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Chapter 1: Introduction 

 

Brain function is critical for survival. The oxygen and metabolic substrates 

required to maintain normal brain activity are delivered via a dense network of blood 

vessels that readily react to neuronal activity. The questions explored here focus on the 

retina, a part of the central nervous system (CNS), where the vascular network can be 

easily visualized and neuronal activity can be elicited with light.  

The primary goal of the work presented here is to understand how blood flow is 

regulated in the retinal vascular network in response to neuronal activity. In order to 

accurately quantify blood flow, we developed a multitude of streamlined techniques 

capable of measuring relative and absolute vessel diameter, blood flow, blood cell flux, 

and blood velocity. We applied these techniques in the in vivo rat retina by 1) adding a 

dye to the blood plasma, allowing for intralaminar diameter measurement, and 2) by 

injecting fluorescently labeled red blood cells (RBCs) into the circulatory system. 

Tracking these fluorescent cells allowed us to measure numerous blood flow parameters, 

often simultaneously with the diameter measurements. These techniques were applied in 

retinal vessels of all sizes, from the smallest capillaries to the largest venules. 

The aforementioned techniques were used to investigate retinal functional 

hyperemia, defined as the increase in local blood flow that occurs in response to nearby 

neuronal activity. Although large arteries and arterioles are known to dilate in response to 

synaptic activity, no other published work has investigated the magnitude and timing of 

the functional hyperemia response as it presents in the different compartments of the 

retinal vascular network. By doing a comprehensive survey of all retinal vessels, we aim 

to determine which vessels drive blood flow changes in the retina. Further, retinal 

capillaries are known to dilate in response to neuronal activity, but the source of their 

increase in blood flow remains unclear. Capillary blood flow may be regulated 

independently of large upstream vessels, potentially by contractile cells called pericytes 

that dot capillary walls. Complicating the picture is that the retina is a tri-laminar vascular 

structure, and blood flow in each of the three layers could be regulated independently 
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according to the metabolic needs of nearby neurons. The work in this dissertation 

addresses these questions and informs our understanding of blood flow regulation within 

the retinal vascular network.   

 

 

Retinal vascular morphology 

The mammalian retina is a complex laminar neural tissue that forms from the 

diencephalon during embryonic development. The retinal tissue of many higher 

mammals including the human, rat, mouse, and cat, is nourished by two separate vascular 

systems: the choroidal and the retinal vasculature (Fig. 1.1). Some animals, such as the 

rabbit and guinea pig, have avascular inner retinas and rely solely on diffusion from the 

choroidal circulation to meet the retina’s metabolic requirements (Yu and Cringle, 2001), 

but this configuration will not be discussed here. The outer retina is oxygenated by the 

 
Figure 1.1. Schematic of the retinal vascular networks relative to the retinal neuronal 

layers. The trilaminar retinal vascular network is composed of the superficial (S), 

intermediate (I), and deep (D) vascular layers. The choroidal vascular network is 

composed of large choroidal vessels (C) and the choriocapillaris (CC). GCL, 

Ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer 

plexiform layer; ONL, outer nuclear layer; PR, photoreceptors. 
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choroid, a layer of vascularized connective tissue that becomes continuous with the 

arachnoid and pia at the optic nerve. The choroid includes a fenestrated and dense 

network of capillaries called the choriocapillaris, which lies between the retina and the 

sclera. Oxygen from the choroid reaches photoreceptors by diffusing across Bruch’s 

membrane and the retinal pigment epithelium. Blood flow in the choroid is one of the 

highest in the body, accounting for 65-85% of the blood flow to the retina (Bill et al., 

1983). This high blood flow is necessary, in part, due to the high metabolic rate of 

photoreceptors. The other vascular system, which is of primary interest here, is called the 

retinal vasculature. It provides oxygen to the inner retinal layers.  

The retinal vascular network originates as a branch of the ophthalmic artery and 

emerges from the central retinal artery at the optic disc, splitting into arterioles that 

traverse the retinal surface adjacent to the vitreous humor. Blood exits the retina via 

primary venules that lie at the retinal surface and merge at the optic disc to become the 

primary retinal vein. The vascular tree that connects retinal arterioles to venules is a 

stratified structure that is composed of three planar layers at distinct depths (Fig. 1.1). 

The morphology and connectivity of this trilaminar network has been previously 

described (Paques et al., 2003) and modeled (Ganesan et al., 2010, 2011). The superficial 

vascular layer is made up of venules, and arterioles and their branches. This layer is in the 

retinal ganglion cell layer and provides oxygen and nutrients primarily to retinal ganglion 

cells. As the arterioles branch, the daughter vessels become narrow and are classified as 

capillaries. Capillaries of the superficial vascular layer then dive into the retinal tissue, 

away from the vitreous humor, to form the intermediate vascular layer, a layer of sparse 

and narrow capillaries that lies at the border of the inner plexiform layer and inner 

nuclear layer. Intermediate layer capillaries traverse for only a short distance before 

diving further into the retina to form the deep vascular layer. The deep vascular layer is a 

dense and highly interconnected meshwork of capillaries at the border of the inner 

nuclear layer and the outer plexiform layer. Draining venules are present in the deep 

vascular layer, which ascend and connect to surface layer venules, delivering 

deoxygenated blood out of the retina. During development, the intermediate and then 

deep vascular layers sprout from the superficial vascular layer (Provis, 2001). 



 

 4 

Blood percolates through the three retinal vascular layers roughly in series. Blood 

entering the retina via the arterioles first flows through the superficial vascular layer, then 

through the intermediate vascular layer, then down to the deep vascular layer, and then 

drains from the eye through the venules. Morphological studies have estimated that 

around 70% of blood that enters the eye goes through all three layers before exiting 

(Paques et al., 2003). This indicates that 30% of blood takes the opportunity to bypass the 

deep and/or intermediate vascular layers, although more work is required to track the path 

of blood through the network. An arterio-venous shunt in the superficial vascular layer 

connects superficial layer capillaries with primary venules. Intermediate layer capillaries 

can also connect directly to ascending venules, allowing blood to bypass the deep 

vascular layer. Although the structure of the retina’s trilaminar vascular network has been 

described, our work is the first to investigate differences in blood flow between the three 

layers.  

Vessel classification is difficult, as biological complexity is not easily distilled 

into objective categories. Many methods for blood vessel classification have been 

developed to address this problem. They take into consideration a combination of branch 

pattern, branch angle, and vessel diameter, length, and density. Strahler’s method is a 

popular way of characterizing branching complexity. It was originally developed to 

classify branching streams and has since been applied to many biological systems with 

hierarchical organization including trees, pulmonary airways, and vascular networks 

(Cassot et al., 2006; Lapi et al., 2008). A Strahler’s number of one is assigned to the most 

downstream segment and, moving upstream, the order number increases as segments 

merge. When Strahler’s method was applied to blood vessels, it was updated to take 

vessel diameter into account (Kassab et al., 1997). Another classification method is graph 

analysis, where vessel connection points are represented as “nodes” and vessel segments 

as “edges.” This method has been used to classify cerebral vascular systems (Blinder et 

al., 2013; Lindvere et al., 2013; Reichold et al., 2009). Fractal analysis has also been used 

to model vascular networks (Lorthois and Cassot, 2010; Risser et al., 2007). The gamut 

of methods available for characterizing cerebral vascular topology, and their application 

in interpreting blood flow data, have been thoroughly reviewed (Hirsch et al., 2012).  
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The classification system employed here is based solely on branch order and 

retinal depth. In the superficial vascular layer, a hierarchical classification system is used. 

Primary arterioles are designated as order 1 and each branching point increments the 

order by 1. The term “capillary” has a fraught definition, but for our purposes vessels in 

the superficial layer of order 4 and higher are defined as capillaries (see Chapter 4 for 

more detail). Classifying branching vessels by order allows us to describe them in a 

biologically meaningful way. However, it is important not to overstate the value of order; 

because the vascular system shifts from the arterial to venular side slowly without any 

hard cutoffs and there is wide biological variation in vascular networks, order is used 

only as a guide. The intermediate and deep vascular layers lack a hierarchical branching 

pattern and can be modeled more accurately using meshes with different densities 

(Ganesan et al., 2010, 2011). We classify all vessels in the intermediate and deep vascular 

layers as capillaries, except for draining venules in the deep vascular layer, which were 

not investigated. It should be noted that discrepancies between vessel classification 

methods might account in part for differences in our results and data from other 

laboratories. 

The retina’s oxygen profile resembles a U due to its dual oxygen sources. The 

partial pressure of oxygen (pO2) is highest at the retina’s edges, where oxygen diffuses 

into the inner retina from the vitreous humor and the large vessels of the retinal 

vasculature, and into the outer retina from the choroidal vasculature. pO2 dips to nearly 

hypoxic levels in the middle of the retina (Alder et al., 1983; Lau and Linsenmeier, 2012; 

Linsenmeier and Padnick-Silver, 2000; Yu et al., 1994). However, the intermediate and 

deep vascular layers provide oxygen sources at the borders of the inner nuclear layer. 

Using oxygen-sensitive electrodes to measure oxygen concentration through the retina’s 

depth, studies find evidence of a bump in pO2 near the deep vascular layer (Yu and 

Cringle, 2001; Yu et al., 1994) and near both the intermediate and deep vascular layers 

during light adaptation (Lau and Linsenmeier, 2012; Linsenmeier, 1986). The fact that 

we can detect the presence of retinal vascular layers by measuring oxygen shows that the 

intermediate and deep vascular layers are functional and provide valuable metabolic 

support to the middle of the retina. 
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Vascular density tends to correlate with overall neuronal activity. This is true in 

the cortex, where the highest vascular density is in layer IV, which also has the highest 

cytochrome oxidase activity (Weber et al., 2008). In the retina, we expect the position of 

the three vascular layers to correspond with neuronal metabolic requirement. The oxygen 

requirements of different retinal neurons vary with changes in luminance and in response 

to other light stimuli. Photoreceptors hyperpolarize in response to light, so oxygen 

requirements are highest in the dark and lowest in bright light. The presence of parallel 

ON and OFF pathways means that bipolar and retinal ganglion cells have either high or 

low synaptic activity and oxygen requirements in light. There is evidence that oxygen 

consumption is highest in the OFF sublamina of the inner plexiform layer (Yu and 

Cringle, 2001), which is deeper than the ON sublamina and close to the intermediate 

vascular layer. Compared to photoreceptors, bipolar cells, and retinal ganglion cells, 

amacrine cell have a complex synaptic connectivity profile. Amacrine cell synapses make 

up the vast majority of synapses in the inner plexiform layer (Dowling, 1968). In 

aggregate, amacrine cells increase their activity in response to a flickering light, 

potentially drawing on oxygen delivered by the intermediate vascular layer. The work 

presented here dovetails with research characterizing retinal neuronal activity and oxygen 

uptake throughout the retinal profile, and implies that neuronal activity influences blood 

flow by vascular layer. 

