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Abstract 

Neurovascular coupling is a process by which neuronal activity leads to localized 

increases in blood flow in the central nervous system.  When neurovascular coupling 

results in hyperperfusion of the neural tissue, the response is termed functional 

hyperemia and serves to satisfy the increased energy demand of active neurons. In 

brain slices, high [O2] alters neurovascular coupling, decreasing activity-dependent 

vasodilations and increasing vasoconstrictions. However, in vivo, hyperoxia has no 

effect on neurovascular coupling. In order to resolve these conflicting reports of O2 

modulation, I examined neurovascular coupling in both ex vivo and in vivo rat retina 

preparations. In the ex vivo retina, 100% O2 reduced the amplitude of light-evoked 

arteriole vasodilations by 3.9-fold and increased the amplitude of vasoconstrictions by 

2.6-fold when compared to responses in atmospheric [O2] (21%), consistent with slice 

data. Oxygen exerted its effect by decreasing vasodilatory prostaglandin signaling and 

increasing vasoconstrictory 20-hydroxyeicosatetraenoic acid signaling. However, in vivo, 

hyperoxia (breathing 100% O2) had no effect on light-evoked arteriole vasodilations or 

on blood flow. We found that the differing effects of O2 arise because retinal pO2 

increases to a much greater extent in the ex vivo preparation (to 548 mmHg) than in vivo 

(to 53 mmHg; Yu et al. Am J Physiol 267:H2498-H2507). When retinal pO2 was raised to 

53 mmHg in the ex vivo retina, no change in neurovascular coupling was observed. 

These results demonstrate that although O2 can modulate neurovascular signaling 

pathways when pO2 is raised high enough, such levels are not attained in vivo, even 

when an animal breaths 100% O2. 

Functional hyperemia can also be modulated by pathological conditions. It is diminished 

in the retinas of diabetic patients, possibly contributing to the development of diabetic 

retinopathy. I investigated the mechanism responsible for this loss in a streptozotocin-
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induced rat model of type 1 diabetes. Here I show that light-evoked arteriole dilation was 

reduced by 58% in these diabetic rats at 7 month survival time. The diabetic retinas 

showed neither a decrease in the thickness of the retinal layers nor an increase in 

neuronal loss, although signs of early glial reactivity were observed. Functional 

hyperemia is believed to be mediated, at least in part, by glial cells and we found that 

glial-evoked vasodilation was reduced by 60% in diabetic animals. An upregulation of 

inducible nitric oxide synthase (iNOS) was detected by immunohistochemistry, and 

inhibition of iNOS restored both light- and glial-evoked dilations to control levels. These 

findings suggest that high NO levels resulting from iNOS upregulation alters glial control 

of vessel diameter and may underlie the loss of functional hyperemia observed in 

diabetic retinopathy.  

I further tested whether inhibiting iNOS reverses the loss of flicker-induced vasodilation 

in diabetic rat retinas in vivo.  Flicker-evoked arteriolar dilations were diminished by 61% 

in diabetic animals, compared to non-diabetic controls. Treating diabetic animals with 

aminoguanidine (an iNOS inhibitor), either acutely via IV injection or long-term in 

drinking water, restored flicker-induced arteriole dilations in diabetic rats to control levels. 

The amplitude of the electroretinogram b-wave was similar in control and diabetic 

animals, suggesting that the deficit in functional hyperemia was not due to a reduction in 

neuronal activity. These findings demonstrate that inhibiting iNOS with AG is effective in 

preventing the loss of, and restoring, normal flicker-induced vasodilation in the diabetic 

rat retina. Treatment with iNOS inhibitors early in the course of diabetes has the 

potential to slow the progression of retinopathy by maintaining normal neurovascular 

coupling.  
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Chapter I: Introduction 

 

The central nervous system has a very high energy demand, and is supplied by an 

extensive network of blood vessels to meet its needs.  Although the brain only comprises 

2% of body mass in humans, it accounts for almost 20% of the body’s energy usage (1).  

It is essential that cerebral blood flow be tightly regulated to maintain the health and 

activity of neurons.  This is accomplished via multiple mechanisms, including 

autoregulation and functional hyperemia (2-5). 

Autoregulation is a process that is evident in many biological systems, whereby blood 

flow is adjusted to maintain a constant rate of blood flow, and thus oxygen supply, in the 

face of varying blood pressure.  Autoregulatory control of cerebral perfusion is important 

as too little perfusion can result in ischemic injury, while too much perfusion can increase 

intracranial pressure (which also eventually leads to ischemic injury), both being 

undesirable conditions for optimal health of the brain (2;6).  Cerebral autoregulation 

occurs primarily by adjustment of cerebrovascular resistance, but neurogenic factors 

also play an important role in maintaining constant cerebral perfusion (2).  In addition, a 

metabolic autoregulatory pathway serves to tune cerebral blood flow in response to 

fluctuations in lactate, CO2, O2 etc (7;8).  Cerebral autoregulation, and the processes 

that contribute to it, are well characterized and reviewed in (6;9-11). 

Functional hyperemia, in contrast, is the process by which a local increase in neuronal 

activity induces a corresponding increase in regional blood flow.  This increase in blood 

flow occurs with high temporal and spatial fidelity.  Neurovascular coupling occurs 

throughout the nervous system, including the retina, and serves to satisfy the increased 
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energy demand of active neurons.  Our understanding of the mechanisms underlying 

functional hyperemia is still incomplete and many important questions have yet to be 

resolved (5). 

Functional hyperemia was first described by Mosso in 1880 (12). It was further 

characterized by Roy and Sherrington in 1890 (13), based on the observation that brain 

volume increases following sensory or peripheral nerve stimulation.  Since then, it has 

come to be accepted as a fundamental aspect of brain function.  Many non-invasive 

brain imaging techniques used in both clinical and research settings, such as blood 

oxygen level dependent (BOLD) functional magnetic resonance imaging (fMRI) and 

positron emission tomography (PET), detect changes in blood flow as a measure of 

neuronal activity.  Although the significance of functional hyperemia is widely accepted, 

the cellular mechanisms underlying this effect have not yet been well defined.  

Neuronal control of blood flow.  Cerebral blood vessels, both extracerebral and within 

the brain microcirculation, are innervated by nerve terminals (for review, see 14).  The 

innervation of the extracerebral vasculature (for example, pial arteries), termed 

“extrinsic,” originates from various sympathetic, parasympathetic and sensory ganglia, 

and can induce dilation or constriction.  The sympathetic innervation is thought to be 

important in autoregulation of brain perfusion in the face of increased systemic blood 

pressure (15).  No specific physiological role has yet been shown for the 

parasympathetic innervation, but they have been implicated in the pathology of migraine 

headaches (16).  Sensory neurons that innervate pial vessels are activated during 

migraine (17), resulting in vasodilations.  This is accomplished in two ways, directly by 

releasing calcitonin gene-related peptide (CGRP) onto the vascular muscles, but also 

indirectly by activating the parasympathetic system and inducing the release of 
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vasoactive intestinal peptide (VIP), acetylcholine (Ach) and nitric oxide (NO) from these 

nerve terminals (16). 

The “intrinsic innervation” of blood vessels within the brain microcirculation is from 

neurons located in subcortical areas such as nucleus basalis (which releases Ach; 

18;19), locus coeruleus (containing norepinephrine; 20) and raphe nucleus (containing 

serotonin; 21).  Receptors for these neurotransmitters are present on the vessels, either 

on the smooth muscle cells themselves or on endothelial cells (14;20).  ACh mediates 

vasodilation, while NE and serotonin mediate vasoconstriction.  Although the functional 

effect of these subcortical innervations on the vasculature is well characterized, it is not 

well understood whether the effect of these substances on the vasculature is direct, or is 

mediated by glial cells, which also express the receptors for all three neurotransmitters 

involved, or a combination of the two processes.  It is noteworthy that a lot of the intrinsic 

innervation terminates on glial endfeet, with only a small proportion terminating directly 

on vessels (20).  Indeed a role for astrocytes was demonstrated in the NE mediated 

vasoconstriction recently, whereby NE stimulation induces a Ca2+ increase within 

perivascular astrocytic processes, leading to constrictions (22).  While this does not 

preclude direct action of NE on vascular cells, it provides the first evidence that at least 

part of the NE induced constriction may be dependent on astrocytes.  A similar role of 

astrocytes in mediating Ach- and serotonin-evoked vasomotion has yet to be examined.  

These subcortical nuclei are known to innervate the cortical neuropil as well as 

microvasculature in a wide-spread manner, which implies that activation of these 

pathways will result in changes in blood flow over large regions of the brain.  This raises 

the question of how local changes in blood flow are fine-tuned to match neuronal activity 

in that region, without influencing perfusion in other areas of the brain.  Recently, a role 

for local interneurons in regulating cerebral blood flow has been shown (23).  
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Interneuron-evoked dilations appear to be mediated by VIP or NO, and constrictions 

appear to be mediated by somatostatin (24).  As in the case of intrinsic innervations, 

receptors for these vasoactive molecules are present on both vascular cells as well as 

astrocytes (24).  Whether astrocytes mediate any part of interneuron elicited vasomotor 

responses has yet to be investigated.  Interneuron control of vasculature may be one 

possible mechanism for local fine-tuning of brain perfusion, as one would expect them to 

be activated by local neuronal activity.  However, some of these interneurons are 

innervated by the same subcortical fibers that innervate vasculature (24), and can serve 

as a relay for this intrinsic innervation pathway.  Thus, whether interneurons can regulate 

blood flow in a spatially distinct pattern to match regional neuronal activity remains an 

open question.  

Glial cells as intermediaries between neurons and vasculature.  Glial cells in the 

brain as well as the retina are well positioned to relay information about neuronal activity 

to the vascular smooth muscle cells, and their role in neurovascular coupling has been 

extensively investigated in the last decade.  Glial cell processes contact numerous 

synapses from multiple neurons (25-27) and form a syncytium via gap junctions with 

surrounding glia.  They are also capable of responding to synaptic activity, and this has 

been demonstrated in many regions of the brain.  Electrical stimulation of the Schaffer 

collaterals in hippocampal slices results in a rise in intracellular calcium (Ca2+) in 

astrocytes via activation of metabotropic glutamate receptor (mGluR) by synaptically 

released glutamate (28).  Bergmann glial cells of the cerebellum also respond to 

neuronal stimulation with Ca2+ transients, which are induced by the activation of both 

glutametergic and purinergic receptors (29).  Müller glial cells of the retina also exhibit 

Ca2+ transients in response to light-evoked neuronal activity, induced by activation of 

purinergic receptors by neuronally released ATP (30).  Collectively, observations from 
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Figure 1. Whole mount retina, showing GFAP 

stained astrocytes (stars) with their endfeet 

ensheathing blood vessels. Arrowhead points to 

endfeet surrounding a large vessel, arrows point to 

endfeet surrounding capillaries. Scale bar = 10 µm. 

multiple studies throughout the central nervous system have led to the conclusion that 

neuronal activity can activate glial 

cells, which is characterized by 

transient intracellular Ca2+ increases 

(for review, see 31).  On the other 

hand, glial endfeet are associated 

with the vasculature (32), where 

they ensheath blood vessels (also 

see Fig. 1).  These morphological 

characteristics of glial cells, and their 

functional correlation with neuronal 

activity, make them good candidates 

as intermediaries between neurons 

and vascular cells. 

K+ siphoning hypothesis of neurovascular coupling.  Several different mechanisms 

by which glial cells might regulate neurovascular coupling have been proposed.  A K+-

dependent mechanism, termed “K+ siphoning,” was proposed by Paulson and Newman 

as far back as 1987 (33).  Neuronal activity results in a rise in extracellular K+ 

concentration ([K+]o) (34;35) and glial cells play a critical role in buffering this [K+] 

(36;37).  The K+ siphoning hypothesis states that an increase in [K+]o (due to neuronal 

activity) depolarizes glial cells, which leads to K+ efflux from glial endfeet onto blood 

vessels and induces vasodilation (33).  This happens because small increases in [K+]o 

(up to 10 mM) increases the conductance of inward rectifying K+ channels located on 

vascular smooth muscle cells, effectively hyperpolarizing the smooth muscle and 

inhibiting the influx of Ca2+ through voltage-gated channels (38).   
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Initially, this hypothesis gained popularity and became accepted by the scientific 

community without any experimental evidence in support of it.  It was only recently 

tested by directly depolarizing glial cells and monitoring vascular diameter in the ex vivo 

retina (39).  Glial depolarization did not result in any changes in arteriole diameter.  In 

addition, light stimulation of the retina in a Kir 4.1 (the channel primarily found on glial 

endfeet opposing vessels) knockout mouse line produced vascular responses similar to 

those in control animals.  These findings demonstrated that the K+ siphoning mechanism 

does not contribute significantly to neurovascular coupling, at least in the retina.  

BK channel hypothesis of neurovascular coupling.  Another K+ based mechanism 

that may regulate cerebral blood flow was recently proposed by the Nelson group (40).  

They found that Ca2+ increases within glial cells evoked by neuronal activity activate 

large conductance Ca2+-activated K+ (BK) channels, leading to an efflux of K+ from glial 

cells onto the vasculature.  This rise in [K+]o results in smooth muscle hyperpolarization, 

and thus dilation.  This mechanism has yet to be tested in the retina and other brain 

regions. 

