about neural activity
because their processes contact all neural synapses. They
also have processes that contact blood vessels in the deep,
intermediate and superficial plexus. Vasoregulation of
the intermediate plexus occurs via mechanisms involving
eicosanoids such as 20-HETE.

It is well known that Miiller cells change from an
early stage of diabetes. They increase expression of the
intermediate filament glial fibrillary acidic protein in
both human and rodent models of diabetes, indicating
that gliosis of these cells occurs from an early stage of
diabetes.”>! In addition, glutamate uptake and turnover
by Miiller cells is abnormal from an early stage of diabe-
tes.”>® There is also functional evidence that potassium
siphoning, a critical osmotic function of Miiller cells, is
abnormal during diabetes. Indeed, Miiller cells isolated
from rat retinae 4-6 months following the onset of
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diabetes showed reduced conductance via inwardly recti-
fying potassium channels (Kir4.1 channels).>* These
functional changes are consistent with changes in expres-
sion and localization of inwardly rectifying potassium
channels, with the spatial localization of Kir4.1 channels
lost during diabetes.>® This predisposes Miiller cells to
swelling, and may contribute to diabetic macula oedema.

In concert with the myriad of changes observed in
Miiller cells during diabetes, changes in how Miiller cells
regulate the vasculature have also been reported.®*
Under normal conditions, a flickering light stimuli or
activation of intracellular calcium can cause either vaso-
dilation or vasoconstriction. However, following
4 months of diabetes, flickering light failed to induce
vasodilation with the same time course and duration.*®>’
Notably, diabetes was associated with more vasoconstric-
tion events than vasodilation, suggesting that neurovas-
cular coupling was abnormal in diabetic retinae. In
addition, calcium waves that propagated across glia
(astrocytes and Miiller cells) failed to induce vasodilation
in diabetic retinae. While not directly attributed to Miiller
cells, given the later work by this group, it seems reason-
able to assume that the failure of calcium dependent vas-
cular change in the diabetic retina was at least in part
due to altered Miiller cells. This change in vasoregula-
tion, may be mediated by nitric oxide (NO), a powerful
regulator of neurovascular coupling.*® Indeed, diabetes
results in increased inducible NO (iNOS) expression, and
treatment that reduces iNOS expression, such as with
aminoguanidine, abrogates the loss of vasodilation.

In summary, like their glia counterparts in the brain,
Miiller cells are important mediators of vasoregulation in
response to neural activity. Diabetes is known to induce a
range of changes in Miiller cells from an early stage of
disease that includes dysfunction of neurovascular cou-
pling. However, it is important to note that regulation of
the vasculature in response to neural needs is highly
complex and Miiller cells have only been associated with
regulating the intermediate plexus. The regulation of the
vasculature in other plexuses remains poorly understood.

5 | NOVEL INSIGHTS INTO THE
ROLE MICROGLIA IN REGULATING
VASCULAR FUNCTION

The complexity of regulation of the retinal vasculature is
highlighted by the observations that Miiller cell processes
only regulate the vessels of the intermediate plexus. The
cellular contributions to regulation of the superficial and
deep plexus remain poorly understood. Our recent work
suggest that microglia may also regulate the retinal cali-
bre of the retinal vasculature.”® Microglia are resident
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immune cells of the retina and central nervous system.
While microglia were once thought to be largely quies-
cent cells that only responded to injury or disease, it is
now known that microglia dynamically survey the paren-
chyma and play critical roles in maintaining normal neu-
ral function.>*>®

Recent in vivo brain studies have also identified a role
for microglia in regulation of cerebral blood flow.’®
One study showed ablation of microglia or deletion of the
microglia-specific purinergic receptor, P2yrl12, impaired
whisker-stimulated neurovascular coupling in the barrel
cortex.”® Another study similarly showed ablation of
microglia or P2yr12 led to capillary dilation, increased
blood flow and impaired vasodilation in the somatosen-
sory cortex.”’ This was recapitulated by ablation of pan-
nexin 1 channels, which facilitate release of purines.”
Taken together, microglia appear to regulate neurovascu-
lar coupling in the brain via purinergic signalling, similar
to ATP-mediated neurovascular coupling by astro-
cytes.**®! Microglia may also mediate the vascular
response to hypercapnia in the brain, as hypercapnia trig-
gered microglia to produce the vasodilating agent adeno-
sine, while hypercapnia-induced vasodilation was
abolished with loss of microglia.*

Apart from the most recent work, the potential contri-
bution of microglia to vascular function has arisen from
recent anatomical and functional studies that emphasise
that microglia contact both capillaries and retinal synap-
ses (Figure 2).*° Figure 2 shows the superficial and inter-
mediate plexus of a mouse retina with a microglia
located in close proximity. A three-dimensional render-
ing of this image shows microglial processes enveloping
and running along the surface of the adjacent capillary.
Importantly, 73% of microglia were found to contact both
blood vessels and synapses, and of the various vessel
types, significantly more microglia contacted capillaries
compared to larger diameter vessels. Moreover, approxi-
mately a third of microglia contacted pericyte somata,
which as we have detailed above are instrumental to
vasoregulation.*