 

Principles of blood flow 

The mathematical underpinnings of fluid flow have been studied for hundreds of 

years. A complete discussion of these principles is beyond the scope of this dissertation. 

However, accurately interpreting the results presented requires a basic understanding of 

blood flow dynamics. One of the most important equations characterizing the properties 

of blood flow is the Hagen-Poiseuille equation, which relates flow to the pressure 

difference between the two ends of a tube, its cross-sectional area, and the fluid viscosity. 

This equation has a variety of applications, and has been tweaked over the years to more 

accurately characterize blood flow by accounting for the non-ideal nature of blood and 

blood vessels. One important concept arising from the Hagen-Poiseuille equation is that 
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vessel resistance is inversely proportional to the fourth power of the vessel radius. 

Further, flow is proportional to the fourth power of the vessel radius. Because blood flow 

is very sensitive to changes in vessel width, we take care to measure diameter with high 

precision. 

For an ideal fluid flowing through an ideal tube, laminar flow mandates that 

velocities will be highest in the center of the tube and will approach zero at the tube’s 

edges. The distribution of flow velocities across the width of this tube is parabolic. 

However, as much as we might like them to be, blood vessels are not ideal tubes. They 

are tortuous, interconnected, branching things with a range of sizes. Nor is blood is a 

Newtonian fluid; it is pulsatile, particulate, and viscous. In the case of a particulate 

substance such as blood, particle density is non-uniform across tube’s width. Particulate 

components tend to compact densely at the tube’s center, a phenomenon called axial 

streaming. The result of axial streaming in blood vessels is that the blood components 

separate, creating a low-viscosity layer of cell-free plasma at the vessel’s edges and a 

high-viscosity bulk of blood cells at the center. Therefore, most investigations of laminar 

flow in vivo find that parabolic profiles are blunted (Logean, Eric and Schmetterer, 2003; 

Parthasarathi et al., 1999; Rovainen et al., 1993; Zhong et al., 2011). Although flow 

velocities of zero have been measured at the edges of vessels (Yazdanfar et al., 2003; Zhi 

et al., 2011), this is unusual and likely depends on the measurement technique. 

Techniques that measure the velocity of cells cannot capture velocities in the cell-free 

regions, a methodological drawback that we cannot as yet overcome. Perfect parabolas 

representing velocity across a vessel’s width are disrupted near branch points (Logean, 

Eric and Schmetterer, 2003; Willerslev et al., 2014; Zhong et al., 2011). Further, whether 

laminar flow is present depends on vessel diameter. With decreasing vessel diameter, 

each individual blood cell will take up proportionally more space in the lumen. This also 

increases the frictional forces between cells and the vessel wall, disrupting laminar flow. 

In vessels where RBCs move single-file, RBCs that are normally 8 m wide biconcave 

disks deform into bullet-shaped objects, thanks to their liquid centers (Fung, 1969), in 

order to squeeze through the lumen. Here, laminar flow is not a useful model for 

interpreting blood velocity. In our experiments we measure parabolic profiles in vessels 
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between 20 and 30 m in diameter and use this result as a readout to confirm our ability 

to measure accurate flow velocities in retinal vessels. These results will be discussed in 

Chapter 3. 

Properties of blood flow change as the blood moves from large to small vessels. 

These properties are in part mediated by the presence of glycocalyx, also called the 

endothelial surface layer. Glycocalyx is a glycoprotein and proteoglycan layer lining the 

luminal side of the vascular endothelium. It is approximately 0.5 µm thick and repels 

cells from the edges the vessel, impedes plasma flow, and is partially responsible for 

generating the ever-present cell-free plasma layer at vessel edges (its many effects are 

reviewed by Reitsma et al (2007)). As vessel diameters decrease, the cell-free plasma 

layer takes up proportionally more of the lumen, causing the effective blood viscosity to 

decrease, a phenomenon called the Fahraeus-Lindqvist effect. A related phenomenon is 

the Fahraeus effect, defined as the decrease in hematocrit that accompanies decreasing 

diameter. In interpreting the results presented here, we must keep in mind that the 

parameters that constrain blood flow are not constant throughout the vascular network.  

RBCs are the body’s quantal unit of oxygen delivery, and tracking their flow 

allows us to infer energy delivery to nearby tissues. High-resolution phosphorescence 

lifetime microscopy can be used to visualize the high oxygen signals associated with 

individual RBCs moving through capillaries (Parpaleix et al., 2013) and to measure blood 

flow in a vascular network (Shahidi et al., 2006, 2009; Wanek et al., 2011). By measuring 

RBC flux directly (Chapter 3), our experiments indirectly gauge tissue oxygenation at the 

level of individual blood vessels. Further, our measurements of RBC movement through 

vessels were used to validate important basic concepts of blood flow, including the 

existence of parabolic flow in the arterioles of the rat retina. 

 

Functional hyperemia 

 Functional hyperemia was first described by Mosso in 1880 (Mosso, 1880) and 

was further characterized by Roy and Sherrington in 1890 (Roy and Sherrington, 1890). 

They brilliantly observed that the brain is capable of regulating its own blood supply. 

This simple observation has blossomed into a rich line of research into the underpinnings 
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of cerebral blood flow modulation. The body maintains physiologically normal blood 

flow and oxygenation on a global scale via autoregulation, which is accomplished by 

modulating cardiac output and the resistance of large blood vessels to account for 

changing blood pressure. On a smaller spatial scale, functional hyperemia couples 

neuronal activity to local blood flow increases. Its presence is critical for tailoring blood 

flow to areas of greatest need. In the brain, the body’s most bloodthirsty organ, oxygen is 

critical for survival; oxygen levels rarely drop into the hypoxic. Functional imaging data 

demonstrates that neuronal activity causes paradoxical increases in blood oxygenation 

that exceed neuronal need (reviewed by Paulson et al (2010)). These oxygen overshoots 

are thought to prevent brain tissue distant from blood vessels from becoming hypoxic 

(Devor et al., 2011). Because oxygen delivery to the CNS is critical, redundant 

mechanisms control the functional hyperemia response. It is important that we understand 

the biological basis of functional neuroimaging, as it is currently the best way to non-

invasively measure human brain activity in real time. Further, understanding the 

pathways behind functional hyperemia will open doors for treatment options in diseases 

where blood flow is disrupted. 

 The link between neuronal activity and blood flow is mediated by complex 

signaling pathways that are incompletely understood. Although vasoactive signals have 

numerous origins, the primary targets of their action are vascular smooth muscle cells 

(SMCs), which directly modulate the diameter of large arterial-side blood vessels. The 

contribution of pericytes to regulation of capillary diameter will be discussed in the next 

section. SMCs surround the endothelial cell wall of arteries and arterioles in the CNS, 

sometimes creating multiple layers in the largest blood vessels. They wrap 

circumferentially around blood vessels, separated from underlying endothelial cells by a 

thin basement membrane (Gerhardt and Betsholtz, 2003). Vascular SMC constriction 

occurs when increases in the intracellular calcium concentration triggers activation of 

myosin light chain kinase, which phosphorylates myosin light chain. Myosin light chain 

then interacts with α-SMA to generate contractile force. Relaxation occurs when calcium 

concentration drops and/or there is increased activity of myosin light chain phosphatase 
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(Webb, 2003). The extent of α-SMA expression is correlated with vessel contractility 

(Hinz et al., 2001; Schildmeyer et al., 2000; Tomasek et al., 2006). 

Neuronal control of CNS vasculature is both long-range and local. In the brain, 

blood vessels are innervated by sympathetic and parasympathetic fibers, providing 

external control over blood flow largely for autoregulatory purposes (Hamel, 2006). In 

contrast, blood flow in the retinal vasculature is controlled by local rather than extrinsic 

signals. The central retinal artery is highly innervated by sympathetic and 

parasympathetic fibers, but these fibers are absent in the intraocular retinal vasculature 

(Bergua et al., 2003; Ye et al., 1990). Conflicting data suggest that autonomic machinery 

is present in the retina (Forster et al., 1987; Furukawa, 1987), and sympathetic 

denervation was associated with reduced vascular responsiveness in human retinas 

(Lanigan et al., 1990). Despite these opposing data, the dogma remains that local changes 

in retinal vascular tone originate from nearby cells. Retinal functional hyperemia begins 

when vasoactive signals are released directly from neurons during synaptic signaling 

events. Activation of postsynaptic glutamate receptors causes swift calcium elevations, 

activation of neuronal nitric oxide synthase, and release of the potent vasodilator nitric 

oxide (NO). Active neurons also release prostaglandin E2, which has a dilatory effect on 

the vasculature.  

Glial cells are important mediators of neurovascular coupling. The primary glial 

cell in the brain is the astrocyte, and its functional analogue in the retina is the Müller 

cell. Astrocytes are only present at the retina’s surface and therefore their influence is 

limited compared to Müller cells, which span the entire retinal depth. Glial cells of all 

types are uniquely well positioned to regulate blood flow. They are closely associated 

with pre- and post-synaptic structures as part of the tripartite synapse (Perea et al., 2009), 

and glial perivascular processes envelop blood vessels nearly completely (Mathiisen et 

al., 2010). Due to their synaptic and vascular contact points, glial cells can relay neuronal 

chatter to the vascular system. Extensive literature supports a role for glia in blood flow 

regulation (Attwell et al., 2010; Haydon and Carmignoto, 2006; Iadecola and 

Nedergaard, 2007; Newman, 2013). Mechanistically, presynaptic glutamate release 

activates metabotropic glutamate receptors on glial cells, increasing their cytosolic 
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calcium concentration and triggering the synthesis of vasoactive metabolites of 

arachidonic acid. Synaptic activity in the retina also leads to the release of ATP, which 

activates glial purinergic receptors and causes glial release of vasoactive agents. Despite 

many careful studies linking glial signaling and changes in blood flow, recent work using 

genetic techniques and next-generation calcium indicator molecules has questioned the 

role of glia in functional hyperemia. This work finds that blood flow responses are 

preserved in the absence of glial calcium signaling (Bonder and McCarthy, 2014; Nizar et 

al., 2013; Takata et al., 2013). Additional work is required to fully understand the role 

glial signaling plays in regulating blood flow. 