The arachidonic acid metabolite hypothesis of neurovascular coupling.  Ca2+ 

increase within glial cells can affect many different signaling cascades, one of them 

being the activation of Ca2+-sensitive phospholipase A2 (PLA2).  PLA2 catalyzes the 

breakdown of membrane phospholipids into arachidonic acid (AA).  Many studies have 

indicated that AA can be metabolized by glial cells into multiple vasoactive substances 

such as prostaglandins (PGs), epoxyeicosatrienoic acids (EETs) and 

hydroxyeicosatetraenoic acids (41;42).  AA can also be released by glial cells and 

converted into 20- hydroxyeicosatetraenoic acids (20-HETE) in the downstream vascular 

smooth muscle cells (43).  20-HETE induces vasoconstriction by inhibiting Ca2+-

activated K+ channels in the smooth muscle cells, resulting in depolarization and an 
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increase in Ca2+ entry via voltage gated Ca2+ channels (44).  EETs are thought to work in 

the opposite manner, by enhancing K+ conductance and thus hyperpolarizing the 

smooth muscle cell (44;45), although a second mechanism via inhibition of the 

thromboxane receptor has also been proposed (46).  Prostaglandins can be either 

dilatory or constrictory, depending on the type of prostaglandin and the receptor it acts 

on.  For example, PGE2 generally induces vasodilation via the EP2 and EP4 receptors 

(47;48), but it can also generate vasoconstrictions via the EP1 and EP3 receptors 

(47;49).                                                                                                                                                        

The hypothesis that glial cells may regulate neurovascular coupling by releasing 

vasoactive AA metabolites was first proposed by Harder et al. in 1998 (50).  Since then 

many reports have been published in support of this hypothesis.  The first demonstration 

that EETs regulate blood flow in the brain came in 2002, when Peng et al. showed that 

inhibitors of epoxygenase, the synthetic enzyme for EETs, reduced functional hyperemia 

response to whisker stimulation in vivo (51).   Following this, the Carmignoto (52) and 

Nedergaard laboratories (53) demonstrated that neuronal activity-induced vasodilations 

in the cortex were dependent on astrocytic Ca2+ increases and were inhibited by 

blockers of cyclooxygenase (COX), the synthetic enzyme for PGs.  These studies were 

significant in that they demonstrated the importance of glial cells in the control of 

cerebrovascular tone in vivo.   

In contrast, MacVicar’s laboratory observed that raising intracellular Ca2+ within 

astrocytes-induced vasoconstrictions in hippocampal slices (22).  These 

vasoconstrictions were induced by 20-HETE, and could be inhibited by blocking the 

activity of CYP4A ω-hydroxylase, the synthetic enzyme for 20-HETE.  This was the first 

report of astrocyte induced vasoconstriction and suggested that active control of cerebral 
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blood flow may be a balance between dilating and constricting factors released upon 

stimulation.   

 

Taken together, these findings demonstrate that astrocytes do indeed, at least in part, 

mediate neurovascular coupling, and that this process occurs via the synthesis and 

release of AA metabolites, either from glial cells or downstream of them (such as in the 

case of 20-HETE, which is synthesized in vascular smooth muscle cells). A summary of 

the arachidonic acid pathways is shown in Fig. 2. 

Neurovascular coupling in the retina.  Neuronal activity within the retina also leads to 

increases in retinal blood supply, similar to those observed in the brain, and plays a 

prominent role in retinal function.  Unlike the cerebral microcirculation, retinal vessels are 

devoid of autonomic innervation, precluding any regulation via these pathways (4).  The 

retinal hemodynamic response is, instead, elicited by light-evoked activation of retinal 

neurocircuirty, which leads to substantial increases in retinal blood flow (3).  Stimulating 

the retina with a flickering light (which is optimal for activating the retinal circuitry, (3) 

 

 

 
Figure 2. Arachidonic acid (AA) metabolite hypothesis of neurovascular 

coupling. AA is synthesized from membrane phospholipids by PLA2 and 

then metabolized by downstream enzymes into multiple vasoactive 

compounds such as EETs, PGs and 20-HETE. 
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produces large increases in retinal blood flow (~35%) with very short latencies (~1 s).  

Functional hyperemia in the retina is routinely monitored using multiple non-invasive 

techniques, such as laser Doppler flowmetry, fMRI and blue field stimulation-entoptic 

phenomenon observation (3).  More recently, retinal vessel analysers have been used to 

directly measure flicker-evoked vasodilation and this method has been extensively used 

in the study of pathological disruption of functional hyperemia (discussed below). 

 
 
Figure 3. A schematic of the retinal circuitry. 

Astrocytes (on the vitreal surface) and Muller cells 

(spanning the width of the retina) are the two glial 

cells of the retina.  Endfeet from these glial cells 

ensheath all vessels in the retina. Muller cells wrap 

vessels on the vitreal surface and INL, while 

astrocytic endfeet only ensheath the vitreal vessels. 

 

 

The retina is a particularly attractive preparation in which to study the mechanisms that 

regulate blood flow for multiple reasons:  1) it is a projection of the central nervous 

system and bears similarities to cerebral microvasculature (54) and therefore many 

signaling mechanisms uncovered in the retina can be applied to the brain;  2) functional 

hyperemia is very pronounced in the retina (3);  3) the retinal surface vessels are easy to 

monitor both ex vivo and in vivo; 4) it can be stimulated with a physiological stimulus, 

light;  and 5) the entire signaling network, from photoreceptors that sense light to the 

ganglion cells that are the output neurons of the retina, remains intact the ex vivo 

preparation and can be studied as a physiological whole (Fig. 3).  

 

IPL

vitreous humor

Muller
cell

ganglion

astrocyte

INL

OPL

bipolar
amacrine

horizontal

photoreceptor

pigment epithelium
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There are two types of macroglial cells in the mammalian retina: Müller cells and 

astrocytes (Fig. 3).  Müller cells are the principle glial cells of the retina.  Their somata lie 

in the inner nuclear layer (INL) and they extend bidirectional processes to both the 

photoreceptor layer and the inner surface of the retina.  Astrocyte cell bodies are 

restricted to the vitreal surface of the retina, within the nerve fibre layer.  Both Müller 

cells and astrocytes have endfeet processes that surround vessels.  Astrocyte 

processes envelop the vitreal blood vessels in the inner vascular bed (Fig 1), while 

Müller cell processes surround blood vessels in both the inner and outer (located on 

either side of the inner nuclear layer) vascular beds (Fig. 3).  

Previous work from the Newman laboratory showed that light-evoked neuronal activity in 

the ex vivo retina preparation induces both vasodilations and vasoconstrictions (55).  

Stimulation of glial cells directly, via uncaging of Ca2+ or IP3, also induced similar 

vasomotor responses, and interfering with neuron-to-glia signaling abolished light-

evoked vascular responses.  In these experiments also, neurovascular coupling was 

found to be dependent on AA metabolites: vasoconstrictions were mediated by 20-

HETE, while vasodilations were induced by the P-450 epoxygenase metabolite EET.  

Unlike in the brain, inhibition of COX activity did not alter neurovascular coupling in the 

retina in these experiments (55).   

Metea and Newman also demonstrated that glial cells are necessary for neurovascular 

coupling in the retina.  Interfering with the neuron-to-glia communication by applying 

blockers of purinergic receptors completely inhibited light-evoked vasomotor responses, 

while maintaining glial-evoked vascular responses (55). 

Modulation of neurovascular coupling by NO.  The finding that both dilations and 

constrictions can occur in the same experimental preparation in response to identical 
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stimuli raised the question how these responses are modulated.  Metea and Newman 

showed that nitric oxide (NO), a known vasoactive compound, is a strong modulator of 

vasomotor responses in the retina (55).  Light-evoked vasoconstrictions were observed 

when tissue concentration of NO was raised by adding NO donors to the superfusate, 

whereas vasodilations were observed when NO levels were decreased by adding NO 

synthase (NOS) inhibitors.   

NO was initially discovered as an endothelium-derived relaxing factor, and is traditionally 

known in vascular research as a dilator (56).  It accomplishes this by raising cGMP 

levels within vascular smooth muscle cells (57), which increase K+ efflux, hyperpolarizing 

the cell and thus reducing Ca2+.  Metea’s work demonstrated that, at least in the retina, 

NO can also modulate blood flow in an indirect manner (55).  The exact mechanisms by 

which NO affects neurovascular signaling pathways are not understood yet, but it is 

known that NO can inhibit the both EETs and 20-HETE synthesis (44;58).  The increase 

in light-evoked constrictions in high NO suggests that perhaps EETs synthesis in the 

retina is more sensitive to NO than 20-HETE synthesis, but this has yet to be proven 

experimentally.  

Modulation of neurovascular coupling by O2.  A role for O2 in the modulation of 

neurovascular coupling was also recently demonstrated in hippocampal slices (59), but 

another study found contradictory results in vivo (60), raising a controversy about 

whether or not O2 modulates this response.   

Because a principal role of functional hyperemia is to supply the increased demand for 

O2 of active tissue, it was logical to hypothesize that O2 may be a modulator of the 

signaling pathways involved in this response.  The findings from MacVicar’s group show 

that this is indeed the case in brain slices (59).  They showed that glial stimulation, either 
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by uncaging Ca2+ within astrocytes or by applying mGluR agonists, results in 

vasoconstrictions in presence of 100% O2, while vasodilations are generated in 20% O2 

(which results in near-physiological tissue pO2).  Lowering O2 results in a buildup of 

lactate, owing to a decrease in oxidative phosphorylation and an increase in glycolysis.  

Lactate is then released into the extracellular space via monocarboxylate transporters 

(MCT).  In parallel, neuronal activity results in a Ca2+ rise within glial cells, leading to the 

increased production of prostaglandin E2 (PGE2) which, being a phospholipid, is readily 

released into the extracellular space by diffusion across the lipid membrane.  

Extracellular concentration of PGE2 is maintained by active uptake by the prostaglandin 

transporter (PGT; (61).  When lactate builds up in the extracellular space, as happens in 

low O2 condition, it inhibits the uptake of PGE2 by PGT (62).  This leads to PGE2 

accumulation between glial endfeet and vessels and induced vasodilation (59).   

In addition, neuronal activity in low O2 results in an increase in adenosine, which acts on 

vascular smooth muscle cells to inhibit constrictions.  The PGE2 pathway and the 

adenosine pathway interact together to increase dilations and suppress constrictions 

under physiological O2 (59).  In high O2, in contrast, both lactate and adenosine levels 

are reduced due to increased oxidative phosphorylation, resulting in suppression of 

PGE2 mediated dilations and unmasking of vasoconstrictions.  

In addition to these pathways described by the MacVicar lab, O2 can also alter 

neurovascular coupling by affecting the synthesis of vasoactive substances.  The 

enzymes involved in AA metabolism are sensitive to O2 concentration, as is NOS 

activity.  In vitro experiments have shown that the KmO2 of nNOS is ~350 µM 

(approximately 266 mmHg; 63), suggesting that nNOS activity is probably low in vivo.  

Endothelial NOS activity, in contrast, is not very sensitive to O2 (KmO2 of 4 µM, ~3 

mmHg; 64), and would be able to contribute to vascular responses.  Among the AA 
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metabolites, the KmO2 for 20-HETE production is 60-70 mmHg (65), while it is <10 

mmHg for EETs production (66) and ~10 mmHg for COX activity (65).  This suggests 

that under physiological O2, which is ~20 mmHg in the CNS, 20-HETE synthesis would 

be minimal, while EETs and PG synthesis would not suffer, favoring vasodilations.  In 

presence of high O2, 20-HETE synthesis would increase and contribute to the vascular 

response, possibly inducing constrictions.  Indeed, previous work from the MacVicar 

laboratory showed that constrictions in high O2 were mediated by 20-HETE (22), and 

similar results were observed in the retina (55).   

The effect of O2 on neurovascular coupling may especially be of importance in the clinic, 

when patients are exposed to breathing 100% O2.  In this regard, a report from Lindauer 

et al. showed no effect of hyperbaric hyperoxygenation of anesthetized rats on 

neurovascular coupling in the cortex (60).  They tested the increase in cerebral blood 

flow in response to electrical forepaw stimulation (a mild physiological stimuli) as well as 

cortical spreading depression (a strong pathological stimuli) in animals breathing normal 

air, 100% O2, and 100% O2 at 4 ATA (atmosphere absolute).  No change was observed 

in cerebral blood flow responses in either of the high O2 conditions, suggesting that 

neurovascular coupling is independent of O2 (60).   

It is important to resolve the conflicting reports of Gordon et al. (which were done ex 

vivo) and Lindauer et al. (which were done in vivo) on the effect of O2 on cerebral blood 

flow regulation.  I addressed this important issue by examining the effect of O2 on 

activity-evoked vasomotor responses in the retina, both ex vivo and in vivo, and 

characterized the signaling pathways involved in this modulation.  This series of 

experiments are described in detail in chapter 2. 
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Modulation of retinal neurovascular coupling by pathology.  Disruption of functional 

hyperemia has been reported in multiple pathological conditions, including systemic 

hypertension, glaucoma, ocular hypertension and diabetic retinopathy.  Flickering light-

evoked arteriole dilations were reduced in hypertensive patients (67), while glaucoma 

patients showed a reduced response to flickering light in venules but not arterioles (68).  