Microglia are the only cell type in the retina that
expresses the chemokine receptor, Cx3crl, whose ligand,
fractalkine, is expressed by inner retinal neurons.®> When
fractalkine is applied to retinal explants, a prominent
vasoconstriction is induced, but only in areas where
microglia contacted blood vessels.”” Moreover, vasocon-
striction is abolished when fractalkine is applied to
Cx3crlnull retinal explants, or in the presence of the
Cx3crl antagonist, AZD8797. Single cell population
RNAsequencing has also been used to identify potential
vasoactive substances that are released from microglia
and showed that microglia express angiotensinogen, a
major rate-limiting enzyme in the formation of
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angiotensin II, a prominent vasoconstrictor.?’ Moreover,
application of fractalkine to retinal explants increased the
expression of angiotensinogen, an effect that was abol-
ished when applied to Cx3crlnull mouse explants. Finally,
application of the angiotensin type I receptor antagonist,
candesartan, prevented the change in vessel calibre
induced by fractalkine. Overall, these data highlight that
microglia are in the anatomical location to regulate capil-
laries in response to neural signals, and that fractalkine a
chemokine that is expressed by neurons can induce a
prominent vasoconstriction, via a mechanism involving
microglial expression of the vasoactive substance angioten-
sinogen. A summary of the contribution of microglia to
vasoregulation is shown in Figure 3, where microglia con-
tact both neural synapses and blood vessels. They are able
to induce vasoconstriction via mechanisms involving frac-
talkine induced angiotensin release.

6 | MICROGLIAL-VASCULAR
INTERACTION DURING DIABETES

There is a wealth of evidence that suggests that microglia
are altered during diabetes, as might be expected, for a cell
type that is known to respond to disease and injury.®*** In
human patients with moderate non-proliferative diabetic
retinopathy, microglia increase in number, change mor-
phology and cluster in the inner retinal vasculature, partic-
ularly around areas of visible vascular pathology.®
Microglial activation has also been observed in animal
studies showing increased microglial density and activated
phenotype after 1 month of diabetes, with changes becom-
ing increasingly more pronounced as the disease pro-
gresses.’>®” Activated microglia are capable of releasing a
range of pro-inflammatory mediators that can promote
adhesion of leucocytes and occlusion of capillaries, or neu-
ronal degeneration. Blocking the actions of inflammatory
mediators or microglia activation are known to reduce the
progression of disease in rodent models of diabetes.
Indeed, supressing microglial activation in animal models
of diabetes, with baicalein or minocycline led to reduced
production of the inflammatory mediators, IL1b and TNFa
and prevented the loss of retinal ganglion cells, capillary
degeneration and vascular leakage.®®’° Fractalkine, which
is expressed by neurons, is an important regulator of
microglial activation and is thought to play a role in damp-
ening neurotoxicity in the brain and retina.’*”"”* Fractalk-
ine expression is increased in diabetic Ins2*M* mice
compared to control and that subsequent genetic ablation
of Cx3crl in mouse model of type I diabetes (i.e., Ins2*5®,
Cx3crl /™) exacerbates neuronal loss, and promotes the
release of proinflammatory mediators compared with
Ins2”M® wildtype mice.”?
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Beyond their role in promoting inflammation during
later stages of diabetes, microglia have recently been
shown to contribute to early vascular dysfunction in a
diabetic rodent model.”® At an early stage of diabetes
when there is reduced blood flow, constricted capillary
diameter of the superficial vasculature and impaired
vasoregulation in response to fractalkine and oxygen,
microglia were found to have an increased association
with capillaries. Additionally, microglia at this time
(4 weeks of diabetes) were found to exhibit increased
expression of angiotensinogen while retinal fractalkine
levels were increased in rat retinae 4 weeks following the
onset of diabetes. These data suggest that increased frac-
talkine early in diabetes may attenuate the renin-
angiotensin system in microglia that results in constric-
tion of capillary vessels and inability of those vessels to
respond to normal vasoregulatory stimuli. Treatment
with candesartan, an antagonist to AT1 receptors, has
previously been shown to reduce the development and
progression of diabetic retinopathy.”>”* The recent find-
ings showing that anomalies in microglia-vascular inter-
actions occur during early diabetes are consistent with
the important role of renin-angiotensin in diabetes and
may suggest the importance of a more targeted cellular
treatment.”

7 | CONCLUSION

In summary, diabetic retinopathy remains an important
cause of irreversible vision loss in those of working age.
It is now known that diabetes not only causes overt visi-
ble vascular pathology, but that it induces changes in vir-
tually every cell type in the retina from an early stage of
disease. Importantly, blood flow and vascular calibre are
reduced from an early stage of diabetes, highlighting that
neurovascular coupling may be abnormal. However, vas-
cular regulation in response to neural activity is complex
and likely involves at least two mechanisms (summarised
in Figure 3). This is highlighted by recent studies that
indicate that Miiller cells regulate the calibre of blood
vessels that form the intermediate plexus, whereas micro-
glia regulate the blood flow in the superficial plexus.
Moreover, abnormalities in the way Miiller cells and
microglia regulate vascular function in response to neural
needs is likely impaired from an early stage of diabetes.
These are important findings that highlight new treat-
ment targets for managing those with diabetes. In the
long term, ameliorating the early changes in vascular
function that occur in those with diabetes, may be impor-
tant for slowing progression. However, more detailed
work is required to uncover in more detail how vascular
function is regulated in response to neural activity.
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