Neuronally-evoked dilations spread along the vasculature, allowing for spatially 

limited neuronal activation to generate network-wide blood flow increases. Electrical 

signals propagate via gap junctionally connected endothelial cells, glial cells, and 

pericytes in the retina (Ishizaki et al., 2009; Peppiatt et al., 2006; Zhang et al., 2011) and 

other vascular networks. Of interest is the site of dilation initiation. In the cortex, sensory 

stimulation first triggers dilations in the deep cortical layers where capillaries and higher-

order arteriole branches reside, which then spread toward the cortical surface (Chen et al., 

2011; Hall et al., 2014; Silva and Koretsky, 2002; Tian et al., 2010). We aimed to identify 

the retinal vessel(s) that respond most quickly to neuronal signaling (Chapter 4). At 

stimulus offset, vessels constrict and blood flow returns to baseline. The return to 

baseline likely requires an active constriction rather than simply cessation of the dilatory 

signal (Chen et al., 2011). The biphasic functional hyperemia response we observe in the 

retina (Chapter 4) may be the result of an interaction between dilatory and constrictory 

signals with different temporal dynamics. Future pharmacological investigation could 

parse out these competing mechanisms. 

Although the molecular underpinnings of functional hyperemia remain under 

active investigation, the functional hyperemia response is large, easily evoked, and 

consistent in the retinal vasculature and can be used to better understand how blood flow 

is regulated within a network. Further, functional hyperemia is often disrupted early in 

disease, causing a loss of blood flow to active tissues. In the retina, glaucoma and 

diabetic retinopathy disrupt blood flow regulation, which can cause catastrophic vision 



 

 12 

loss (Garhöfer et al., 2004a; Mishra et al., 2010). Therefore, the functional hyperemia 

response is a potential therapeutic target, and understanding its expression in the retina 

vascular network is an important endeavor. 

 

The role of pericytes in blood flow control 

Pericytes were first named “Rouget cells” in 1873 for the man who characterized 

them, Charles-Marie Benjamin Rouget. Pericytes are mural cells that wrap around blood 

vessels in the CNS and throughout the body. Pericytes serve many diverse and important 

functions that have been thoroughly reviewed (Armulik et al., 2011; Dore-Duffy and 

Cleary, 2011; Krueger and Bechmann, 2010). They are critical for developing and 

maintaining normal microvascular architecture (Hellström et al., 2001) and for creating a 

functional blood-brain barrier (Armulik et al., 2010; Daneman et al., 2010; Kim et al., 

2009; Winkler et al., 2012). Pericytes may also have pluripotent abilities (Diaz-Flores et 

al., 1992; Dore-Duffy, 2008; Dore-Duffy et al., 2006; Farrington-Rock et al., 2004), 

although this has not been demonstrated in vivo. Of particular interest here, pericytes 

have contractile properties (Joyce et al., 1985) and are thought to control 

microvasculature blood flow.  

Mural cells are vascular-associated cells whose morphology shifts continuously 

along the vascular tree. Vascular SMCs and pericytes are both classified as mural cells, 

although their locations and morphologies differ dramatically. Vascular SMCs encircle 

and fully cover the surface of arterioles, and are still present but sparser on pre-capillary 

arterioles. Mural cells on capillaries are defined as pericytes. Pericyes have round cell 

bodies that protrude from the abluminal side of the blood vessel wall, primary processes 

that extend longitudinally along the vessel, and shorter secondary processes that wrap 

circumferentially around vessels. Pericyte somas appear intermittently along the vessel’s 

length but their processes extend for long distances. Pericytes on pre-capillary vessels 

have processes that extend about 10 μm, while pericytes on capillaries have processes 

that extend ~ 30-40 μm (Borysova et al., 2013). Unlike vascular SMCs, which lie outside 

of the vascular basement membrane, healthy mature pericytes are enveloped between the 

inner and outer vascular basement membranes, making them physically part of the 
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vascular wall. On post-capillary venules pericytes are spidery, with stellate cell bodies 

and slender branching processes extending in all directions. Pericytes and vascular SMCs 

descend from the same lineage, and therefore no molecular marker can unequivocally tell 

them apart. Definitively identifying pericytes is only possible with ultrastructural analysis 

showing that the cell in question is within the vascular basement membrane, which is 

outside the realm of possibility for most researchers.  

Pericytes are in contact with other cells, and their interactions may affect pericyte 

function. Astrocyte endfeet make contact with the vascular basement membrane and are 

close enough to signal to pericytes and other vascular cells. Pericytes and the underlying 

endothelial cells have numerous contact points and are connected via gap junctions. 

Further, the edges of pericyte processes are firmly anchored to endothelial cells at 

filamentous adhesion plaques for the transfer of contractile force. The signaling pathways 

between pericytes and endothelial have been reviewed by Gaengel et al (2009). Neuronal 

synaptic terminals are also closely apposed to pericytes, which can respond to 

neurotransmitters with changes in their intracellular calcium concentration (Kamouchi et 

al., 2004; Wu et al., 2003). Pericytes are also coupled to each other via gap junctions, 

suggesting that pericyte contractile or dilatory signals can propagate along the vessel wall 

(Wu et al., 2006). 

Pericyte density varies across tissues and vascular beds. They are ubiquitous in 

the retinal vasculature, where their processes encapsulate approximately 96% of retinal 

vessels (Chan-Ling et al., 2011). In comparison, 11% of choroidal (Chan-Ling et al., 

2011) and 37-80% of brain blood vessels (Mathiisen et al., 2010; Winkler et al., 2012) 

are covered by pericyte processes. The greater pericyte coverage in the retina compared 

to the brain (Cogan and Kuwabara, 1984; Frank et al., 1987) suggests differences in 

blood flow regulation between tissue types. Pericyte densities in the three retinal vascular 

layers have not been quantitatively assessed, although we observe them in all layers and 

particularly at branch points (unpublished findings). In the mouse retina’s superficial 

vascular layer, pericyte density does not depend upon retinal eccentricity or quadrant 

(Schallek et al., 2013). The density of pericytes may affect blood flow regulation in the 

microvasculature (discussed further in Chapter 4). 
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Molecular markers are used to identify pericytes, although none is capable of 

definitively doing so at all stages of development. Commonly used pericyte markers 

include PDGFR-β, desmin, NG2, and α-SMA. Others have been proposed and are in need 

of validation (Armulik et al., 2011). Changes in the expression levels of these markers in 

the retina throughout development have been previously characterized (Hughes and 

Chan-Ling, 2004). NG2 is a common and useful marker for mature pericytes, and 

transgenic mice that express the fluorescent protein DsRed under the NG2 promoter have 

been used in recent studies to localize pericytes (Hall et al., 2014; Mishra et al., 2014; 

Schallek et al., 2013). However, the NG2-driven DsRed signal is strongest in somas and, 

particularly in vivo, pericyte processes cannot be clearly visualized (Hall et al., 2014; 

Schallek et al., 2013). The work presented here utilizes the NG2 antibody as a marker of 

pericyte somas in the rat retina. 

Pericytes express contractile proteins and are capable of contracting and relaxing. 

The molecular contractile mechanisms of pericytes and vascular SMCs are very similar: 

both depend on modulation of intracellular calcium. Binding of vasocontrictive agents to 

nonspecific cation channels, or ATP to its receptors, depolarizes pericytes and raises their 

intracellular calcium concentration, generating constriction. Conversely, dilatory agents 

activate potassium channels, causing an efflux of potassium, hyperpolarization, and 

pericyte relaxation. Vasoactive substances can also act on intracellular cyclic nucleotide 

cascades that modulate ion channel activity, or by changing the phosphorylation state of 

proteins involved in muscular contraction pathways. The molecular mechanisms 

underlying pericyte contractility have been reviewed by Hamilton et al (2010).  

One molecular species critical for generating pericyte contractility is α-SMA, a 

common actin isoform expressed in mural cells. As might be expected, α-SMA 

expression in vivo is on a continuum. Its expression is high in arterial vascular SMCs and 

decreases along the vascular tree until it becomes virtually absent on the smallest 

capillaries (Alliot et al., 1999; Boado and Pardridge, 1994; Hughes and Chan-Ling, 2004; 

Kornfield and Newman, 2014; Nehls and Drenckhahn, 1991). α-SMA is expressed in 

between 0 and 10% of pericytes in vivo and in acute cultures (Dore-Duffy and Cleary, 

2011; Verbeek et al., 1994). Its expression is massively upregulated under culture 



 

 15 

conditions (Verbeek et al., 1994), during inflammation (Pieper et al., 2014), in 

hypertension (Herman and Jacobson, 1988), and in tumors (Gerhardt and Betsholtz, 

2003). Because of the low levels of actin expression in capillary pericytes in the healthy 

adult, it remains unclear how much contractile power these cells have in vivo.  

Early pericyte observers noted their contractile properties and theorized about the 

role of pericytes in blood flow regulation. In vitro studies found that pericytes seeded on 

deformable beds wrinkled the underlying substrate and decreased its surface area; the 

story of these discoveries is nicely summarized by Krueger and Bechmann (2010). A 

large body of work shows that pericytes respond to a variety of vasoactive substances 

including adenosine (Li and Puro, 2001) and ATP (Peppiatt et al., 2006), dopamine (Wu 

et al., 2003), endothelin (Kawamura et al., 2002), acetylcholine (Wu et al., 2003), and 

angiotensin II (Kawamura et al., 2004). They are also sensitive to changes in pH (Chen 

and Anderson, 1997) and electrical stimulation (Peppiatt et al., 2006). Critical studies 

showed that pericytes can control the diameter of underlying capillaries (Dai et al., 2009; 

Peppiatt et al., 2006; Schönfelder et al., 1998; Yamanishi et al., 2006) and postcapillary 

venules (Borysova et al., 2013). However, in ex vivo experiments, only a subset of 

pericytes responds to contractile stimuli (Peppiatt et al., 2006). Pericytes’ lack of actin 

expression and the narrow diameter of capillaries led many to conclude that blood flow 

regulation occurs at the level of the arteries and arterioles (Boas et al., 2008; Devor et al., 

2007; Vanzetta et al., 2005).  

The role of pericytes in regulating blood flow in vivo remains unclear. Capillaries 

account for up to 70% of the total vascular resistance (Boas et al., 2008), and even small 

changes in their diameter would have a huge effect on network blood flow. Loss of 

pericytes reduces the functional hyperemia response (Bell et al., 2010), although this 

could be due to their role maintaining blood vessel and blood-brain barrier integrity. Two 

studies investigating pericyte activity in vivo reported opposite results. First, using 

biccuculine to generate neuronal activity, cortical capillaries were shown to dilate in vivo, 

but the authors concluded that this was not an active response (Fernández-Klett et al., 

2010). Second, using a physiological sensory stimulus, a different group observed 

pericyte-mediated capillary dilations, strongly suggesting they modulate blood flow in 
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vivo (Hall et al., 2014). Because of these opposing results, pericytes’ role in blood flow 

control remains controversial. We have addressed this question in the retinal vasculature 

(Chapter 4). 