Another study found a reduction in flicker-evoked increase in blood flow (measured by 

laser-Doppler flowmetry) in patients with ocular hypertension or early open angle 

glaucoma (69).  Multiple groups have also reported a loss of flicker-evoked vasodilation, 

both arteriolar and venous, in diabetic patients (70-73).  A reduction in functional 

hyperemia could deprive the active retina of oxygen and glucose, or result in an 

accumulation of harmful metabolites, possibly further exacerbating the pathology.   

Disruption of neurovascular coupling in diabetic retinopathy.  Diabetic retinopathy 

is a leading cause of blindness in the developed world – about 15-17% of blindness 

cases in Europe and the wealthier nations in the Americas are due to diabetic 

retinopathy (from the World Health Organization).  It has traditionally been considered a 

disease of the retinal vasculature, characterized by capillary occlusions, 

microaneurysms, edema and neovascularization (reviewed in (74).  Acellular capillaries 

and leaky vessels appear earlier in the course of disease, owing to pericyte and 

endothelial cell death (75).   

Although the vascular pathology is pronounced in the later stages of diabetic 

retinopathy, it eventually leads to blindness because of neuronal damage.  Recent 

studies conducted on animal models as well as data from post-mortem human tissue 

analysis have decisively demonstrated that neuronal and glial changes occur relatively 

early in the course of diabetic retinopathy, suggesting that non-vascular cells may also 

play a role in this pathology.  A rise in neuronal apoptosis within the inner retina (76) and 
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alterations in the electroretinogram waveform can be detected soon after induction of 

diabetes in animal models (77).  Retinal glial cells also undergo significant pathological 

changes (78;79).  Glial reactivity, characterized by upregulation of glial fibrillary acid 

protein (GFAP), occurs within 3 months of diabetes (78;79).  Glial cells play an important 

role in the regulation of extracellular glutamate by taking it up via glutamate transporters 

and converting it to glutamine to feed back to the neurons.  This glutamate recycling is 

disrupted in the retinas of diabetic animals, as shown by a decrease in the conversion of 

glutamate to glutamine and a rise in extracellular glutamate (78).   

Despite the wealth of knowledge regarding both vascular and non-vascular deficits in 

diabetic retinopathy, the causality between vascular pathology and neuro-glial 

dysfunction is still unknown (74).  The findings that neuronal and glial deficits have been 

observed before overt vascular pathology suggest that perhaps the neuro-glial 

disregulation occurs first, consequently leading to the vascular changes.   

Flickering light evokes a marked vasodilation in the retina and is a hallmark of retinal 

health.  It is routinely measured non-invasively in humans (80).  Interestingly, flicker-

evoked vasodilation is diminished, or sometimes even abolished, in diabetic patients 

(70-73).  This reduction in vasodilation is observed in the retinas of diabetic patients very 

early in the course of disease, even before any retinopathy can be detected.  Such a 

reduction in this vascular response could starve the retina of needed oxygen and 

glucose, putting neurons at risk and contributing to retinal pathology.  The mechanism 

underlying this loss of retinal functional hyperemia in diabetic patients is not understood.  

Given the evidence for early glial abnormalities in diabetic retinopathy, and the role of 

glial cells in mediating the neurovascular coupling, a change in glia-to-vessel signaling 

emerges as a natural hypothesis to explain the loss of functional hyperemia in diabetes.  
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Moreover, inducible NOS (iNOS) expression is upregulated in diabetic retinopathy 

(81;82), significantly raising the NO concentration (82-84), and NO is a known modulator 

of neurovascular coupling in the retina (55). 

I investigated functional hyperemia in retinas of diabetic animals to elucidate the 

signaling mechanisms by which functional hyperemia is diminished in the diabetic retina 

and to develop methods of reversing the loss of the vascular response.  This series of 

experiments are described in detail in chapters 3 and 4.  
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Chapter 2: Oxygen modulation of neurovascular coupling in the retina 

 

Introduction 

Neuronal activity in the central nervous system (CNS) induces local increases in blood 

flow (5;13), a phenomenon termed functional hyperemia. Neurovascular coupling, the 

mechanism linking neuronal activity to changes in vascular diameter, is mediated, at 

least in part, by glial cells. Neuronal activity induces a rise in intracellular Ca2+ in glial cell 

endfeet surrounding vessels, which leads to the release of vasoactive arachidonic acid 

(AA) metabolites that induce vasomotor responses (5;22;52;53;55). Experiments in brain 

slices and in the ex vivo retina reveal that glial activation can evoke both vasodilations 

and vasoconstrictions. Evoked dilations are mediated by cyclooxygenase (COX) 

products (52;53) and epoxyeicosatrienoic acids (EETs; 51;55;85;86), while 

vasoconstrictions are mediated by 20-hydroxyeicosatetraenoic acid (20-HETE; 22;55).  

A recent study demonstrated that neurovascular coupling is modulated by O2 in brain 

slices (59). Both neuronal and glial cell stimulation elicits vasodilations in brain slices 

exposed to 20% O2. In contrast, vasoconstrictions are evoked in presence of 100% O2. 

However, another recent paper (60) reported the opposite effect of O2 in vivo. In this 

study, increasing systemic O2 by hyperbaric hyperoxygenation had no effect on cortical 

functional hyperemia. 

The modulatory effect of O2 on functional hyperemia is of particular interest in the clinic, 

where patients are often treated with 100% O2. We now address the issue of O2 

modulation by investigating neurovascular coupling in the retina, using both ex vivo and 

in vivo preparations. Our results show that although O2 profoundly modulates 
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neurovascular coupling in the ex vivo retina, there is no effect of high O2 on 

neurovascular coupling in vivo. This discrepancy arises because the partial pressure of 

O2 (pO2) within the retina in vivo during hyperoxia does not rise high enough to affect 

neurovascular signaling pathways. 
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Results 

We first examined the effect of O2 on flicker-induced arteriole dilation in the ex vivo 

retina. Retinas were superfused with solutions equilibrated with either 21% or 100% O2 

and arterioles on the vitreal surface of the retina imaged with infrared differential 

interference contrast (IR-DIC) microscopy. In 21% O2, light stimulation evoked 

vasodilation in 97.5% of vessels studied (n=40), with an average amplitude of 30.8 ± 

3.7% (Fig. 1A,C,D). In approximately half the vessels (47.5%), the initial dilation was 

followed by constriction, which averaged 6.6 ± 1.4%. In 100% O2, in contrast, only 50% 

of the vessels dilated in response to light stimulation (n=40; P< 0.001), with the average 

dilation reduced to 8.0 ± 2.0% (P< 0.0001; Fig 1B-D). The incidence of light-evoked 

vasoconstrictions, on the other hand, increased to 87.5% (P< 0.001) in high O2 and 

averaged 17.3 ± 1.7% (P< 0.005). Oxygen did not affect the resting tone of the arterioles 

studied. The average resting diameter was 21.5 ± 1.5 µm in low O2 and 22.5 ± 1.5 µm in 

high O2 (P> 0.6). These results demonstrate that O2 modulates neurovascular coupling 

in the ex vivo retina, in agreement with previous findings in brain slices (59).  

We measured tissue O2 tension in the ex vivo retina with O2-sensitive microelectrodes to 

determine retinal partial pressure of O2 (pO2) in low and high O2 conditions. pO2 in 

retinas exposed to 21% O2 equaled 33.6 ± 9.5 mmHg in the ganglion cell layer (Fig. 2; 

n=5), somewhat higher than the physiological range of 16-24 mmHg measured in vivo 

(87). When retinas were exposed to 100% O2, pO2 in the ganglion cell layer increased 

by over 16-fold to 547.7 ± 30.3 mmHg (n=7; P< 0.0001).  
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Figure 1. Light-evoked 

vasodilation is reduced and 

vasoconstriction is increased by 

100% O2 in the ex vivo retina. (A) 

Time course of a light-evoked 

arteriole response in a retina 

exposed to 21% O2. (B) Time 

course of a light-evoked arteriole 

response in a retina exposed to 

100% O2. (C) The incidence of 

light-evoked arteriole dilations and 

constrictions in 21% and 100% 

O2. Fewer vessels dilate and more 

constrict in high O2. (D) The 

amplitude of light-evoked arteriole 

dilations and constrictions in 21% and 100% O2. The amplitude of vasodilations is reduced while 

that of vasoconstrictions is increased in high O2. * indicates P< 0.005. 

 

 

Figure 2. Partial pressure of O2 within the 

ex vivo retina exposed to 21% and 100% 

O2. Retinas perfused with 100% O2-bubbled 

saline had a much higher pO2 in all retinal 

layers. GCL, ganglion cell layer; IPL, inner 

plexiform layer; INL, inner nuclear layer; 

OPL, outer plexiform layer; ONL, outer 

nuclear layer; PR, photoreceptors. 
 

 

Both prostaglandin E2 and EETs have been implicated in mediating vasodilation in the 

CNS (51-53;55) and findings in brain slices indicate that the prostaglandin (PG) 

component is suppressed by high O2 (59). We therefore investigated the pathways 
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responsible for the O2 modulation of light-evoked vasomotor responses in the retina. We 

first identified vessels that dilated robustly to light stimulation, and then examined the 

responses of these vessels after application of inhibitors of AA metabolism. The PG 

pathway was tested by applying the COX inhibitors aspirin (50 µM) and indomethacin (5 

µM), and the EETs pathway by inhibiting its synthetic enzyme, epoxygenase, with PPOH 

(20 µM). In low O2, COX inhibition reduced light-evoked vasodilations by 81.9% (n=8; P< 

0.01), while in high O2, COX inhibition had no effect (n=13; P= 0.8; Fig. 3A). The 

absence of a COX-dependent vasodilating component in high O2 arises, most likely, 

because the PG pathway is already suppressed by O2. In contrast, inhibiting 

epoxygenase reduced the amplitude of light-evoked vasodilations in both low and high 

O2. Dilations were reduced by 83.4% in high O2 (n=7) and by 81.5% in low O2 (n=5; P< 

0.05 for both; Fig. 3A). Inhibiting both COX and epoxygenase together also inhibited 

light-evoked vasodilation in both conditions, but to no greater extent than when either 

pathway was inhibited separately. Dilations were reduced by 77.7% in high O2 (n=6; P< 

0.01) and by 87.7% in low O2 (n=11; P< 0.001; Fig. 3A).  

These results support the view that high O2 suppresses the PG component, but not the 

EETs component, of neurovascular coupling. However, they do not account for the 

increase in vasoconstriction observed in high O2. The AA metabolite 20-HETE has 

previously been shown to mediate vasoconstrictions in both the brain and the retina 

(22;55) and its synthetic enzyme, ω-hydroxylase, has been proposed to be a 

microvascular O2 sensor (65). We investigated the contribution of 20-HETE to vasomotor 

responses in the two O2 conditions. We first identified vessels that displayed light-

evoked constrictions in high O2, and then tested their response after treatment with 

HET0016 (100 nM), an ω-hydroxylase inhibitor. HET0016 reduced light-evoked 

vasoconstrictions in high O2 by 40.4% (n=10; P< 0.05; Fig. 3C). In low O2, it was not 
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feasible to assess the effect of HET0016 on constrictions because such responses 

occurred infrequently. Nevertheless, if 20-HETE is being produced and released in 

response to light-evoked neuronal activity, inhibiting this vasoconstrictor should result in 

larger dilations. However, in 21% O2, HET0016 had no effect on the amplitude of 

vasodilation (n=9; P= 0.3; Fig. 3B). These results indicate that 20-HETE does not 

contribute to neurovascular coupling in low O2, but mediates vasoconstrictions in high 

O2. 

 
Figure 3. COX-mediated vasodilation is 

suppressed and 20-HETE-mediated constriction 

is enhanced by 100% O2 in the ex vivo retina. 

(A) The COX inhibitors aspirin (50 µM) and 

indomethacin (5 µM) together reduced light-

evoked vasodilation in retinas exposed to 21% 

O2, but not to 100% O2. The epoxygenase 

inhibitor PPOH (20 µM) reduced vasodilation in 

both low and high O2 conditions. Aspirin, 

indomethacin and PPOH, applied together to 

block both COX and epoxygenase, inhibited 

vasodilation in both 21% and 100% O2. (B-C) 

The ω-hydroxylase inhibitor HET0016 had no 

effect on the vascular responses observed in 

21% O2 (B), but reduced the amplitude of 

vasoconstrictions in 100% O2 (C). Control and 

drug treatment data were collected from the 

same set of vessels for each inhibitor. * 

indicates P< 0.05, paired t-test. 

 

There is accumulating evidence that neurovascular coupling is mediated, at least in part, 

by glia-to-vessel signaling (5). We tested whether O2 control of neurovascular coupling 

occurs via modulation of glia-to-vessel signaling by observing glial-evoked vasomotor 
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responses in the two O2 conditions. Glial cells were stimulated by focal ejection of ATP, 

which evoked Ca2+ waves that propagated through astrocytes and Müller cells, the 

macroglial cells of the retina. In low O2, glial stimulation evoked dilations in 92.3% of the 

vessels, with an amplitude of 23.5 ± 4.1% (n=13; Fig. 4A,C,D). In high O2, only 35.7% 

(P< 0.01) of the vessels dilated to glial stimulation, with an amplitude of 4.3 ± 1.8% 

(n=14; P< 0.001; Fig. 4C,D). The proportion of vessels that constricted to glial 

stimulation also increased from 15.4% in low O2 to 85.7% in high O2 (P< 0.01), and the 

amplitude of these constrictions increased from 1.5 ± 1.2% to 18.1 ± 3.1% (P< 0.001; Fig 

4B-D). These data suggest that O2 modulation of neurovascular coupling occurs by 

regulating glial cell-to-vessel signaling.  

Figure 4. Glial-evoked vasodilation is 
reduced and vasoconstriction is 
increased in 100% O2 in the ex vivo 
retina. (A) Time course of arteriole 
dilation evoked by an ATP-induced glial 
Ca2+ wave in 21% O2. (B) Time course 
of a similarly evoked arteriole response 
in 100% O2. The arteriole constricted in 
response to glial stimulation. (C) The 
incidence of glial-evoked vascular 
responses in 21% and 100% O2. Fewer 
dilations and more constrictions 
occurred in high O2. (D) The amplitude 
of glial-evoked arteriole dilations and 
constrictions in 21% and 100% O2. 
Vasodilations were smaller and 
vasoconstrictions were larger in high 
O2. (E) The COX inhibitors aspirin (50 
µM) and indomethacin (5 µM) together 
reduced glial-evoked vasodilation in 
21% O2, but in 100% O2. * indicates P< 
0.01. 
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We tested whether the reduction in glial-evoked vasodilation we observed in high O2 was 

due to a reduction of PG signaling, as was the case for light-evoked dilations. In low O2, 

glial-evoked dilations averaged 27.2 ± 3.8% (n=11) in control solution, but were 

significantly reduced to 12.0 ± 2.4% after COX inhibition (n=11; P< 0.005; Fig. 4E). 

In high O2, in contrast, COX inhibitors had no effect. Glial-evoked dilations averaged 8.7 

± 3.9% in control solution and 9.0 ± 4.8% after drug treatment (n=6; P = 0.4; Fig. 4E). 

The results demonstrate that suppression of glial-evoked vasodilation in high O2 is via 

the PG signaling pathway, as it is for light-evoked vasodilation.  

These findings illustrate that O2 has a substantial effect on neurovascular coupling in the 

ex vivo retina. However, it remains controversial whether O2 has a similar modulatory 

effect in vivo. We tested this by monitoring vascular diameter and blood velocity in the 

retinas  of  anesthetized  rats.     When  animals were switched  from  normoxic conditions  

 

Table 1. Summary of physiological 

parameters under normoxia and hyperoxia. 

sO2, arterial O2 saturation level; pO2, arterial 

partial pressure of O2; BP, mean arterial blood 

pressure. * indicates P < 0.001. 

 

(arterial pO2 = 117 ± 7 mmHg; Table 1) to hyperoxic conditions (arterial pO2= 512 ± 26 

mmHg) by artificially ventilating them with 100% O2, there was no change  in  the  

evoked  vasomotor responses.  Under normoxia, diffuse flickering light stimulation 

evoked arteriolar dilations averaging 9.02 ± 0.9% (Fig. 5A) and blood velocity increases 

of 6.5 ± 1.6% (Fig. 5B). Under hyperoxia, light stimulation evoked vessel dilations of 8.84 
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± 1.4% (P> 0.8) and blood velocity increases of 7.6 ± 2.2% (P> 0.1), not significantly 

different from the normoxic responses.  

Figure 5. Effect of O2 on light-evoked 

vascular responses and tone in vivo. 

(A) Flickering light evoked dilation of 

retinal arterioles in both normoxia and 

hyperoxia. (B) Flickering light evoked 

an increase in arterial blood velocity in 

both normoxia and hyperoxia. Neither 

the amplitude of the dilation nor the 

increase in blood velocity was 

significantly different between normoxic and hyperoxic conditions. (C) Resting arteriole diameter 

decreased after hyperoxia treatment. Bars depict average diameter of arterioles during normoxia 

and hyperoxia. Diameter change for individual arterioles is shown by black lines. Eight out of 10 

vessels constricted during hyperoxia. * indicates P < 0.001 (paired t-test). 

 

 

The resting tone of the arterioles, however, was significantly altered by hyperoxia. 

Following the switch to 100% O2, arterioles displayed a large transient constriction 

followed by a partial recovery. After stabilization under hyperoxia, arteriolar diameter 

averaged 27.6 ± 1.1 μm, compared to the average diameter of 29.4 ± 1.4 μm in the 

same vessels during normoxia (P< 0.05; paired t-test; Fig. 5C). There was no change in 

mean arterial blood pressure between normoxic and hyperoxic conditions (Table 1). 

Our results appear contradictory; high O2 reduces neurovascular coupling substantially 

in the ex vivo retina but not in vivo. Resolution of this conflict may lie in differences in 

pO2 within the retina in the two preparations. Our O2 electrode measurements (Fig. 2) 

show that pO2 in the ganglion cell layer of the ex vivo retina increases dramatically from 

34 to 548 mmHg when switching from 21% to 100% O2. In contrast, pO2 in the ganglion 

cell layer in vivo increases only modestly from ~21 to ~53 mmHg when switching from 
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normoxic to hyperoxic conditions (88). This small increase in O2 tension within the retina 

in vivo may not be sufficient to induce the modulatory changes in neurovascular coupling 

observed in the ex vivo retina.  

We tested whether raising retinal pO2 to 53 mmHg in the ex vivo preparation results in a 

modulation of neurovascular coupling. Based on our ex vivo pO2 measurements (Fig. 2), 

we calculated that bubbling the ex vivo superfusate with 28% O2 should produce a 

retinal pO2 of 53 mmHg, reproducing the pO2 level in vivo during hyperoxia (Fig. 6A). We 

found that the incidence and amplitude of light-evoked arteriole responses in 28% O2 

were the same as those observed in the same vessels in 21% O2 (Figs. 6B,C). 

Vasodilations in 28% O2 averaged 20.8 ± 5.4% and vasoconstrictions 10.3 ± 3.3%, 

compared to 21.4 ± 3.8% (P= 0.3) and 9.9 ± 2.9%(P> 0.9), respectively, in 21% O2 

(n=13). These results support the concept that O2 modulation is absent in vivo because 

the small rise in tissue pO2 that occurs during hyperoxia is not large enough to affect 

neurovascular coupling. 
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Figure 6. Raising O2 in the ex vivo 

retina to match pO2 in the hyperoxic in 

vivo retina has no effect on light-evoked 

vascular responses. (A) pO2 measured 

in the ganglion cell layer of the ex vivo 

retina is plotted against the bubbling O2 

concentration (data from Fig. 2). The 

percent O2 that yields a pO2 of 53 

mmHg (pO2 in the hyperoxic retina in 

vivo; ref (87) in the ex vivo retina is 

estimated by interpolation (shown by 

dashed lines in the figure and inset). 

Bubbling saline with 28% O2 results in a 

retinal pO2 of 53 mmHg in the ex vivo 

preparation. The 2nd order polynomial fit 

is similar whether pO2 is assumed to be 

zero when bubbling O2 is 0 or 5%. (B,C) 

Neither the incidence (B) nor the 

amplitude(C) of light-evoked 

vasodilations and vasoconstrictions in 

the ex vivo retina changed when O2 was raised from 21% to 28%. Experiments shown in B and C 

are from the same set of vessels. 
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Discussion 

We have shown that in the ex vivo rat retina, both light- and glial-evoked vascular 

responses are modulated by O2, and that this modulation is due to altered AA signaling. 

Both PGs and EETs mediate vasodilation under low O2 conditions, but the contribution 

of PGs is absent under high O2, causing a substantial decrease in the incidence and 

amplitude of light- and glial-evoked vasodilations. These results confirm the findings of 

the MacVicar group that, in brain slices, PG-mediated vasodilation is reduced by high O2 

(59). Their work demonstrated that high O2 exerts its modulatory effect, in part, by 

altering PGE2 transport into cells, leading to reduced extracellular PG levels under high 

O2 conditions. 

Oxygen also modulates 20-HETE signaling in the ex vivo retina. In low O2, there is little 

contribution of 20-HETE to light-evoked vascular responses, but in high O2, a substantial 

component of light-evoked vasoconstriction is mediated by the 20-HETE pathway. A 

similar 20-HETE-dependent vasoconstriction was observed previously in the ex vivo 

retina and in brain slices (22;55). Oxygen modulation of the 20-HETE pathway may be 

due to the O2-dependence of 20-HETE synthesis, which has a KmO2 of 60-70 mmHg 

(65). In contrast, the KmO2 of COX is 10 µM (equivalent to 8 mmHg; 66) and that of EETs 

production <10 mmHg (65). Thus, the synthesis of PG and EETs would not be slowed 

nearly as much as 20-HETE at low pO2 levels.  

Oxygen modulates vasomotor responses in the ex vivo retina in a similar manner for 

both light- and glial-evoked responses, suggesting that the modulatory effect of O2 

occurs in glial cells or in downstream pathways. This is consistent with previous work 

demonstrating that PG is released from glial cells (41;89) and that 20-HETE synthesis 

occurs in downstream vascular smooth muscle cells (43). 
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In contrast to our ex vivo results, flicker-evoked vascular responses in vivo were not 

modulated by O2. Neither arteriole vasodilation nor the increase in blood velocity 

changed in hyperoxia, demonstrating that blood flux did not change. Our results resolve 

the contradictory findings of Gordon et al. (59), who found a substantial O2 modulation of 

neurovascular coupling in brain slices and Lindauer et al. (60), who found no O2 

modulation in the cortex in vivo. Oxygen modulates neurovascular coupling in ex vivo 

preparations because pO2 rises dramatically (from 34 to 548 mmHg in the retina) when 

switching from 21% to 100% O2. In contrast, pO2 rises only modestly, from ~21 to ~53 

mmHg, when switching from normoxic to hyperoxic conditions in vivo (88). Our results 

(Fig. 6) demonstrate that reproducing this modest rise in pO2 in the ex vivo retina does 

not result in a change in light-evoked vascular responses. Similar small increases in pO2 

have been measured in the brain in vivo during hyperoxia, where pO2 rises only to 55 - 

80 mmHg (90-92). This modest increase in pO2 likely accounts for why O2 does not alter 

neurovascular coupling in the brain during hyperoxia in vivo. 

Our results also clarify why we previously did not observe a PG component of 

neurovascular coupling in the ex vivo retina (55), although it had been reported in the 

brain (52;53). The earlier ex vivo study was conducted entirely in 95% O2, effectively 

suppressing the PG component of the response. 

Although hyperoxia in vivo did not affect functional hyperemia, it did induce a tonic 

vasoconstriction of retinal arterioles, confirming similar findings previously reported in 

both humans and animal models (93;94). This vasoconstriction could be a homeostatic 

response that functions to maintain a constant tissue pO2 in the retina. An increase in 

vascular tone would decrease the amount of blood flowing through the tissue, and thus 

the amount of O2 that is released within the retina. This vascular response may be one 
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reason why retinal pO2 changes so little, despite the ~4-fold increase in arterial pO2 

observed during hyperoxia.  

Oxygen, and reactive oxygen species generated in high O2, can modulate many 

signaling pathways and may result in tissue damage (95). This is especially true for 

pathways involving heme proteins (96). The modulatory affects of O2 should be 

considered when designing ex vivo experiments and results should be interpreted with 

caution, especially when tissues are exposed to high O2. This is true not only for 

neurovascular studies but, more broadly, for studies involving signaling pathways in 

which O2-sensitive enzymes or pathways susceptible to reactive oxygen species may 

play a role. For example, neuronal nitric oxide synthase is sensitive to O2 concentration 

(KmO2 of 350 μM, equivalent to ~266 mmHg; 63), and high O2 may alter NO-mediated 

synaptic regulation (64;97).  

In summary, we have demonstrated that O2 can modulate neurovascular coupling by 

altering AA signaling pathways. This effect is robust in the ex vivo retina, where tissue 

pO2 rises dramatically under high O2 conditions. The effect is not apparent in vivo, 

however, as tissue pO2 rises only modestly, even when animals breathe 100% O2. 
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Materials and Methods 

The ex vivo retina and in vivo rat preparations have previously been described in detail 

(55;98). All methods were approved by the Institutional Animal Care and Use Committee 

of the University of Minnesota. 

Ex vivo retina experiments 

Preparation. Retinas were removed from enucleated eyes of male Long-Evans rats 

(Harlan, Indianapolis, IN) and superfused at 2-3 ml/min with HEPES-buffered saline (in 

mM:128 NaCl, 3.0 KCl, 2.0 CaCl2, 1.0 MgSO4, 0.5 NaH2PO4, 15.0 D-glucose, and 20 

HEPES, pH 7.4) bubbled with either air (21% O2), 28% O2 (balance N2) or 100% O2. 