Pericyte dysfunction has been implicated in a number of diseases. Changes in 

pericyte morphology or their coverage of capillaries have been observed in multiple 

sclerosis (Claudio et al., 1995; Kunz et al., 1995), epilepsy (Liwnicz et al., 1990), brain 

tumors (Winkler et al., 2004), and normal aging (Heinsen and Heinsen, 1983). Pericytes 

are thought to participate in β-amyloid clearance in Alzheimer’s disease and die when 

exposed to β-amyloid (Verbeek et al., 1997; Wilhelmus et al., 2007). Pericyte death is an 

early hallmark of diabetic retinopathy (Beltramo and Porta, 2013; Cogan et al., 1961). 

Pericytes are very sensitive to hypoxia and ischemia causes them to die in rigor, 

constricting capillaries and preventing reperfusion of the microvasculature even if the 

original ischemic insult is removed (Peppiatt et al., 2006; Yemisci et al., 2009). After 

traumatic brain injury, pericyte constriction and death disrupts blood flow (Dore-Duffy et 

al., 2000, 2011). That pericytes are implicated in so many disease processes indicates 

their presence is critical for health and that they are potential therapeutic targets. 

Understanding their role in blood flow regulation in the healthy organism will provide 

clues into how blood flow is controlled on a network level and how to regain normal flow 

under pathological conditions. 

 

Goals of this research 

The goal of the present research is to understand how blood flow is controlled in 

the retinal vasculature: if blood flow is regulated differently in the three vascular layers, 

whether capillaries actively regulate blood flow, and how blood flow is regulated in the 

retinal vascular network as a whole. To answer these questions, we have developed 

methods to measure blood flow (Chapter 3) and applied them in an in vivo rat retinal 

preparation, where the functional hyperemia response was investigated at all levels of the 

trilaminar vascular network (Chapter 4). 
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Chapter 2: Methods 

 

In vivo preparation.  

The in vivo rat retinal preparation has been described previously (Srienc et al., 

2012). All animals were treated in accordance with the University of Minnesota 

Institutional Animal Care and Use Committee guidelines. Briefly, 2 to 3-month-old male 

Long–Evans rats were anesthetized with isoflurane (2%), and the femoral artery and vein 

were cannulated for monitoring of blood pressure and injection of anesthetics and 

paralytics, respectively. A tracheotomy was performed. After surgery, the animal was 

anesthetized with α-chloralose (α-chloralose-HBC Complex; Sigma C8849; 800 mg/kg 

bolus and 550 mg/kg/h sustained infusion), and the paralytic gallamine triethiodide 

(Sigma G8134; 20 mg/kg bolus and 20 mg/kg/h sustained infusion) was administered to 

reduce eye movements. The paralytic agent did not affect the flicker-evoked vascular 

responses. A contact lens was placed over the eye. The animal was mounted in a custom 

stereotaxic holder that was attached to a stage, and the retina was imaged with a confocal 

microscope (Olympus FV1000) and a 4X dry 0.16 numerical aperture objective. A 

heating blanket was used to maintain the animal’s body temperature at 37°C. The rat was 

ventilated (SAR-1000; CWE) with a mixture of 30% O2 and 70% N2 at 55 breaths/min 

with a tidal volume of ~3.4 ml, a 1:1 inspiration/expiration fraction, and 2 mmHg 

positive end-expiratory pressure. Oxygen saturation (sO2; MouseOx; Starr Life Sciences), 

end-tidal CO2 (microCapStar; CWE), and arterial blood pressure (Pressure Monitor BP-1; 

World Precision Instruments) were measured in real time. Carbon dioxide partial pressure 

(pCO2), oxygen partial pressure (pO2), and pH were sampled periodically (ABL800flex; 

Radiometer), and ventilation parameters were adjusted to maintain physiological 

parameters within normal limits (Table 2.1). Large tidal volume breaths up to 30 cmHg 

were given every ~5 min to maintain good lung ventilation. These breaths were often 

given immediately before blood sampling, accounting for the high pO2 we observed in 

Chapter 4. If physiological parameters deviated from the normal range, the retinal 

functional hyperemia response was reduced or absent. Data were only collected when 
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parameters were within the normal range. After experimentation, animals were killed 

with an intravenous injection of potassium chloride (2 mEq/kg). 

 

 

Fluorescent RBC labeling 

RBCs were labeled with the lipophilic dye carbocyanide 1,1’-dioctadecyl-

3,3,3’,3’-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD solid; 

Invitrogen D-7757) using a procedure modified from Unthank et al. (1993). A total of 

350 μl of blood was withdrawn from the arterial line, and RBCs were isolated by adding 

700 μl of blood plasma buffer (BPB; in mM: 128 NaCl, 15 glucose, 10 HEPES, 4.2 

NaHCO3, 3 KCl, 2 MgCl2, and 1 KH2PO4, pH 7.4; (Khoobehi et al., 2003)) and 

centrifuged for 5 min at 1500 rpm. RBCs were resuspended in 1.4 ml of BPB, and the 

cell suspension was gently mixed into a dye solution composed of 1.4 ml of Dilutent C 

(Sigma CGLDIL) and 35 μl of DiD (2.5 mg/mL in 100% ethanol). The solution was 

incubated for 5 min at 37°C with periodic inversion to ensure uniform labeling. After 

labeling, 700 μl of serum was added, and the solution was incubated for 1 additional 

minute. The fluorescent RBCs (fRBCs) were then centrifuged for 5 min at 1500 rpm and 

washed twice by gentle mixing in 3.5 ml of BPB containing 10% serum, followed by 5 

min centrifugation at 1500 rpm to remove unbound dye. Washed and labeled cells were 

resuspended in BPB up to a volume of 1 ml, and 0.2-1 ml of blood solution was injected 

into the intravenous line to achieve the desired in vivo labeled cell density. For data 

 

Table 2.1: Chapter 4 physiological parameters 

Physiological parameter Mean ± S.E.M. N 

BP 120 ± 2 mmHg 46 

pO2 162 ± 4 mmHg 33 

sO2 94.8 ± 0.3% 46 

pCO2 32 ± 0.5 mmHg 33 

pH 7.42 ± 0.00 33 

 

Table 2.1. Chapter 4 physiological parameters. BP, mean arteriole blood pressure, 

pO2, oxygen partial pressure; sO2, oxygen saturation; pCO2, CO2 partial pressure; N, 

number of rats.  
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presented in Chapter 3, fRBC:RBC ratios ranged from 0.1% to 1.8%. Higher ratios were 

used to measure velocity and flux in small vessels, and lower ratios were used to measure 

flux in large vessels. For data presented in Chapter 4, an fRBC density of ~0.9% was 

used for measuring flux in large vessels, and a density of ~1.2% was used for measuring 

flux in capillaries. 

 

Vessel diameter and RBC flux measurements 

Fluorescein isothiocyanate (FITC) dextran  (2000 kDa; 1 ml of 3% solution; 

Sigma  FD200S) was administered intravenously to  visualize the vasculature. Vessel 

lumenal diameter and RBC flux were measured simultaneously using confocal line scans 

oriented  perpendicular to the vessel (Fig. 3.1, yellow line, Fig. 4.1). FITC and fRBCs 

were imaged using 488 and 635 nm laser  lines, respectively. The confocal laser 

illumination was maintained as low as possible to minimize photoreceptor stimulation. 

Control  experiments demonstrated that the confocal illumination did not reduce flicker-

evoked vascular responses or retinal ganglion cell activity  measured with extracellular 

electrodes. Two  trial and stimulus paradigms were used for data  acquisition. In the 

first, used for all blood vessels, the line-scan acquisition (~650 Hz) was at least 47 s in 

duration. However, this scan rate  was too low to capture the passage of fRBCs in  large 

arterioles and venules. To measure RBC  flux in these vessels, additional data were 

gathered using ultrafast line scans (4200 Hz), in which the trial duration was limited to 8 

s due to constraints of the confocal microscope software. Room illumination was dim 

during experimentation (~3 lux at the surface of the eye). For ease of processing and 

comparison, data were converted to a temporal resolution of 10 ms. All data were 

reviewed visually, and trials with eye movement or stimulus artifacts were excluded from 

additional processing. 

Vessel diameter was calculated using a custom MATLAB (version R2012a; 

MathWorks) program that automatically extracted the borders of the vessel lumen from 

line-scan images (Fig. 3.1, Fig. 4.1B1). Light stimulus artifacts in line-scan images were 

automatically removed before diameter calculation, as were regions of the image in 

which the vessel was not significantly brighter than the background. The latter procedure 
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was particularly important in capillaries in which a single RBC passing through the 

vessel prevented visualization and measurement of the vessel lumen. Before analysis, 

vessel diameter data were temporally averaged using a symmetrical 1 s moving average 

filter. In many blood vessels, we observed a slow, steady decrease in diameter throughout 

the trial. This linear drift was removed from all diameter records in Chapter 4. 

RBC flux was measured by two methods. In the first, unlabeled RBCs moving 

single-file in narrow vessels were visualized as dark bands interrupting the fluorescently 

labeled blood plasma (Fig 3.1C, Fig. 4.1B1). In the second method, fRBCs in vessels of 

all diameters were visualized as bright lines (Fig. 3.1B, Fig. 4.1B3). Using these two 

methods allowed us to calculate flux in all retinal vessels. In both methods, flux was 

calculated using a custom MATLAB program. RBCs were identified from the 

background using a moving thresholding algorithm. Line-scan lines that were darker (for 

true flux) or brighter (for fRBC flux) than surrounding lines were flagged as containing 

an RBC. A single RBC typically appeared on more than two adjacent line-scan lines. 

Adjacent RBC-containing lines were grouped together and considered a single RBC. Flux 

was calculated as RBCs per second. 

In Chapter 4, measurement of vessel diameter and flux at a specific location on a 

blood vessel was made between two and eight times, and these trials were averaged to 

create a mean, which we call a series. All analyses presented in Chapter 4 are performed 

on series data, and this chapter’s dataset contains 204 series from 47 rats. 

 

Velocity measurements 

Blood velocity was measured with line scans oriented either parallel (Fig. 3.1A, 

red line) or at a diagonal (Fig. 3.1A, blue line) to the blood vessel. 4,200 Hz line scans 

were used to capture fRBCs moving through vessels. In velocity line scan images (Fig. 