Arterioles were pre-constricted with the thromboxane analog U-46619 (100 nM) for 10 

minutes or until stable (99). Retinas were imaged with a cooled CCD camera (CoolSnap 

ES; Roper Scientific, Duluth, GA) and IR-DIC optics and data analyzed with MetaMorph 

software (Molecular Devices, Downingtown, PA). Arteriole responses were quantified as 

the percent change between the largest or smallest vessel diameter measured during 

stimulation and the average pre-stimulus resting diameter.  

Retinal stimulation. For photic stimulation, diffuse flickering white light (250 ms flashes 

repeated twice a second for 60 s) was used. For glial stimulation, retinas were incubated 

in the Ca2+-indicator dye fluo-4 AM (37.5 µg/ml) and pluronic F-127 (2.6 mg/ml) for 30 

minutes at RT. Glial Ca2+ waves were evoked by focal ejection of ATP (200 μM at 10 psi 

for 200 ms). The ejection site was 100-150 µm in a downstream (superfusion flow) 

direction from a vessel to avoid any direct effects of ATP on the vessel. The ejection site 

location was chosen to achieve Ca2+ waves that propagated close to, but did not reach 

the vessel of interest. In low O2, this stimulation paradigm resulted in vasomotor 
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responses similar to those produced by light. Glial-evoked vascular responses were 

obtained from a different vessel for each trial because glial cells are refractory for Ca2+ 

signaling. Glial Ca2+ and vessel diameter were imaged concurrently by alternate 

epifluorescence and IR-DIC imaging. 

O2 measurement. O2-sensitive microelectrodes (10 µm tip diameter, Unisense, 

Denmark) were calibrated prior to each experiment in 0% and 21% O2-equilibrated 

saline. Electrodes were advanced into the ex vivo retina at a 45 º angle. Retinal layers 

were identified by concurrent IR-DIC imaging and measurements were made when the 

electrode tip was centered in each layer. Recordings made while inserting the electrode 

closely matched those while retracting it, although only the latter were analyzed.  

In vivo experiments 

Preparation. Surgery was performed under 2% isoflurane anesthesia. The left femoral 

vein and artery were cannulated for drug administration and monitoring of blood pres-

sure, respectively, and a tracheotomy performed for artificial ventilation. During an 

experiment, anesthesia was maintained by infusing α-chloralose-HBC-complex 

(800 mg/kg bolus; 550 mg/kg/h). Animals were artificially ventilated (30–50 breaths/min) 

and paralyzed with gallamine triethiodide (20 mg/kg bolus; 20 mg/kg/h) to prevent eye 

movements. Arterial blood pressure, end-tidal CO2, heart rate and blood O2 saturation 

level (pulse oximetry) were monitored continuously. Blood gases and pH were sampled 

periodically. pH and mean arterial pressure were maintained within physiological limits 

(7.35-7.45, and 100–125 mm Hg, respectively) by adjusting the ventilation pressure and 

breath rate. During normoxia, inspired O2 concentration was adjusted to maintain arterial 

pO2 between 110 and 120 mmHg. Hyperoxia was induced by increasing inspired O2 to 

100%. 
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Light stimulation. The retina was stimulated with a 12 Hz flickering diffuse white light 

with an illuminance of 12 klux at the surface of the globe (focused via a fiber bundle at a 

45º angle). 

Vascular response measurements. The retina was imaged with an Olympus FluoView 

1000 confocal microscope. The luminal diameters of first order arterioles (labeled with IV 

injection of dextran–fluorescein) were measured with confocal line scans. Peak 

response was calculated as the mean of the three largest responses. Blood velocity was 

measured using laser speckle flowmetry (98). Data were analyzed with custom MatLab 

routines. 

Statistics. Vasomotor responses in the isolated retina were analyzed using a one-tailed 

Mann-Whitney-Wilcoxon rank sum test for non-normal distributions. Proportions test was 

used for binomial data (e.g. whether a dilation or constriction occurred: Fig 1,4,6). 

Homoscedastic two-tailed Student’s t-test was used for pO2 measurements ex vivo and 

physiological parameters in vivo (Fig 2 and Table 1). One-tailed paired t-test was used 

for paired data from the same vessels ex vivo (Fig 3) and two-tailed paired t-test was 

used for in vivo data (Fig 5). α = 0.05 for all analysis. 
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Chapter 3: Inhibition of Inducible Nitric Oxide Synthase Reverses the Loss of  

Functional Hyperemia in Diabetic Retinopathy 

 

Introduction  

Diabetic retinopathy is a leading cause of blindness in the developed world.  It has 

traditionally been considered a disease of the retinal vasculature.  In its later stages, 

diabetic retinopathy is characterized by capillary occlusions, microaneurysms, edema 

and neovascularization (74), leading to the loss of vision in many patients. The 

contribution of non-vascular cells to the development of diabetic retinopathy has only 

recently been explored. In early stages of the disease, neurons within the inner retina die 

(76), and astrocytes and Müller cells (the two macroglial cells of the retina) undergo 

significant pathological changes (78;79). Increased apoptosis is also observed in 

pericytes and vascular endothelial cells (75). Although both vascular and non-vascular 

cells are affected in diabetic retinopathy, it is not clear whether the vascular pathology is 

a product or cause of the neuronal and glial dysfunction (74).   

In the healthy retina, light-evoked neuronal activity leads to increased blood flow in 

retinal vessels. This response, termed functional hyperemia, fine tunes the retinal 

circulation, bringing needed oxygen and nutrients to active neurons (3). Recent studies 

demonstrate that functional hyperemia in both the retina and the brain is mediated, in 

large part, by glial cells (22;52;53;55).  The release of transmitters from neurons 

stimulates Ca2+ increases within glial cells (28), leading to the activation of 

phospholipase A2 and the production of arachidonic acid (AA; (100).  Arachidonic acid, 

in turn, is metabolized into a number of vasoactive compounds, including prostaglandin 
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E2 (PGE2) and epoxyeicosatrienoic acids (EETs), which dilate vessels, and 20-

hydroxyeicosatetraenoic acid (20-HETE), which constricts vessels (101-103). 

 Two recent studies reported a dramatic reduction in functional hyperemia in diabetic 

patients (70;71).  The loss of this vascular response could starve the retina of needed 

oxygen and glucose, putting neurons at risk and contributing to retinal pathology. The 

cellular and molecular mechanisms responsible for the decrease in functional hyperemia 

in diabetic patients are not known. It is possible that the neuronal or glial dysfunctions 

observed in early stages of the disease are responsible for altered neurovascular 

signaling, leading to the loss of functional hyperemia. In this study, we investigate the 

mechanisms underlying this loss in an animal model of diabetic retinopathy and test a 

treatment for restoring the response. We find that altered glia-to-vessel signaling is 

responsible for the loss of functional hyperemia in the diabetic retina and that inhibiting 

inducible nitric oxide synthase (iNOS) restores the response. 
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Materials and Methods 

Animals.  Male Long-Evans rats were obtained from Harlan (Indianapolis, IN) and 

treated in accordance with the guidelines of the Institutional Animal Care and Use 

Committee of the University of Minnesota. 

Induction of diabetic retinopathy.  The streptozotocin (STZ) model of type 1 diabetes 

(104;105) was used. Two month old rats were anesthetized with isoflurane and injected 

IP with streptozotocin (70 mg/kg; freshly prepared in citrate buffer). Blood glucose levels 

were measured three days later to ensure successful induction of diabetes (glucose > 

250 mg/dl; OneTouch Ultra, LifeScan). Animals were given a low level of supplemental 

insulin (1.5 U of Lantus insulin glargine subcutaneously, thrice a week; 84) to prevent 

excessive weight loss and a catabolic response while maintaining high glucose levels. 

Body weight and blood glucose were monitored biweekly. Blood glucose averaged 484 ± 

9 mg/dl during the survival period and 562 ± 17 mg/dl at the time of sacrifice. Vehicle-

injected, age-matched controls had blood glucose averaging 139 ± 2 mg/dl during the 

survival period, and 204 ± 8 mg/dl at sacrifice.  

Isolated retina preparation.  The isolated retina preparation has been described 

previously (106). Briefly, animals were killed by an overdose of isoflurane and bilateral 

pneumothorax, and eyes enucleated. Following removal of the vitreous humor, pieces of 

retinas were placed in a chamber and superfused at 2-3 ml/min with HEPES-buffered 

saline equilibrated with air. Arterioles were pre-constricted with the thromboxane analog 

U-46619 (100 nM) for 10 minutes (99) or until stable to achieve comparable tone in all 

arterioles studied.  At this concentration, U-46619 constricted arterioles moderately, 

rendering them responsive to both vasodilating and vasoconstricting signals. For iNOS 
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inhibition experiments, retinas were pre-incubated in iNOS blockers for a minimum of 90 

minutes. 

Retinal imaging.  Retinas were imaged with a 40X water immersion objective, infrared 

differential interference contrast (IR-DIC) optics, and a cooled CCD camera (CoolSnap 

ES; Roper Scientific, Duluth, GA). Images were captured and analyzed using 

MetaMorph image processing software (Molecular Devices, Downingtown, PA). 

Techniques used to identify retinal arterioles have been previously described (55). 

Arteriole responses were quantified as the percent difference between the largest 

change in vessel diameter measured during stimulation and the average pre-stimulus 

resting diameter. Diffuse flickering white light (250 ms flashes repeated twice a second) 

was used to stimulate the retina.  

Calcium Imaging and glial stimulation.  Following removal of the vitreous humor, 

retinal pieces were incubated in the Ca2+-indicator dye fluo-4 AM (37.5 µg/ml), the caged 

Ca2+ compound o-nitrophenyl EGTA AM (9.4 µg/ml) and pluronic F-127 (2.6 mg/ml) for 

30 minutes at room temperature to selectively label retinal glia as described previously 

(106). Glial Ca2+ and vessel diameter were recorded concurrently by alternate 

epifluorescence and IR-DIC imaging. Photo-release of Ca2+ was achieved by focusing 4 

ns, 5 µm diameter flashes of 337 nm UV light (VSL-337ND photolysis unit; Prairie 

Technologies, Middleton, WI) onto individual astrocytes or Müller cells. The UV light was 

pulsed 200 times at 330 Hz and repeated every second for 5 to 10 seconds until an 

intercellular Ca2+ wave was initiated. 

Histology.  Retinas were fixed in 4% paraformaldehyde in PBS for 1 hour. Fixed retinas 

were shock-frozen in a 50-50% mixture of OCT compound (Sakura Tissue-Tek) and 

Aquamount (Lerner Laboratories). 12 μm thick cryostat sections were cut and mounted 
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using Vectashield containing DAPI (Vector Laboratories). Sections were imaged using 

confocal microscopy.  

Cell Death Detection.  Apoptotic cells were detected by TUNEL labeling using the In 

Situ Cell Death Detection Kit, Fluorescein (Roche, Basel, Switzerland) according to the 

protocol provided by the supplier. Briefly, fixed sections were permeabilized in PBS 

containing Triton X-100 (Sigma) and then incubated in the reaction mixture for 60 min at 

37º C. TUNEL positive cells were counted manually and analyzed as the number of 

positive cells per 10 μm segment of retinal section. 

Immunolabeling.  Retinal sections were blocked for 30 min with 10% normal goat 

serum (NGS), 0.5% Triton X-100, and 1% bovine serum albumin (BSA) in PBS, pH 7.0. 

All subsequent steps were conducted in PBS containing 1% NGS, 0.5% triton X and 1% 

BSA. Sections were stained with mouse anti-GFAP (1:500) for 1 hour at room 

temperature or with rabbit anti-iNOS (1:100), rabbit anti-eNOS (1:2000) or rabbit anti-

nNOS (1:2000) overnight at 4º C. After washing, sections were incubated with the 

secondary for 1 hour at RT. Alexa-Fluor® 594 conjugated goat anti-mouse (1:400) was 

used for GFAP and Alexa Fluor® 488 conjugated goat anti-rabbit (1:1000) was used for 

all others.   

Statistics.  Statistical significance for vasomotor responses was determined by one-

tailed Mann-Whitney-Wilcoxon rank sum test for non-normal distributions. Proportions 

test was used for binomial data (e.g. whether a dilation or constriction occurred). 

Homoscedastic two-tailed Student’s t-test was used for all other analyses. α = 0.05 for 

all analyses. 
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Solutions and drugs.  HEPES-buffered saline contained (in mM): 128 NaCl, 3.0 KCl, 

2.0 CaCl2, 1.0 MgSO4, 0.5 NaH2PO4, 15.0 D-glucose, and 20 HEPES, pH 7.4, 

equilibrated with air. o-nitrophenyl EGTA AM, fluo-4 AM, and pluronic F-127 were from 

Invitrogen (San Diego, CA). 1400W (N-[[3-(aminomethyl)phenyl]methyl]-ethanimidamide 

dihydrochloride), U-46619 (9,11-dideoxy-9_,11_ methanoepoxyprosta5Z,13E-dien-1-oic 

acid), and PGE2 (9-oxo-11α,15S-dihydroxy-prosta-5Z,13E-dien-1-oic acid) were from 

Cayman Chemicals (Ann Arbor, MI). Aminoguanidine hydrochloride and rabbit anti-

eNOS were from Sigma-Aldrich (St. Louis, MO). Rabbit anti-nNOS and mouse anti-

GFAP were from Millipore (Bedford, MA) and rabbit anti-iNOS from Santa Cruz 

Biotechnology (Santa Cruz, CA).  
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RESULTS 

Light-evoked vasodilations are reduced in the diabetic retina  

We first examined whether arteriole responses to light stimulation were altered in the 

streptozotocin (STZ) induced model of type 1 diabetes, which has been used extensively 

to study diabetic retinopathy (104;105). Isolated rat retinas were stimulated with diffuse 

flickering white light while monitoring the diameter of arterioles on the vitreal surface of 

the retina. Four months after induction of diabetes, light-evoked arteriole dilation was 

similar in diabetic (25.8 ± 4.7%; n=26 vessels) and control (22.5 ± 3.1%; n=11) groups. 