3.1D,E) fRBCs appear as diagonal streaks where the angle of the streak is inversely 

proportional to velocity. Identification of streak angle was performed using the Radon 

function. Open source code for velocity calculation by (Chhatbar and Kara, 2013) was 

modified to fit the current dataset. All velocity line scans were processed by computing 

the velocity in bins of 500 rows (time axis), sliding 25 rows with each calculation. For 
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diagonal line scan data, 10 columns (vessel diameter axis) of 50 pixels each were used to 

calculate velocity across the width of the vessel. Vessel diameter was calculated from 

reference images of the FITC-filled vessel lumen. Due to chromatic aberration of the rat 

lens, the 488 and 635 images did not align perfectly. For this reason, all data are 

presented aligned to the furthest edges of the vessel that yielded usable velocity data. 

 

Functional challenge 

In Chapter 3, hyperoxia was generated by increasing the oxygen content of the 

ventilation gas from 30 to 60% and reducing nitrogen accordingly. Hypercapnia was 

generated by replacing 5% of the nitrogen with 5% CO2. Both blood flow and blood 

vessel diameter were measured in primary arterioles every ~ 30 s during the challenge 

sessions, which typically lasted a total of ~13 min. Baseline diameter and flow values 

were collected for at least 2 min prior to challenge onset. Hyperoxia and hypercapnia 

were maintained for at least 3 min, after which inhalation gas mixtures were returned to 

normal and flow and diameter recovery was tracked. 

In Chapter 4, the retina was stimulated with a 5 Hz diffuse flickering white light 

with a 10% duty cycle, an intensity of ~200 klux, and a duration of 15 s for long trials 

and 2 s for short trials. The stimulus light was long-pass filtered at 600 nm and directed 

obliquely onto the eye, illuminating the retina primarily through the sclera. Such a 

flickering stimulus effectively activates neurons of the inner retina (Miller, 2001). 

 

Response onset time 

Response onset time of a vessel was defined as the time to 20% of the peak 

diameter response. The peak response was calculated as the largest diameter within the 

first 4 s after stimulus onset, a procedure designed to isolate the first phase of the dilatory 

response (Fig. 4.3A shows a biphasic dilation in arterioles). The 20% onset time was 

measured only for those series in which the peak response within 4 s of stimulus onset 

was >3 SDs above the baseline. Onset time was not calculated for capillaries in the 

intermediate and deep capillary layers because these vessels lacked a clearly defined peak 
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during the first 4 s of the stimulus. 

 

Immunohistochemistry 

In Chapter 4 experiments, immediately after the animals were killed, the right 

(experimental) retina was prepared using an established whole mount protocol (Chan-

Ling, 1997). After fixation (4% paraformaldehyde for 1 h) and blocking (10% donkey 

serum and 1% Triton X-100 in PBS for 4-12 h), retinas were incubated for 3 d with 

primary antibodies for rabbit-NG2 (1:1000; Millipore AB5320) and mouse-α-smooth 

muscle actin (α-SMA; 1:800; Dako M0851). Retinas were then washed and incubated for 

2 d with the secondary antibodies donkey anti-rabbit-488 and donkey anti-mouse-594 

(both 1:750 and from Jackson ImmunoResearch) and the blood vessel marker Isolectin 

GS-IB4-647 (1:75; Invitrogen I32450). Retinas were mounted on slides and imaged with 

confocal microscopy. The area of the retinal whole mount that matched the area we 

measured in vivo was imaged to determine vessel branch order, the strength of α-SMA 

expression, and the distance of each in vivo measurement location to the nearest pericyte 

soma. The distinctive pattern of vessel branching facilitated matching the in vivo and 

whole-mount retinal areas (see Fig. 4.7A). 

We measured α-SMA expression by assigning each measured vessel segment an 

α-SMA expression level of low, medium, or high. This assignment was based on the 

intensity of α-SMA staining relative to the rest of the vascular tree and the intensity of the 

fluorophores that labeled NG2 and isolectin. To reveal α-SMA expression in first-order 

arterioles, antibody penetrance was increased by enzymatically digesting the retinas with 

collagenase/dispase (2 mg/ml in PBS for 30 min; Roche 269 638) before blocking. 

 

Calculation of fRBC:RBC ratio and measurement of hematocrit 

In Chapter 3 experiments, the fRBC:RBC ratio was calculated using both in vivo 

flow cytometry and a slide-based cell counting method. To calculate the fRBC:RBC ratio 

using in vivo flow cytometry, total RBC flux and fRBC flux were simultaneously 

acquired with perpendicular line scans across capillaries, where blood cells move single-
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file (Fig. 3.1C, Fig. 4.1C). Labeled and total cells/s were counted and their ratio 

calculated.  

 The fRBC:RBC ratio and number of cells per blood volume were also calculated 

using a hemocytometer (Hausser Scientific, 3102). Blood withdrawn from the rat at the 

end of each experiment in Chapter 3 was diluted 1:300 with BPB and loaded onto an 

unlined two-chamber hemocytometer. An upright fluorescence microscope with a 20X 

water-immersion objective was used to visualize labeled and unlabeled cells. 10-20 fields 

were imaged in each of the two chambers of the hemocytometer. FITC and 635 nm 

fluorescence cubes were used to visualize all RBCs and fRBCs, respectively. Using a 

custom MATLAB algorithm, these images were intensity rescaled, median filtered, and 

background subtracted. The circular RBCs in each channel were identified and counted. 

Because each imaged field of the hemocytometer represents a defined volume, these cell 

counts were used to calculate the number of cells per volume as well as the fRBC:RBC 

ratio. Values from the two chambers did not differ, so the data were pooled. 

 

Vessel density 

Vessel density in the three vascular layers was quantified in five 

immunohistochemically labeled retinas in regions near in vivo imaged areas that did not 

contain large arterioles or venules. Vascular layers were easily distinguished from one 

another by their retinal depth and unique vessel morphologies. Confocal z-stacks of NG2, 

α-SMA, and isolectin labeling were acquired for each layer. Z-stacks were summed and 

further processed using NIH ImageJ (version 1.46r) to isolate blood vessels from the 

background. Vessels were skeletonized, and the total blood vessel length in each vascular 

layer was calculated using the Montpellier ROI ImageJ macro 

(http://www.mri.cnrs.fr/index.php?m=67&&l=2). 

 

Statistical methods 

For all analyses, significance was defined as p < 0.05. Statistical analysis was 

performed using GraphPad Prism (version 5) and MATLAB. 
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Chapter 3: Data are expressed as mean ± standard deviation. A Pearson linear 

correlation was used to quantify correlations between blood flow measurements 

calculated two ways. Two-tailed t-tests were used to test for differences between parent 

and daughter vessels in the bifurcation data. Repeated measures ANOVAs were used to 

assess changes in diameter and flow in response to hyperoxic and hypercapnic challenge. 

Chapter 4: Data are expressed as mean ± SEM, with n representing the number of 

series unless otherwise noted. P values for group comparisons are from ANOVA with 

post hoc Bonferroni’s tests for parametric data and from Kruskal–Wallis tests with post 

hoc Dunn’s tests for nonparametric data. A repeated-measures ANOVA was performed 

to identify differences in capillary layer density (Fig. 4.2C). Least-squares linear 

regression was performed to test for an effect of pericyte distance on capillary dilation 

(see Fig. 4.6B). Because of a high degree of skew, onset time data are reported as median 

± median absolute deviation and presented in Fig. 4.4D as box plots.  

 

  



 

 25 

 

Chapter 3: Precise measurement of blood flow in retinal 

vessels with labeled red blood cells 

 

Summary 

 Measuring blood flow in the retina is challenging in part due to the wide range of 

vessel sizes present. Most existing optical techniques for measuring blood flow are 

limited to large vessels and require expensive equipment and complex computation. We 

have characterized a direct and inexpensive method of measuring absolute blood flow in 

vessels of all sizes in the rat retina. This method uses ultra-fast confocal line scans to 

track the passage of fluorescently labeled red blood cells (fRBCs). The ability of this 

method to determine blood flow was verified a number of different ways including by 

measuring total retinal blood flow, and looking at changes in blood flow following 

hyperoxic and hypercapnic challenge. Confocal line scans parallel or perpendicular to the 

vessel were also used to compute the velocity of fRBCs moving through the vessel. We 

have demonstrated that this method provides accurate measures of absolute blood flow 

and velocity in all rat retinal vessels, making it a good option for research groups looking 

for an easy and direct way to measure parameters of blood flow. 

 

Introduction 

Blood flow is closely tied to the metabolic state of the central nervous system 

(CNS) under physiological and pathological conditions. Blood flow is disrupted in many 

CNS disorders, and retinal blood flow disruption can cause severe vision loss. Reductions 

in blood flow and blood vessel reactivity occur in early stages of diseases such as 

Alzheimer’s disease, diabetic retinopathy, and glaucoma. Precise measurements of retinal 

blood flow in humans and in animals models can be used to track disease onset and 

progression and inform treatment. 
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Many different methods have been developed for measuring blood flow 

(Pournaras and Riva, 2013). Estimates of blood flow can be made by counting large (~15 

m) microspheres that lodge in capillaries (Ahmed et al., 2001), measuring transit time of 

labeled plasma, and measuring oxygenation with functional magnetic resonance imaging 

(Cheng et al., 2006; La Garza et al., 2010) or phosphorescence lifetime imaging (Shahidi 

et al., 2006, 2009; Wanek et al., 2011). More commonly, blood flow is computed as the 

product of blood velocity and vessel cross-sectional area, each measured independently. 

Vessel diameter is measured from fundus images, using the Retinal Vessel Analyzer, 

scanning laser ophthalmoscope, or confocal line scans, while velocity can be measured 

with bidirectional laser Doppler velocimetry, frequency domain optical coherence 

tomography (FD-OCT), video analysis of fluorescently labeled red blood cells (fRBCs) 

or small microspheres (Lorentz et al., 2008; Rovainen et al., 1993), or line scan analysis 

of RBC streaks (Autio et al., 2011; Hutchinson et al., 2006; Kim et al., 2012; Kleinfeld et 

al., 1998; Santisakultarm et al., 2012; Schaffer et al., 2006).  

Non-invasive optical techniques of measuring retinal blood have gained favor due 

to their applicability in human subjects. Recent technological advancements include the 

Canon laser Doppler blood flowmeter, a commercially available instrument that uses 

Doppler velocimetry and diameter measurements to calculate blood flow (Garcia et al., 

2002; Gilmore et al., 2005; Guan et al., 2003; Sehi et al., 2012). FD-OCT, which 

computes blood flow by integrating velocity across the vessel cross-section (Doblhoff-

Dier et al., 2014; Shahidi et al., 2014; Wang et al., 2007, 2009), reviewed by Leitgeb et al 

(2014), is also used. However, the major drawback of most optical methods is that blood 

flow measurements are limited to vessels greater than ~30 m in diameter; smaller 

vessels require higher resolution techniques.  