However, significant changes in neurovascular coupling were observed at seven 

months. At this time, light stimulation of normal retinas resulted in dilations averaging 

30.9 ± 5.2% (Fig. 1A,C; n=23) while dilations were reduced to 12.9 ± 1.9% (Fig. 1B,D; 

n=19, p < 0.001) in diabetic retinas. Although light-evoked vasoconstrictions were rarely 

observed in normal retinas (4% of vessels), they occurred frequently in diabetic retinas 

(53% of vessels, p < 0.005; results summarized in Fig. 5D,E). Vasoconstrictions typically 

followed transient vasodilations (Fig. 1D).  All subsequent experiments were conducted 

on seven-month survival animals. 

Response differences between control and diabetic retinas could be due to differences 

in the resting diameter of the vessels (107). This was not the case, however.  The mean 

resting diameter for all arterioles analyzed (after treatment with the thromboxane analog 

U-46619) was similar in control (25.3 ± 1.6 µm, n=52) and diabetic (26.7 ± 1.1 µm, n=85) 

retinas (p > 0.4). 
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We questioned whether the decrease in functional hyperemia in diabetic animals was 

due to decreased responsiveness of retinal vessels. We tested this by directly applying 

the vasodilating agent PGE2 to retinal arterioles that were responsive to light stimulation. 

We used a relatively high concentration of PGE2 (200 µM) in order to evoke rapid, short 

latency responses. Rapid superfusion of PGE2 produced similar dilations in control and 

diabetic arterioles (controls: 13 of 17 vessels dilated, 24.4 ± 19% dilation; diabetics: 10 

of 11 vessels, 24.3 ± 14% dilation, p > 0.2; supplementary Fig. 1), irrespective of 

Figure 1.  Light-evoked vasodilation is 

reduced in diabetic retinas. A,B. IR-DIC 

images of the vitreal surface of the retina, 

illustrating the light-evoked responses of 

small arterioles. In a control retina (A), light 

stimulation evokes a large vasodilation (at 17 

and 45 s after onset of the light stimulus). In 

a diabetic retina (B), light evokes a smaller 

dilation (at 21 s), followed by a constriction 

(at 27 s). The diameter of both control and 

diabetic vessels recover to baseline after 

light stimulation ends. Solid white lines 

indicate baseline vessel diameter; dashed 

lines indicate changed diameter. Scale bar, 

10 µm. C,D. Light-evoked arteriole dilation in 

a normal (C) and a diabetic (D) retina. Light 

stimulation evokes a smaller dilation, 

followed by a constriction, in the diabetic 

retina. 
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whether they dilated or constricted to light. The results demonstrate that vascular 

responsiveness is not compromised in the diabetic retina.  

 

 

Our observation that light stimulation evokes arteriole vasodilation but rarely evokes 

vasoconstriction in healthy retinas differs from our previous finding (55) that stimulation 

typically evoked a biphasic response consisting of a transient dilation followed by a 

constriction. The difference in vessel behavior in the two sets of experiments is due to 

the oxygen levels used.  Earlier experiments were performed under hyperoxic conditions 

(95% oxygen) while the present experiments were conducted under conditions similar to 

those in vivo (21% oxygen).  Recent studies have demonstrated that hyperoxia blocks 

PGE2-mediated vasodilation and enhances vasoconstriction mediated by 20-HETE 

(59;108).  In the present experiments, conducted in 21% oxygen, vasodilations in 

healthy retinas were larger because they were mediated by both PGE2 and EETs, while 

vasoconstrictions were masked. 

Few overt signs of retinopathy are seen in the diabetic retina  

A loss of retinal neurons, demonstrated by a decrease in the thickness of retinal layers 

and by increased TUNEL staining, has been reported in both diabetic patients and in 

 
Supplementary Figure 1.  Retinal 

arterioles in normal and diabetic 

retinas respond to superfusion of 

PGE2 (200 µM) with similar dilations. 

A, PGE2-evoked vasodilations in 

control and diabetic retinas. B, 
Summary data.  
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STZ-treated diabetic rats (76;109). This neuronal loss could, in theory, account for the 

reduction in functional hyperemia observed in our experiments.  We examined whether 

there was a loss of neurons in our diabetic animals by measuring the thickness of retinal 

layers in DAPI-labeled sections (n=3 animals for controls and 4 for diabetics). There was 

no reduction in thickness of any of the retinal layers (Fig. 2A). We also examined cell 

death directly by TUNEL staining (Fig. 2B,C). There was no difference in the number of 

TUNEL positive cells in the control (0.17 ± 0.11 cells/mm; 2 sections each from 3 

animals) and diabetic (0.13 ± 0.13 cells/mm; p > 0.8; 2 sections each from 4 animals) 

retinas. We also examined TUNEL staining 1 week after STZ injection to test whether 

the induction of diabetes increases apoptosis early on, as observed previously (110). We   

 
Figure 2.  Few overt 

signs of retinopathy 

are seen in the 

diabetic retina. A. 
Mean thickness of 

retinal layers is not 

reduced in diabetic 

animals. GCL, 

ganglion cell layer; 

IPL, inner plexiform 

layer; INL, inner 

nuclear layer; OPL, 

outer plexiform layer; 

ONL, outer nuclear 

layer; PR, photoreceptors. B,C. Cell death was not increased in diabetic retinas. Very few 

TUNEL-positive cells (green/yellow profiles) were observed in both control (B) and diabetic (C) 

retinas. DAPI-labeled cell nuclei are shown in red. D-G. Immunostaining shows the expression of 

GFAP (green) in control (D) and three diabetic (E-G) retinas. A range of GFAP expression was 

observed in the vertically oriented Müller cells in diabetic retinas. Retinas from some animals 

were similar to controls (E), some showed a minor increase (F) while some showed substantial 

upregulation (G). GFAP-positive astrocytes, located beneath the GCL, are seen in both control 

and diabetic retinas. DAPI-labeled cell nuclei are shown in red. Scale bars, 20 μm. 
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observed no difference in TUNEL staining between controls (0.10 ± 0.05 cells/mm) and 

diabetics (0.07 ± 0.06 cells/mm; data not shown). These results demonstrate that there 

was no significant loss of neurons in our diabetic animals.  

Glial-evoked vasodilations are reduced in the diabetic retina 

We and others have previously shown that functional hyperemia in the retina and brain 

is mediated, in part, by glial cells (22;52;53;55). In this regard, it is of interest that retinal 

glial cells undergo pathological changes during the early stages of diabetic retinopathy. 

Müller cells, the principal macroglial cells of the retina, undergo an upregulation of glial 

fibrillary acidic protein (GFAP) and downregulation of glutamate transporters 

(78;79;111). We tested whether GFAP expression was upregulated in our diabetic 

animals.  We observed an increase in GFAP expression in the Müller cells of some, but 

not all, diabetic animals (Fig. 2D-G; n=3 controls and 4 diabetics), indicating the 

beginning stages of reactive gliosis.  

Since the glial cells showed evidence of pathology, we reasoned that abnormal glial 

regulation of the vasculature could be responsible for the loss of functional hyperemia in 

the diabetic retina. We tested the role of glia in the loss of functional hyperemia by 

selectively stimulating glial cells and monitoring the resulting vasomotor responses. Glial 

cells (both astrocytes and Müller cells) were stimulated by raising intracellular Ca2+ by 

photolysis of o-nitrophenyl EGTA, a caged Ca2+ compound. Stimulating single glial cells 

evoked Ca2+ increases that propagated as Ca2+ waves into neighboring astrocytes and 

Müller cells (Fig. 3A,B). In control retinas, Ca2+ waves that propagated across an 

arteriole elicited large vasodilations averaging 36.2 ± 7% (Fig. 3A,C; n=15). In diabetic 

retinas, these vasodilations were reduced to 15.4 ± 3% (Fig.3B,D; n=13, p < 0.02; 

summarized in Fig 5J). In addition, glial-evoked vasoconstrictions were seen in 39% of 
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vessels in diabetic retinas compared to only 7% in controls, and the magnitude of 

constrictions was greater in diabetic animals (Fig. 5I,J). The decrease in glial-evoked 

vasodilations and increase in vasoconstrictions were not due to reduced glial cell 

activation. Photolysis of caged Ca2+ produced similar glial Ca2+ increases in control and 

diabetic retinas (controls:  ΔF/F = 15.9 ± 1.7%; diabetics:  13.3 ± 1.9%, p > 0.3; Fig. 5K).  

These results indicate that the deficit in functional hyperemia seen in diabetic retinas is 

likely due to compromised glial regulation of vessel diameter.  

 

Figure 3.  Glial-evoked vasodilation is reduced in 

diabetic retinas. A,B. IR-DIC images of a normal 

(A) and diabetic (B) retina showing small 

arterioles. Pseudocolor images showing glial Ca2+ 

increases are superimposed. In A and B, the top 

two images show time points before and 1 s after 

photolysis of caged Ca2+ in single glial cells (black 

dots). The last images show time points at which 

maximum vessel dilation was observed, with 

maximum ΔF/F Ca2+ projections overlaid. Although 

the glial Ca2+ increases are similar in control and 

diabetic retinas, the glial-evoked dilation is smaller 

in the diabetic retina.  Scale bar, 10 µm. C,D. Ca2+ 

increases (upper traces) and arteriole diameters 

(lower traces) in a control (C) and a diabetic (D) 

retina. Photolysis of caged Ca2+ (black dots) 

produces similar glial Ca2+ increases in control and 

diabetic retinas. Yet, glial stimulation produces 

smaller arteriole dilations in the diabetic retina. 
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iNOS is upregulated in the diabetic retina 

We have previously shown that nitric oxide (NO) is a modulator of functional hyperemia 

in the retina (55). Both light stimulation and glial cell stimulation evoke vasodilations 

when NO levels are low. Vasodilations are reduced and vasoconstrictions are enhanced, 

however, when NO levels are raised. Notably, iNOS expression is increased and tissue 

NO concentration is raised in the retinas of diabetic animals (84;112). We confirmed that 

iNOS was upregulated in our diabetic retinas by immunohistochemistry, which indicated 

an increase in iNOS levels in the ganglion cell, inner plexiform and outer nuclear layers 

(Fig. 4A-D; n=3 controls and 4 diabetics). iNOS was expressed in retinal glia as well as 

neurons. No changes in the expression of neuronal or endothelial NOS were observed 

(Fig. 4E-L).  

 
Figure 4.  iNOS 

expression is increased 

in diabetic retinas.   

Immunostaining shows 

the expression of iNOS, 

nNOS and eNOS 

(green) in control 

(B,F,J) and diabetic 

(D,H,L) retinas. DAPI 

staining (red) shows cell 

nuclei in control (A,E,I) 
and diabetic (C,G,K) retinas.  iNOS expression in the ONL, IPL and GCL of diabetic retinas (D) is 

raised compared to controls (B). nNOS (F,H) and eNOS (J,L) expression is unaltered in diabetic 

retinas. Scale bar, 20 µm. 
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Inhibition of iNOS restores light-evoked and glial-evoked vasodilations 

We reasoned that increased NO levels in the inner retina due to the upregulation of 

iNOS might be responsible for reduced functional hyperemia in diabetic animals. We 

tested this by treating diabetic retinas with 1400W and aminoguanidine, two inhibitors of 

NOS that are relatively selective for iNOS at the concentrations used. In the presence of 

either 1 µM 1400W or 100 μM aminoguanidine, the amplitude of light-evoked 

vasodilations in diabetic retinas was restored to control levels (Fig. 5A-E; 1400W: 27.3 ± 

3.5%, n=22: aminoguanidine: 28.3 ± 2.7%, n=26; neither different from controls, p > 0.3). 

The incidence and amplitude of light-evoked vasoconstrictions, which were raised in 

diabetic retinas, were also reduced to control levels by the iNOS inhibitors (Fig. 4D,E). 

1400W had no effect on light-evoked vasomotor responses in control retinas (28.4 ± 5%, 

n=15, p > 0.4; supplemental Fig. 2), suggesting that NO synthesized by iNOS does not 

play a significant role in neurovascular coupling in healthy retinas.  