To this end, we have characterized a set of techniques for precisely measuring 

blood flow in the retinal vessels of the rat, which range from ~4 to ~70 m in diameter. 

We measure blood flow by visualizing the passage of fRBCs. This technique is relatively 

non-invasive, requiring only withdrawal and re-injection of blood. Our measurements are 

direct. Minimal computation and few assumptions are needed to calculate flow. Imaging 

of fRBCs has been used previously to measure blood flow in small vessels where blood 
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velocity is low enough that the passage of individual cells can be easily imaged. We use 

ultra-fast confocal line scans to capture the passage of individual fRBCs in retinal blood 

vessels of all sizes and are not limited to low-velocity vessels. We have used this 

technique to precisely measure total blood flow in the retina, blood flow changes in 

response to functional challenge, and blood velocity profiles across the width of vessels. 

Absolute blood flow can be measured easily and accurately with this technique.  

 

 

Results 

 We have measured blood flow in rat retinal blood vessels by introducing 

fluorescently labeled red blood cells into the vasculature (Fig. 3.1). fRBC flux was 

measured with perpendicularly oriented confocal line scans in vessels ranging from 

primary arterioles and venules to capillaries by counting individual fRBC as they passed 

through a vessel (Fig. 3.1A, yellow line, and B, C). In small vessels where cells move 

single file, fRBC and total RBC flux can be captured simultaneously (Fig. 3.1C). 

 
Figure 3.1: Line scans can measure multiple blood flow parameters. A, A 

confocal reference image showing three line scan configurations for 

measuring flux and diameter (yellow) and velocity (red and blue). B, In 

large vessels, lines oriented perpendicular to the vessels yield diameter 

(left) and fRBC flux (right) data. C, In very small vessels, perpendicular 

line scans allow for simultaneous measurement of diameter and total RBC 

flux (left) and fRBC flux (right). D, Line scans parallel to the vessel wall 

provide measurements of velocity. Velocity is inversely proportional to the 

angle of the fRBC streaks. E, Line scans oriented diagonally across the 

vessel yield fRBC streaks where angles vary across the vessel’s width. 
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Velocity was measured at a single location within a vessel with confocal line scan lines 

oriented parallel to the lumen (Fig. 3.1A, red line, and D). Velocity was also measured 

across the full width of blood vessels with diagonally oriented line scan lines (Fig. 3.1A, 

blue line, and E). 

 

fRBC:RBC ratio and hematocrit measured in vivo and in vitro 

Our methodology allows us to measure absolute blood flow, expressed as µL/min, 

with high accuracy. Blood flow measurements obtained by counting fRBCs require 

knowledge of the fRBC flux, the fRBC:RBC ratio and the number of RBCs per volume 

of blood. The fRBC:RBC ratio can be measured both by in vivo flow cytometry and by in 

vitro cell counting using a hemocytometer. The fRBC:RBC ratios measured by in vivo 

flow cytometry, obtained by simultaneously counting the fRBCs and unlabeled RBC 

passing through a capillary (Fig. 3.1C), equaled the ratios measured using a 

hemocytometer in three of four experiments where both measurements were made (in 

vivo vs in vitro, 1.64 ± 0.35%, n = 8 vs 1.52 ± 0.35%, n = 9, 1.50 ± 0.42%, n = 9 vs 1.52 

± 0.60%, n = 16, 0.69 ± 0.24%, n = 9 vs 0.71 ± 0.35%, n = 32, n.s.; 0.53 ± 0.36%, n = 8 

vs 0.22 ± 0.22% n = 36, p < 0.01; two-tailed t-tests). fRBC:RBC ratios ranged from 0.1% 

to 1.8%, and we note that the experiment where in vivo and in vitro values were not 

statistically equal was one with a very low fRBC:RBC ratio. 

RBCs/µL was calculated for each experiment by counting the total number of 

RBCs in the hemocytometer imaging fields that have a known volume. In our 

experiments, the mean number of RBCs/µL was 9.6 ± 1.1 million, fitting well within the 

accepted range of 7-10 million RBCs/µL.  

 

Blood flow calculated from RBC flux and velocity 

 Blood flow (Q) was calculated by two independent methods that were then 

compared, allowing us to validate the techniques. In the first method, we used fRBC flux 

to compute blood flow using the equation Q = (fRBCs/s)*(RBCs/fRBCs)/(RBCs/vol), 

where RBCs/vol was determined from hemocytometer measurements. In the second 

method, RBC velocity and vessel diameter were measured using confocal line scans 
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parallel and perpendicular to blood vessels. Blood flow was calculated from the equation 

Q = V*A, where V is velocity and A is the luminal cross-sectional area. V was measured 

from luminal line scans in the middle of blood vessels. As discussed below, this yielded 

velocities that approximated the average RBC velocity within the vessel. 

Blood flow was calculated by these two methods in vessels with a range of 

diameters and flow rates. The two methods yielded blood flow values that were highly 

correlated (Fig. 3.2; R2 = 0.982; p < 0.001; Pearson linear correlation) with a slope 

deviating from unity by 0.13. Because fRBC flux, blood velocity, blood vessel diameter, 

and blood cell counts are all measured independently, the highly correlative relationship 

between the flow values confirms the validity of the methods. 

 

 

Blood flow at bifurcations 

 We measured fRBC flux in parent and daughter vessels at bifurcations (Fig. 3.3A) 

to further validate our blood flow measurement technique. The sum of the RBC flux in 

the two daughter vessels should equal the flux in the parent vessel. This technique has 

been used previously to validate blood flux measurements (Parthasarathi et al., 1999). For 

 
 

Figure 3.2: Flow values calculated using two independent methods are 

comparable. Blood flow was calculated two ways and the two methods are 

plotted against each other. The x axis computation used diameter and 

velocity data and the y axis computation use fRBC flux data. Axes are on 

the log scale. The red line represents unity. 

 



 

 30 

all bifurcations studied, the sum of the fluxes in the daughter vessels was nearly identical 

to that of the parent vessel (Fig. 3.3B). This was true for vessels across a range of fluxes. 

The parent and daughter fluxes were highly correlated (Fig. 3.3B, R2 = 0.995, p < 0.001; 

Pearson linear correlation) with a slope deviating from unity by 0.12. The ratio of the flux 

in the parent vessel to the fluxes in the two daughter branches was 0.89 (Fig. 3.3C; n = 

6). Parent vessels averaged 9.3 ± 3.5 m and daughter vessels 8.4 ± 2.9 m in diameter. 

The ratio of the diameter of the parent vessel to the sum of the diameters of the daughter 

vessels was 0.54 (Fig. 3.3C).  

 

 

Total retinal blood flow 

Total retinal blood flow was measured by summing the flow in all primary 

arterioles or venules emerging from the optic disk. Flow in these primary vessels was 

predictably dependent upon their diameter and type (Fig. 3.4A). The average flow in 

individual primary retinal arterioles and venules was 0.42 ± 0.25 and 0.40 ± 0.25 µL/min. 

The average diameter of the arterioles and venules was 30.0 ± 6.7 and 46.5 ± 16.5 m (n 

= 4 retinas, 32 arterioles and 29 venules). The ratio of the number of arterioles to venules 

 
Figure 3.3. Flux and diameter at bifurcations. A, Confocal reference image showing 

a typical bifurcation. The red line represents line scans performed across the parent 

vessel, the green lines represent line scans performed across the two daughter 

vessels. B, The mean flux for the parent vessel is plotted against the sum of flux in 

the daughter vessels for the six bifurcation points sampled. The red line represents 

unity. C, The ratio of the parent to sum of daughter vessels was calculated for flux 

and diameter. 

 



 

 31 

in this sample was 1.10. The relationship between flow and diameter can be described 

roughly by power functions with exponents of 2.30 (R2 = 0.65) and 2.23 (R2 = 0.79) for 

arterioles and venules, respectively. These values are similar to the exponents of 2.76 and 

2.84 reported previously (Riva et al., 1985).  

 

Because all blood that enters the retina through arterioles must leave it through 

venules, we expected that total blood flow in arterioles would equal the total blood flow 

in venules. To calculate the total blood flow in arterioles or venules, we summed the 

 
Figure 3.4. Total retinal blood flow. A, Blood flow in individual arterioles 

(red) and venules (blue) emerging from the optic disk are plotted by 

diameter and fit with power functions. B, Total blood flow in retinas from 3 

experiments. Left columns represent arterioles (A) and right columns 

represent venules (V). Each color block indicates the flow in an individual 

blood vessel. Total bar height is the sum of individual flows for each vessel 

type, which corresponds to the total blood flow in arterioles or venules for 

each retina. 
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individual flows of all vessels of that type in the retina. We found that total blood flow in 

arterioles was consistently higher than in venules. Arteriole flow averaged 3.34 µL/min 

while venule flow averaged 2.93 µL/min. The ratio of arteriole:venule blood flow was 

1.13 for the three retinas examined (Fig. 3.4B). The reason for this discrepancy is 

unclear.  

Total retinal blood flow, calculated as the average of arteriole and venule flows, 

was 1.34, 4.22, and 3.85 µL/min for the three retinas examined, with a mean of 3.14 

µL/min. The large variation in total blood flow between retinas is not unexpected, as 

blood flow in human retinas is also variable (Garhofer et al., 2012; Tayyari et al., 2014). 

 

Functional challenge 

 We challenged animals with hyperoxia and hypercapnia, two stimuli known to 

affect retinal blood flow, to confirm that our measurements are sensitive to changes in 

blood flow on a short timescale. 

Hyperoxia, generated by raising inhaled O2 from 30 to 60%, constricted vessels 

and decreased blood flow (Fig. 3.5A). Arteriole constrictions averaged 6.4 ± 2.3%, a 

significant reduction from baseline diameters (p < 0.01; repeated-measures ANOVA; n = 

4), and blood flow decreased by an average of 15 ± 3.8% from baseline (Fig. 3.5B; p < 

0.05). Following the return to normoxia, diameter and flux shifted toward baseline, 

although only diameter was indistinguishable from baseline. The changes in diameter and 

blood flow had a slow onset and offset, taking approximately 1 minute to reach steady 

states. 

Hypercapnia, generated by breathing 5% CO2, triggered a dilation of 59.7 ± 

12.1% and a blood flow increase of 115.2 ± 17.0% (Fig. 3.5C and D) that were 

statistically higher than baseline levels (p < 0.001 and p < 0.01, respectively; n = 3). The 

blood flow changes were faster than for hyperoxia, taking approximately 30 seconds to 

peak and return to baseline. Diameter and flow values after hypoxia ended were 

indistinguishable from baseline values. 

The changes we observed in blood flow matched published values (Sehi et al., 

2012). Although blood flow changes were larger than diameter changes for both 
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hyperoxia and hypercapnia, the fourth-power relationship predicted by the Poiseuille 

equation was not borne out.  

 

 

Velocity profile across the width of vessels 

In theory, blood velocity in rigid, straight, non-branching vessels containing a 

homogenous fluid should follow a parabolic relation across the width of the vessel, with 

velocity maximal at the vessel center and approaching zero at the edges. However, a 

perfect parabolic relation does not typically occur in blood vessels in vivo. We used two 

different approaches to measure velocity profiles of large retinal arterioles and venules. 

 
Figure 3.5. Blood flow changes in response to hyperoxic and hypercapnic 

challenge. Representative traces of flow (blue) and diameter (green) in response to 

hyperoxia (A) and hypercapnia (C). Gray background indicates the presence of 

hyperoxic or hypercapnic gas mixture. B & D, Percent change in diameter and flow 

during and after the change in blood gas are summarized in bar graphs. *p < 0.05, 

**p < 0.01, ***p < 0.001. 
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Parallel line scans. High frequency line scans parallel to the vessel were acquired 

at multiple locations across the vessel’s width. These line scan images yield slanted lines 

created by fRBCs as they move through the vessel (Fig. 3.1D). Shallower angles indicate 

higher velocity. For each line scan trial, the average fRBC velocity was plotted as a 

function of the position within the blood vessel.  Each vessel’s dataset was fit with a 

quadratic equation. Raw data and the parabolic fit for a representative arteriole and 

venule are shown in Figs. 3.6A and B. As expected, velocities were lowest at the vessel 

edges and highest in the vessel’s center (Fig. 3.6C). The mean maximum velocities were 

21.0 mm/s for arterioles with an average diameter of 28.4 m, and 12.4 mm/s for venules 

with an average diameter of 35.7 m.  

 
 

Figure 3.6. Velocity across the profile of blood vessels using parallel line scans. 

A & B, Using parallel line scans, velocity was determined at many points across 

the profile an arteriole (A) and a venule (B) and these velocity measurements 

were fit with a two-degree polynomial (solid lines). C, Fits are shown for all the 

arterioles (red) and venules (blue) studied. 
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Diagonal line scans. We used a second method to measure velocity profiles in 

single trials. High frequency line scans oriented diagonally across a vessel (Fig. 3.1E) 

were used to measure the velocity of individual fRBCs at different positions across the 

vessel width. Velocity was computed at 10 positions along the line. The advantage of this 

method is that the full velocity profile can be determined from a single line scan. 

Examples of velocity profiles from an arteriole and venule are shown in Fig. 3.7A and B. 

Fitting the data from each trial with a quadratic equation yielded an average maximum 

velocity of 23.7 mm/s for arterioles and 11.9 mm/s for venules (Fig. 3.7C).  

Although we did not measure velocity profiles in a comprehensive sample of 

arterioles and venules, the velocity values and parabolic shapes of the profiles were 

similar between those obtained with parallel and diagonal line scans. 

 

 
 

Figure 3.7. Velocity across the profile of blood vessels using diagonal line 

scans. A & B, Velocities calculated across the profile of an arteriole (A) and 

venule (B). Individual velocity measurements are fit with a two-factor 

polynomial (solid lines). C, Parabolic fits for all arterioles (red) and venules 

(blue) studied. 

 



 

 36 

Discussion 

 We have characterized a technique that can precisely measure blood flow in rat 

retinal vessels. By capturing the passage of individual fRBCs through vessels, and by 

using a simple method of correcting fRBC flux to account for the fRBC/RBC fraction 

and RBCs per volume, absolute blood flow was measured with high precision and 

temporal resolution in vessels ranging from 4 to 70 m in diameter. We validated the 

accuracy of our measurements a number of different ways. First, we compared our blood 

flow measurements to a second independent method of calculating blood flow that is 

based on fRBC velocity and vessel diameter. Second, we ensured that blood flow in 

parent and daughter vessels at bifurcations matched expected values. Third, we observed 

expected blood flow changes following hypercapnic and hyperoxic challenges. Finally, 

we observed parabolic velocity profiles in blood vessels as small as 20 μm in diameter. 

 

Blood flow at bifurcations 

The validity of our method was tested at vessel bifurcations, where the sum of 

blood flow in daughter branches is equal to flow in the parent vessel. Conservation of 

blood flow was indeed observed, providing assurance that our method accurately 

captured the passage of individual RBCs in different caliber vessels. Murray’s law 

predicts the vessel radii required for maximum energetic efficiency of a branching 

system. Theoretically, the radii of parent (rp) and daughter (rd1 and rd2) vessels follows a 

power law, where rp
k=rd1

k+rd2
k and the exponent k ranges from 2 to 3. This was not 

observed in our bifurcation dataset, where k averaged 6.8. A study of the cerebral 

vasculature shows a wide variability of k values (Cassot et al., 2009), with the current 

result close to their reported mean of 6.2. Our results confirm previous findings that 

Murray’s law does not accurately model vascular bifurcations, particularly in 

microvessels (Cassot et al., 2009; Hirsch et al., 2012). 

 

Total retinal blood flow  

We have used fRBC flux measurements to calculate total blood flow in the retinal 

vasculature. Total blood flow was measured as the sum of flow in all individual primary 
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arterioles or venules in a retina. Our blood flow estimate of 3.14 µL/min is on the low 

end of published values for the rat retina, which range from 2.1 µL/min using fRBCs 

(Khoobehi et al., 2003) to 16 µL/min using microsphere tracking (Leskova et al., 2013). 

Anesthetic also has a strong effect on blood flow; a study using OCT found blood flow 

was 3.3 µL/min under ketamine/xylazine and 6.4uL/min under isoflurane/xylazine (Choi 

et al., 2012). We observed a wide variability of total flow between individual rats, which 

is expected based on published work. We note a consistent blood flow underestimation of 

12.2% in venules compared with arterioles, the cause of which is unclear. 

  

Comparison to other methods of measuring blood flow 

Variations of the fRBC imaging method have been applied for the past 30 years 

(Collins et al., 1998; Kornfield and Newman, 2014; Sarelius and Duling, 1982; Schulte et 

al., 2003; Unthank et al., 1993; Wright and Harris, 2008; Zimmerhackl et al., 1983). 

fRBC imaging has been used to measure capillary flux and velocity by tracking the 

movement of labeled cells in video frames (Ben-nun, 1996; Ben-nun et al., 1992; Hudetz 

et al., 1995; Krolo and Hudetz, 2000; Parthasarathi et al., 1999; Reyes-Aldasoro et al., 

2008; Schulte et al., 2003; Seylaz et al., 1999; Wang et al., 2011; Wright and Harris, 

2008; Yamaguchi et al., 1992), using confocal microscopy (Pinard et al., 2002; Tomita et 

al., 2011; Villringer et al., 1994), and using scanning laser ophthalmoscopy (Wajer et al., 

2000). Sophisticated scanning techniques have also been applied to generate 3D maps of 

velocity and flux in normal and tumorous brain tissue (Kamoun et al., 2010). In the 

current study we have used fRBC imaging to measure blood flow in large vessels as well 

as capillaries, a method that affords significant insights into blood flow dynamics in the 

retina. 

Our method of measuring absolute blood flow has distinct advantages over other 

methods. Measurements based on bidirectional laser Doppler velocimetry, the retinal 

vessel analyzer, and OCT are limited to vessels larger than 30 m in diameter and are at 

their most accurate in large diameter vessels. Conversely, our technique can be used to 

measure flow in all rat retinal vessels. Unlike optical methods of measuring blood flow, 

which require sophisticated computations to extract flow values and are subject to 
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interference, our technique is extremely straightforward. It is based on simple cell counts, 

which we have shown to be reliable and accurate. Further, it is relatively inexpensive 

compared to instruments such as the retinal vessel analyzer and OCT setups. It requires 

only a confocal microscope and the dye solutions to label RBCs.  

The primary limitation of this method is that it requires confocal line scans, which 

can only be done on one vessel at a time if high temporal resolution is to be preserved. 

Because the technique involves blood draws and re-injection, it is unlikely to be favored 

for human subjects over less invasive, though also less direct, techniques for blood flow 

measurement. However, the technique is particularly useful in animal studies, where flow 

can be measured in all vessels regardless of size and invasiveness is not an issue.  

 

Parabolic velocity profiles 

 We measured the velocity of fRBCs using confocal line scans to determine 

velocity profiles across the width of primary arterioles and venules. The profiles in 

vessels between 20 and 50 m in diameter were roughly parabolic. The two methods we 

used to capture the velocity profiles, parallel and diagonal line scans, yielded similar data. 

Since diagonal line scans require only a single trial to capture the entire profile and are 

therefore not subject to inter-trial shifts in velocity, they may be preferable to parallel 

scans. The advantages and limitations of these two methods have been discussed 

previously (Kamoun et al., 2010). The maximum velocities for arterioles and venules 

match published values well (Doblhoff-Dier et al., 2014), although they are below 

velocities measured using fluorescent microspheres (Lorentz et al., 2008). 

The parabolic velocity profiles we obtained resemble values reported for larger 

vessels but do not perfectly match theoretical estimates. There are a number of reasons 

for this. First, we cannot capture the true maximum fRBC velocity due to our imaging 

system’s relatively large depth of field. Velocity measurements in the center of a vessel 

in the x-y plane will include velocity values from RBCs at the vessel’s edges in the z 

plane. Therefore, our estimates of maximum velocity are underestimated and 

approximate the average fRBC velocity. This velocity underestimation will cause the 

parabolic blood velocity profiles to be blunted at their apex, an observation reported 
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previously (Logean, Eric and Schmetterer, 2003; Parthasarathi et al., 1999; Rovainen et 

al., 1993; Zhong et al., 2011). Second, although some studies detect zero velocity at 

vessel edges using Doppler-based systems (Yazdanfar et al., 2003; Zhi et al., 2011), we 

did not. This is not surprising for vessels in the diameter range of 20-50 m, where the 

width of a single RBC represents a significant fraction of vessel’s diameter. As vessel 

diameter decreases, individual RBCs take up a proportionally larger area of the lumen 

and their interactions with each other and the vessel wall disrupt laminar flow (Zhong et 

al., 2011). 

 

Conclusions 

Our results demonstrate that blood flow can be measured accurately in vessels 

from 4 to 70 m in diameter by imaging fRBCs with ultra-fast line scans. Flow estimates 

obtained from fRBC flux measurements match those calculated from RBC velocity and 

vessel diameter. Flow at vessel bifurcations confirm the accuracy of the technique. 