If increased NO levels reduce functional hyperemia in the diabetic retina by interfering 

with glial control of vessel diameter (55), then inhibiting iNOS should restore glial-evoked 

vasodilations as well in diabetic animals. This proved to be the case. In the presence of 

aminoguanidine, glial-evoked vasodilations were restored to control levels in diabetic 

retinas (27.4 ± 9%, n=5, p > 0.2 compared to controls) and no glial-evoked 

vasoconstrictions were observed (Fig. 5F-J). Aminoguanidine did not alter the 

photolysis-evoked glial Ca2+ response (Fig. 5K).  
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Figure 5.  Inhibition of 

iNOS activity restores 

light- and glial-evoked 

vasodilation in diabetic 

retinas. A-C. Light-

evoked vasomotor 

responses in a control 

retina (A), diabetic retina 

(B) and a diabetic retina 

treated with 

aminoguanidine (AG, 

100 µM; C). D. The 

incidence of light-evoked 

arteriole dilations and 

constrictions. The 

incidence of 

vasoconstrictions is 

increased in diabetic 

retinas and is restored to 

control levels by 1400W 

(1 µM) and AG (100 

µM), two inhibitors of 

iNOS. E. The magnitude 

of light-evoked arteriole 

dilations and 

constrictions. The 

magnitude of 

vasodilations is reduced while that of vasoconstrictions is increased in diabetic retinas. 1400W 

and AG restore these vasomotor responses to control levels. F-H. Photolysis-evoked glial Ca2+ 

increases (upper traces) and the resulting vascular responses (lower traces) in a control retina 

(F), diabetic retina (G) and a diabetic retina treated with AG (100 µM; H). Black dots indicate 

photolysis of caged Ca2+. I. The incidence of glial-evoked arteriole dilations and constrictions. J. 

The magnitude of glial-evoked vasodilations and constrictions. The magnitude of vasodilations is 

reduced and vasoconstrictions increased in diabetic retinas. Both are restored to control levels by 

AG. K. Photolysis-evoked peak glial Ca2+ responses (measured in processes surrounding 

vessels) are not different between control, diabetic and AG-treated diabetic retinas. * p > 0.3. 
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Supplementary Figure 2.  iNOS inhibition 

by 1400W (1 µM) does not alter light-

evoked vasodilation in control retinas. 

Neither the incidence (A) nor the 

magnitude (B) of light-evoked vasomotor 

responses was changed by 1400W. 
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DISCUSSION 

Our results demonstrate that the STZ rat model of diabetes reproduces the deficit in 

functional hyperemia observed in diabetic patients. Light-evoked vasodilations in the 

isolated retina are significantly reduced in diabetic animals. This deficit is not due to a 

loss of retinal neurons or vascular responsiveness, but rather is due to aberrant glia-to-

vessel signaling. Notably, the loss of functional hyperemia can be restored by 

aminoguanidine and 1400W, two inhibitors of iNOS. 

The diabetic retinas used in our study showed few overt signs of retinopathy. Although 

functional hyperemia was reduced and iNOS expression increased, there was no loss of 

retinal neurons or any evident changes in the morphology of the vasculature. In contrast, 

several previous studies have reported alterations in neuronal function, changes in the 

expression patterns of neurons and glial cells, and neuronal and vascular cell death in 

early diabetic retinopathy (reviewed in 74). Most of these studies were conducted using 

Sprague Dawley or other albino rat strains, which are susceptible to light-induced retinal 

damage. Our study, in contrast, used pigmented Long-Evans rats. It is likely that albino 

strains show a higher level of retinopathy when made diabetic due to the added effect of 

light damage. Indeed, a recent study demonstrated that albino Sprague Dawley rats 

showed a large increase in inflammatory cytokines four months after STZ treatment 

while pigmented rats (Long-Evans and Brown Norway) showed only small increases in 

just a few of their measures (113). Moreover, in STZ-treated pigmented mice, neuronal 

cell death did not differ from controls for up to a year after an initial transient increase in 

apoptosis (110). The lack of overt retinal pathology at 7 months in our diabetic animals 

is, we believe, due to pigmented eyes being less vulnerable to damage. 
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Our observation that glial-evoked and light-evoked vasodilations were similarly reduced 

in diabetic retinas suggests that the loss of functional hyperemia was not due to altered 

neuronal responses to light stimulation. In addition, inhibition of iNOS restored both light- 

and glial-evoked dilations to control levels, arguing against any significant neuronal 

dysfunction. It is likely that changes in glial cell signaling to the vasculature underlie the 

deficits in functional hyperemia that we observed. 

iNOS is upregulated in response to injury and pathology in many systems (114). In 

diabetic retinopathy, iNOS is upregulated in retinal neurons and glial cells and retinal NO 

levels are raised (84;112). We have confirmed that iNOS is upregulated in our model of 

diabetic retinopathy. Immunolabeling for iNOS, but not nNOS or eNOS, was increased in 

retinal glial cells and neurons.  Although iNOS was upregulated in our diabetic animals, 

mean arteriole diameter after treatment with the thromboxane analog U-46619 was no 

larger in diabetic than in control retinas.  This is not surprising, as NO has multiple 

effects on the neurovascular unit.  In addition to directly dilating vessels by raising cGMP 

levels in vascular smooth muscle cells (57), NO can also inhibit glial production of 

vasodilating EETs compounds (44;58). 

Our finding that iNOS inhibitors restore both light- and glial-evoked vasodilation indicates 

that raised NO levels are responsible for the loss of functional hyperemia, most likely by 

disrupting glial signaling to vessels. We have previously shown that vasodilation in the 

retina is mediated by glial release of EETs and PGE2 (55;108) and that raised NO levels 

reduce vasodilation and enhance vasoconstriction (55). It is likely that NO reduces 

vasodilation by inhibiting glial production of EETs (44;58), although this has yet to be 

tested in the retina.  
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The STZ rat model of type I diabetes replicates many of the pathologies associated with 

human diabetic retinopathy (104). However, there are several limitations to this model 

that should be kept in mind. First, the timeline of disease progression is very different in 

the STZ rat model, which progresses over months, and type I diabetes in patients, which 

can take well over a decade to develop (78;115). Second, blood glucose levels are 

poorly controlled (intentionally) in our model, while they are well controlled in most 

patients diagnosed with diabetes. Additionally, the observations made in our model of 

type I diabetic mellitus may not be directly applicable to type II diabetes, even though 

retinopathy can develop in both cases, and therefore should be interpreted with care.  

The loss of functional hyperemia is one of the first deficits observed in our diabetic 

retinas. Reduced vasodilation in response to neuronal activity will create a mismatch 

between energy supply and demand, depriving neurons of oxygen and nutrients (116). 

This disparity may be an important contributing factor in the development of diabetic 

retinopathy (104). Restoring functional hyperemia by inhibiting iNOS may slow 

progression of the pathology. Indeed, aminoguanidine (which also inhibits the formation 

of advanced glycation end-products; (117), has been shown to prevent transcriptional, 

morphological and ultrastructural changes in the retina in diabetic animals (82;118;119). 

Thus, the use of iNOS inhibitors such as aminoguanidine hold promise in treating 

diabetic retinopathy and should be explored in future studies.   
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Chapter 4: Aminoguanidine Reverses the Loss of Flicker-induced Vasodilation in 

a Rat Model of Diabetic Retinopathy 

 

Introduction 

Diabetic retinopathy, a leading cause of blindness in the developed world, has a 

complex pathology that affects both neuronal and vascular elements of the retina (74-

76;120). In the healthy retina, flickering light induces dilation of retinal vessels by a 

process termed neurovascular coupling, bringing additional oxygen and nutrients to 

meet the increased metabolic demands of active neurons (3;80). A reduction in this 

vascular response is one of the earliest retinal changes observed in diabetic patients 

(70-73). Although the cause, and the possible consequences, of this reduction in flicker-

induced vasodilation are not known, such a reduction could deprive the active retina of 

oxygen and glucose, and possibly contribute to the development of diabetic retinopathy.  

We previously studied neurovascular coupling in a rat model of streptozotocin-induced 

type 1 diabetes. Using an ex vivo retina preparation, we observed a reduction in flicker-

induced arteriole dilation in these diabetic rats, paralleling the findings in diabetic 

patients (121). We found that inducible nitric oxide synthase (iNOS) was upregulated in 

these diabetic retinas, and inhibiting iNOS with aminoguanidine (AG; 122) or 1400W 

restored flicker-induced vasodilation. The results from these ex vivo experiments 

suggest that deficits in neurovascular coupling can be reversed.  

AG, one of the drugs we used to inhibit iNOS, has been previously shown to slow the 

progression of diabetic retinopathy in humans and in animal models of diabetes 

(123;124). The beneficial effects of AG have largely been attributed to the inhibition of 



54 

advanced glycation end-product (AGE) formation, but our previous findings, and those 

from other studies, suggest that AG could also be acting by inhibiting iNOS 

(112;121;123), especially in early stages of the disease. 

We have now examined whether AG can reverse the disruption of neurovascular 

coupling in the retinas of diabetic rats in vivo. We find that flicker-induced arteriole 

dilation is substantially reduced in diabetic rat retinas, as it is in patients with diabetic 

retinopathy. This reduction can be reversed by administering AG to diabetic rats, either 

acutely via IV injection or long-term in drinking water. 
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Materials and Methods  

Induction of diabetes. Male Long-Evans rats (Harlan, Indianapolis, IN) were housed 

and treated in accordance with the guidelines of the ARVO Statement for the Use of 

Animals in Ophthalmic and Vision Research and the Institutional Animal Care and Use 

Committee of the University of Minnesota. Diabetes was induced as previously 

described by injecting two month old anesthetized rats with streptozotocin (70 mg/kg, IP; 

freshly prepared in citrate buffer; 121) Successful induction of diabetes, defined as blood 

glucose > 250 mg/dl (OneTouch Ultra, LifeScan, Milpitas, CA), was tested 3 days later. 

Animals were given a low maintenance dose of supplemental insulin (1.5 U Lantus 

insulin glargine subcutaneously, thrice a week) to prevent excessive weight loss and a 

catabolic response while maintaining high glucose levels (84). Body weight and blood 

glucose were monitored biweekly. Blood glucose during the survival period averaged 

535 ± 16 mg/dl for diabetic rats and 543 ± 12 mg/dl for diabetic rats treated with AG in 

drinking water.  

In vivo rat preparation. The in vivo rat preparation has been described previously (98). 

Surgery was performed under 2% isoflurane anesthesia. Core body temperature was 

continuously monitored and maintained at 37 ºC (TC-1000 Temperature Controller, 

CWE, Ardmore, PA). The left femoral vein and artery were cannulated for drug 

administration and monitoring of blood pressure, respectively, and a tracheotomy 

performed for artificial ventilation. The animal was placed in a modified stereotaxic 

holder with a three-point head restraint. An IV bolus of atropine (0.1 mg/kg) was 

delivered prior to any eye manipulations to counter the oculocardiac reflex, which can 

reduce blood pressure. The right pupil was dilated with 1% atropine sulfate. Corneal 

refraction was neutralized by placing gonioscopic prism solution and a contact lens 
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(5.4 mm fundus laser lens, Ocular Instruments, Bellevue, WA) over the cornea. The 

stereotaxic holder containing the rat was fixed to a movable stage below an upright 

microscope.  

Anesthesia was maintained for the duration of the experiment by continuously infusing α-

chloralose-HBC-complex (55 mg/kg/h). Animals were artificially ventilated (30–

50 breaths/min; CWE SAR-830-P) and paralyzed with gallamine triethiodide (20 mg/kg 

bolus; 20 mg/kg/h) to prevent eye movements. Arterial blood pressure (Pressure Monitor 

BP-1, World Precision Instruments, Sarasota, FL), end-tidal CO2 (microCapStar, CWE), 

and blood oxygen saturation level and heart rate (MouseOx, Starr Life Sciences Corp, 

Oakmont, PA) were monitored continuously. Blood gases and pH were sampled 

periodically (Instrumentation Laboratory Gem Premier 3000, Radiometer, Westlake, 

OH). Blood oxygen saturation, pH and mean arterial pressure were maintained within 

physiological limits (92–97%, 7.35-7.45, and 100–125 mm Hg, respectively) by adjusting 

the ventilation pressure, breath rate and inspired O2 concentration.  

Light stimulation. Retinal photoreceptors were stimulated with a flickering diffuse white 

light at 12 Hz, a frequency that evokes a maximal vascular response (3). Light from a 

fiber optic illuminator was gated with an electromechanical shutter and focused onto the 

globe at a 45º angle through a fiber bundle. The illuminance of the light was 12 klux at 

the surface of the globe. 

Measurement of flicker-induced dilation. The retina was imaged through the contact 

lens, cornea and lens of the eye with a 4X objective and an Olympus FluoView 1000 

laser scanning confocal microscope (Melville, NY). Blood vessels were labeled by IV 

injection of dextran fluorescein isothiocyanate (2,000,000 MW, 3% solution, 1-3 ml). The 

luminal diameters of first order arterioles were measured with confocal line scans drawn 
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perpendicular to the vessel (98) and luminal diameter vs time graphs calculated with a 

custom MatLab routine. Flicker-induced dilations were composed of transient and 

sustained phases. Response amplitude was measured using the first transient peak. For 

each animal, the peak response was calculated as the mean of the three largest 

responses. 

Electroretinogram (ERG) measurement. The corneal ERG electrode was attached to 

the center of a custom-made plastic light diffuser, which was placed over the cornea. 

The reference electrode was placed under the skin on the right cheek, 1 cm from the 

eye. The retina was dark-adapted for 15 min prior to recording ERGs. 10 ms flashes of 

diffuse white light were focused onto the diffuser. A series of flashes (intensities -3 to 0 

log units) was employed to determine the ERG b-wave intensity-response relation. The 0 

log unit stimulus had an illuminance of 120 klux at the surface of the diffuser. ERGs were 

averaged to improve signal-to-noise ratio. Animals displaying noisy ERGs were excluded 

from analysis. ERGs were filtered (1-100 Hz bandpass) and b-wave amplitude was 

measured from the negative a-wave trough to the positive b-wave peak. 

Chemicals. Streptozotocin, aminoguanidine hydrochloride, α-chloralose-HBC-complex, 

gallamine triethiodide and dextran fluorescein isothiocyanate were purchased from 

Sigma (St Louis, MO), lantus insulin glargine from sanofi-aventis U.S. (Bridgewater, NJ), 

atropine for IV administration from Baxter (Deerfield, IL) and for topical application from 

Alcon Laboratories (Fort Worth, TX). 

Statistics. Homoscedastic one-tailed Student’s t-test was used for all comparisons 

between control and diabetic animals. Homoscedastic two-tailed Student’s t-test was 

used for comparisons between treated and untreated control animals. Data are 

presented as mean ± SEM. α = 0.05 for all analyses.  



58 

 

5%
dilation

light stim (15 s)
ar

te
rio

le
 d

ia
m

A B

C

v

a

time

1
3

2

1 32

v

 

Figure 1. Measurement of flicker-induced changes in retinal arteriole diameter using confocal line 

scans. (A) Low power confocal image of retinal vessels. Arterioles (a) can be distinguished from 

venules (v) by their branching pattern and relative size. The diameter of the arteriole was 

measured with confocal line scans (white line). Scale bar, 250 µm. (B) Segments of a line scan 

image from the arteriole in A. The vertical bars in C indicate the times at which the 3 segments 

were taken. Distance is represented vertically (scale bar, 25 µm) and time horizontally (scale bar, 

100 ms). A diffuse flickering light evoked vessel dilation, indicated by the widening of the vessel in 

segment 2. (C) Time course of the flicker-induced arteriole dilation. The onset of the flickering 

light (black bar at bottom) evoked an initial transient dilation followed by a smaller secondary 

dilation. 
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Results 

We evaluated flicker-induced retinal arteriole dilation in vivo in diabetic and age-matched 

control rats. Experiments were conducted after a 7 month survival period, at which time 

there is a significant reduction in flicker-induced arteriole dilation in the ex vivo retina 

(121). The retina was stimulated with a diffuse 12 Hz flickering light and the luminal 

diameter of arterioles measured with confocal line scans (Fig. 1). In age-matched control 

animals, light stimulation evoked pronounced arteriole dilations composed of an initial 

transient dilation followed by a sustained response (Fig. 2). Flicker-evoked dilations in 

control retinas averaged 10.8 ± 1.1% (n = 7). The dilatory response was greatly 

diminished in diabetic animals (Fig. 2), where responses averaged 4.2 ± 0.3% (n = 6), 

only 39% of control responses (P < 0.0001; summarized in Fig. 3A).  

 

 

Figure 2. Flicker-induced dilation of retinal 

arterioles in control and diabetic animals. A 

diffuse flickering light (black bar at bottom) 

evoked a prominent arteriole dilation in a control 

animal, but a much smaller dilation in a diabetic 

animal. Treatment with the iNOS inhibitor AG 

restored flicker-induced arteriole dilations in 

diabetic animals to control levels when given 

intravenously (diabetic AG-IV), or in drinking 

water (diabetic AG-H2O). 

 

 

control

diabetic

diabetic
AG-IV

diabetic
AG-H20

5%
dilation

light stim (15 s)

ar
te

rio
le

 d
ia

m
et

er



60 

We showed previously in the ex vivo retina that increased tissue concentration of nitric 

oxide (NO), resulting from iNOS upregulation, was responsible for the reduction in 

flicker-induced dilations.  We were able to reverse this loss by inhibiting iNOS (121). We 

have now evaluated the effect of the iNOS inhibitor AG on flicker-induced arteriole 

dilations in vivo. AG was administered in two ways. We intravenously injected AG (100 

mg/kg) to test the effect of acute AG treatment. Flicker-induced changes in arteriole 

diameter were measured within 4 hours of AG injection. We also tested the effect of 

long-term AG treatment by adding AG to the drinking water of diabetic rats (500 mg/L; 

(118) starting 1 week after successful induction of diabetes and continuing for the 

duration of the survival period. Both treatment paradigms reversed the loss of flicker-

induced arteriole dilation in diabetic animals (Fig. 2). Flicker-induced dilations in the AG 

treatment groups averaged 8.8 ± 0.9% (n = 3) for IV administration and 9.5 ± 1.3% (n = 

7) for drinking water administration, both significantly larger than in untreated diabetic 

rats (P < 0.002; Fig. 3A). Neither treatment group was different from controls (P > 0.2). 

AG treatment could affect flicker-induced dilations in controls animals, but this was not 

the case in our experiments. AG administration, both IV and in drinking water, had no 

effect on flicker-induced dilations in controls (10.0 ± 0.8%, n = 7 and 9.6 ± 0.4%, n = 6, 

respectively, P > 0.3; Fig. 3B). AG was administered in drinking water for two months 

prior to experiments. 

The loss of neurovascular coupling observed in diabetic animals could be due to a 

change in the resting diameter of the arterioles. Vessels that are more dilated at rest 

would not be able to dilate as much in response to light. However, there was no 

difference in the resting arteriole diameter between groups in our study. The resting 

diameter of retinal arterioles was 32.7 ± 1.4 µm (n = 7) in control animals, 35.6 ± 2.0 µm 
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(n = 6) in diabetic animals (P > 0.1), and 29.3 ± 7.6 µm (n = 3; P > 0.2) and 34.8 ± 2.1 

µm (n = 7; P > 0.2) in diabetic animals treated with AG IV and in drinking water, 

respectively (Fig. 3C). Control animals treated with AG in drinking water had a slightly 

larger mean resting diameter (37.9 ± 1.8 µm, n = 6; P = 0.04), while IV injection of AG 

had no effect (34.5 ± 2.1 µm, n=7; P > 0.4; Fig. 3D). 

 

Figure 3. AG 

treatment reversed 

the loss of flicker-

induced arteriole 

dilation in diabetic 

animals. (A) The 

reduction in flicker-

induced vasodilation 

in diabetic animals 

was restored by 

treatment with AG 

(either IV or in H2O). 

(B) AG did not alter 

flicker-induced 

vasodilations in 

control animals. (C) 

The resting arteriole 

diameter was similar 

in all experimental 

groups. (D) AG 

treatment slightly 

increased the resting 

arteriole diameter in control animals when administered in drinking water, but not when given IV. 

Numbers in parenthesis indicate number of animals. * indicates P < 0.0001, † indicates P < 0.05. 
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The loss of neurovascular coupling could also be due to a decrease in light-evoked 

neuronal activity in diabetic animals, caused either by a loss of neuronal responsiveness 

or by neuronal death. We evaluated retinal responsiveness by monitoring the b-wave of 

the ERG, which primarily reflects ON bipolar cell activity. A series of ERGs were 

recorded to light flashes of increasing intensities (Fig. 4A). There was no difference in 

the maximal b-wave amplitude between control and diabetic animals: 0.22 ± 0.01 mV (n 

= 7) vs. 0.24 ± 0.03 mV (n = 3), respectively (P > 0.4; Figs. 4B, 4C). The sensitivity of the 

retina, evaluated by the light intensity that evoked a half-maximal b-wave response, was 

also similar: 0.012 ± 0.003 in controls vs. 0.014 ± 0.007 in diabetic rats (P > 0.7, where a 

value of 1 corresponds to 0 log unit intensity; Figs. 4B, 4D). These results indicate that 

neuronal activity was not reduced in the retinas of our diabetic rats. 
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Figure 4.  Electroretinogram recordings from control and diabetic animals were similar. (A) 
Intensity series of ERG traces from a control and a diabetic animal to 10 ms light flashes (black 
bars at bottom) of increasing intensities (numbers indicate intensity in log units). (B) Intensity-
response relations for the control (open circles) and diabetic (black squares) series shown in A. 
(C-D): The maximum b-wave response (C) and the light intensity evoking a half-maximal b-wave 
response (D) were similar in control and diabetic animals (P > 0.4). The data were fit with the 
Rushton-Naka relation (125). 
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Discussion 

Our results demonstrate that the iNOS inhibitor AG, delivered either IV or in drinking 

water, reverses the loss of flicker-induced vasodilation in an animal model of type 1 

diabetes. Although AG also inhibits the formation of AGEs, the acute and immediate 

reversal of light-evoked dilations following IV administration in our experiments suggests 

that AG is acting by inhibiting iNOS. This view is supported by our observations in the 

isolated diabetic retina (121), where the specific iNOS inhibitor 1400W also reversed the 

loss of flicker-induced dilations.  

It is unlikely that the loss of flicker-induced dilation is due to a decrease in light-evoked 

neuronal activity, as the ERG b-wave amplitude and sensitivity were normal in our 

diabetic animals. In addition, we have shown previously that there is no loss of retinal 

neurons in our diabetic animals at a 7 month survival time (121).  

Several previous animal studies have demonstrated a loss of both retinal neurons and 

the ERG in early stages of diabetic retinopathy (74;76;120;126). However, most of these 

studies were conducted using albino strains whose retinas are susceptible to light 

damage, compounding the effects of diabetic retinopathy. Our experiments are 

conducted in pigmented Long-Evans rats, a strain that displays a much lower retinal 

inflammatory response up to four months after induction of diabetes by streptozotocin, 

compared to changes observed in albino Sprague-Dawley retinas (113). In addition, 

streptozotocin-treated pigmented mice display an early transient increase in apoptosis, 

but then show no significant changes in neuronal death up to a year after diabetes 

induction (110). Collectively, we attribute the absence of neuronal death and the normal 

ERG response in our diabetic Long-Evans rats to the reduced vulnerability of pigmented 

eyes to light-damage.  
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The reduced flicker-induced vasodilation we observed does not appear to be due to a 

loss of vascular responsiveness. Using the ex vivo retina preparation, we demonstrated 

that prostaglandin E2-induced dilation of retinal arterioles remains intact in these diabetic 

animals (121). Additionally, a recent study showed that vascular reactivity to exogenous 

NO stimulation is unchanged in diabetic patients (73). The rapid reversal of light-induced 

vasodilation after AG IV treatment also argues against a loss of vascular 

responsiveness. 

Altered signaling from glial cells to blood vessels is the likely cause of reduced flicker-

induced vasodilation in diabetic retinas. Flicker-induced vasodilation in the retina is 

largely mediated by the release of vasodilatory agents from glial cells following neuronal 

activation (55). Nitric oxide (NO) modulates this signaling pathway by an as-yet 

unidentified mechanism. Both light and glial stimulation evoke retinal vasodilation when 

NO levels are low. However, vasodilation is reduced and vasoconstriction enhanced 

when NO levels are raised (55). Several laboratories have shown an increase in iNOS 

expression in the diabetic retina (84;121), leading to high NO levels (112). This increase 

in NO likely inhibits glial release of dilatory agents, disrupting the tight coupling between 

neuronal activity and vasodilation. It is likely that AG is acting by inhibiting iNOS and 

lowering retinal NO levels, thus allowing normal signaling to occur between glial cells 

and the vasculature. Our finding that AG does not alter neurovascular coupling in control 

animals supports this view, as iNOS expression is minimal in the healthy retina. It is of 

interest that the onset of reactive gliosis in our diabetic animals coincides with the loss of 

neurovascular coupling, at a 7 month survival time (121). This is not surprising, as iNOS 

upregulation is expected to be associated with glial reactivity.  

Neurovascular coupling is essential for meeting the increased demand of active retinal 

neurons for oxygen and glucose (3;80). A disruption of this coupling may induce damage 
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due to the resulting hypoxia, hypoglycemia, or accumulation of harmful metabolites. 

Thus, the reduction in flicker-induced vasodilation observed in diabetic patients before 

the onset of clinical retinopathy could be a contributing factor leading to the development 

of neuronal and vascular pathology. 

AG has been previously investigated as a treatment for complications of diabetes in both 

animal models and in diabetic patients (112;123;124). Clinical studies have 

demonstrated the beneficial effects of AG on retinopathy, where significantly fewer 

patients showed progression of retinopathy (defined as a 3 step or more increase in the 

Early Treatment Diabetic Retinopathy Study scale) when treated with AG, compared to 

placebo-treated patients (124). A few adverse effects were observed in some patients, 

although they only occurred when high AG doses were administered. It is noteworthy 

that these studies were conducted in patients with existing retinopathy. We suggest that 

restoration of neurovascular coupling early in the course of diabetes, before the 

development of visible clinical symptoms, may be more effective in slowing the 

progression of retinal pathology. Targeting iNOS or its downstream signaling pathway 

with selective inhibitors to reverse the loss of neurovascular coupling may serve as an 

effective primary intervention for diabetic retinopathy. 
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