Measurements of total blood flow in the retina and velocity profiles across the width of 

vessels are easily obtained. The method will prove useful in future studies of blood flow 

and metabolism in the retina and throughout the CNS. 
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Chapter 4: Regulation of Blood Flow in the Retinal 

Trilaminar Vascular Network 

 

Summary 

Light stimulation evokes neuronal activity in the retina, resulting in the dilation of 

retinal blood vessels and increased blood flow. This response, named functional 

hyperemia, brings oxygen and nutrients to active neurons. However, it remains unclear 

which vessels mediate functional hyperemia. We have characterized blood flow 

regulation in the rat retina in vivo by measuring changes in retinal vessel diameter and red 

blood cell (RBC) flux evoked by a flickering light stimulus. We found that, in first and 

second-order arterioles, flicker evoked large (7.5 and 5.0%), rapid (0.73 and 0.70 s), and 

consistent dilations. Flicker-evoked dilations in capillaries were smaller (2.0%) and 

tended to have a slower onset (0.97 s), whereas dilations in venules were smaller (1.0%) 

and slower (1.06 s) still. The proximity of pericyte somata did not predict capillary 

dilation amplitude. Expression of the contractile protein α-smooth muscle actin was high 

in arterioles and low in capillaries. Unexpectedly, we found that blood flow in the three 

vascular layers was differentially regulated. Flicker stimulation evoked far larger 

dilations and RBC flux increases in the intermediate layer capillaries than in the 

superficial and deep layer capillaries (2.6 vs 0.9 and 0.7% dilation; 25.7 vs 0.8 and 11.3% 

RBC flux increase). These results indicate that functional hyperemia in the retina is 

driven primarily by active dilation of arterioles. The dilation of intermediate layer 

capillaries is likely mediated by active mechanisms as well. The physiological 

consequences of differential regulation in the three vascular layers are discussed. 

 

Introduction 

The brain has high metabolic requirements, consuming 20% of the energy of the 

body while constituting only 2% of its mass. Oxygen and glucose delivery to the brain is 

critical for maintaining proper function, and the mechanisms that regulate blood flow are 
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both complex and essential. On a global level, the blood supply of the brain is controlled 

by autoregulatory mechanisms that compensate for variations in blood pressure. On a fine 

spatial scale, functional hyperemia regulates blood flow in response to local neuronal 

activity. Increased synaptic activity results in the dilation of blood vessels, increased 

blood flow, and reduced blood deoxyhemoglobin. The latter response is exploited to 

generate functional brain images using the BOLD technique. Recent work has elucidated 

the neurovascular coupling mechanisms underlying functional hyperemia, a quest that 

has implicated both neurons and glial cells (Attwell et al., 2010). Despite the importance 

of functional hyperemia to brain function, it remains incompletely understood. 

It is well known that arterioles regulate blood flow in the brain (Boas et al., 2008; 

Devor et al., 2007; Vanzetta et al., 2005). However, the role of capillaries in actively 

regulating blood flow remains uncertain. Active capillary dilation would deliver oxygen 

with much greater spatial precision than arterioles. An active capillary role is supported 

by work in olfactory glomeruli (Chaigneau et al., 2003) and the subventricular zone 

(Lacar et al., 2012). In addition, pericytes, contractile cells that surround capillaries, can 

regulate capillary diameter in both the retina and cortex (Hamilton et al., 2010; Peppiatt 

et al., 2006; Puro, 2007; Schönfelder et al., 1998), and pericytes in the somatosensory 

cortex dilate vessels in response to sensory stimulation (Hall et al., 2014). In contrast, 

another report indicates that capillaries respond passively and that active pericyte 

relaxation does not contribute to cortical functional hyperemia (Fernández-Klett et al., 

2010). 

We now address the questions of blood flow regulation and active control of 

blood flow by capillaries in the in vivo retina. The retina offers several advantages in 

studying functional hyperemia. It can be imaged non-invasively, its vasculature is easily 

visualized, it has a high density of capillary pericytes, and it can be stimulated 

physiologically with light. The retinal vasculature is a highly interconnected structure 

composed of three planar vascular layers at different retinal depths (Ganesan et al., 2010; 

Genevois et al., 2004; Ivanova et al., 2014; Paques et al., 2003; Stahl et al., 2010). To our 

knowledge, functional hyperemia in the three retinal vascular layers has not been 

described previously. 
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We have characterized blood flow regulation by measuring flicker-evoked 

changes in vessel diameter and red blood cell (RBC) flux in arterioles, capillaries, and 

venules in the rat retina. We find that flicker-evoked dilations are larger and faster in 

arterioles than in downstream capillaries and venules. Intriguingly, we find that 

functional hyperemia differs dramatically in the capillaries of the three vascular layers. 

 

Results 

The retinal vasculature is composed of three distinct vascular layers. The central 

retinal artery and vein branch at the optic disc to form arterioles and venules, which lie on 

the retinal surface adjacent to the vitreous humor. Branches of the arterioles make up the 

superficial vascular layer. We define these vessels by order. First-order arterioles branch 

directly off of the central retinal artery, and each subsequent branch has an incrementally 

higher order (Fig. 4.1A). We define first-, second-, and third-order vessels as arterioles 

and vessels of fourth order and greater as capillaries. The vast majority of capillaries in 

the superficial layer dive into the retina to form the intermediate vascular layer, a network 

of capillaries at the border of the inner nuclear and the inner plexiform layers. Capillaries 

in the intermediate layer traverse parallel to the retinal surface for only a short distance 

before they dive farther into the retina to form the deep vascular layer, which is a dense, 

interconnected meshwork of capillaries at the border of the inner nuclear and the outer 

plexiform layers. The deep layer capillaries connect to small draining venules, which rise 

back to the retinal surface and connect to large venules. Diving capillaries and draining 

venules were not characterized in this study. The connectivity of the trilaminar vascular 

network is schematized in Figure 4.2A. Morphological analysis suggests that 70% of the 

blood entering the retina initially flows through the superficial capillaries and then 

through the intermediate and deep layer capillaries before exiting the retina (Paques et al., 

2003). 
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Figure 4.1. Measurement of blood vessel diameter and RBC flux in the 

retina. A, Confocal image of a whole-mount retina labeled for the blood 

vessel marker isolectin (blue), the contractile protein α-SMA (red), and the 

pericyte marker NG2 (green). Blood vessel order in the superficial vascular 

layer is indicated. First-order arterioles (1) branch from the central retinal 

artery. Each subsequent branch (2-5) has a higher order. Venules (V) 

connect with the central retinal vein. Scale bar, 100 μm. B, In vivo confocal 

line-scan images of vessels in the retina, labeled by intravenous injection of 

FITC dextran. For line-scan images of capillaries (B1), vessel diameter is 

calculated as the distance between the borders of the vessel lumen (red 

dots). Segments in which diameter cannot be measured accurately (yellow 

dots) are ignored. Flux is measured by counting the passage of single RBCs 

(black vertical lines). In larger vessels, diameter is also measured as the 

distance between the borders of the vessel lumen (B2; red dots), and flux is 

calculated by counting the passage of fluorescently labeled RBCs, imaged at 

a different wavelength (B3; bright vertical lines). 

 



 

 44 

 
 

Vessel density in the trilaminar vascular network 

We quantified the density of blood vessels in each of the three vascular layers in the rat 

retina. Immunohistochemically labeled images of the superficial, intermediate, and deep 

vascular layers were skeletonized (Fig. 4.2B), and the linear density of the vessels in each 

layer was quantified (n = 5 retinas). The vast majority of vessels analyzed were 

 
 

Figure 4.2. Vessel density in the three vascular layers. A, Schematic of the 

trilaminar vascular network showing the first-order arteriole (1) and venule (V) 

and the connectivity of the superficial (S), intermediate (I), and deep (D) vascular 

layers and their locations within the retina. GCL, Ganglion cell layer; IPL, inner 

plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, 

outer nuclear layer; PR, photoreceptors. Drawing modified from Paques et al. 

(2003). B, Top row, Representative confocal images of the superficial, 

intermediate, and deep vascular layers, labeled for NG2 (green) and α-SMA 

(red). Bottom row, The images are skeletonized for calculation of vessel density. 

Scale bar, 200 μm. C, Vessel density in the three vascular layers, measured in 

five retinas. ***p < 0.001. 
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capillaries, although some second and third-order arterioles were present in the 

superficial vascular layer, and draining venules were occasionally present in the deep 

vascular layer. The deep vascular layer had the highest linear density of the three layers 

(2.85 ± 0.18 μm/100 μm2; p < 0.001), whereas the superficial and intermediate vascular 

layer densities did not differ (1.74 ± 0.10 and 1.56 ± 0.13 μm/100 μm2; Fig. 4.2C). These 

values are very similar to those measured in adult mice (Ganesan et al., 2010, 2011) and 

humans (Tan et al., 2012). 

The total blood volume in the three vascular layers can be estimated by 

multiplying the mean cross-sectional area of the blood vessels in each layer by the linear 

vascular density in that layer. The mean baseline diameters of arterioles, capillaries, and 

venules are given in Figure 4.3C and Table 4.1. We find that total blood volume in the 

superficial, intermediate, and deep layers is 41.3, 28.2, and 65.3 μm3/100 μm2, 

respectively. These values are only estimates because they do not include the arterioles of 

the superficial layer or the draining venules of the deep layer. 

 

Retinal vessels dilate in response to flicker stimulation 

We used a 5 Hz diffuse flickering light to evoke functional hyperemia, a stimulus 

that is known to effectively activate neurons in the inner retina (Miller, 2001). The 

Table 4.1: Vessel Properties 

 Arterioles Capillaries Venules 

Vessel order 1 2 3 S I D V 
Number of 

series (number 

of rats) 

17 (16) 17 (13) 29 (22) 74 (33) 29 (18) 18 (12) 12 (12) 

Baseline 

diameter (µm) 

28.1 ± 1.0 10.5 ± 0.8 7.6 ± 0.4 5.5 ± 0.1 4.8 ± 0.1 5.4 ± 0.2 39.7 ± 3.1 

Dilation (%) 7.5 ± 0.7 5.0 ± 0.9 2.7 ± 0.4 1.8 ± 0.2 2.3 ± 0.2 1.9 ± 0.3 1.1 ± 0.2 

% responding 100.0 91.7 85.7 75.7 93.1 61.1 100.0 

 

Table 4.1. Vessel properties. Vessel orders 1, 2, and 3 are the first, second, and third 

branches off the central retinal artery. S, superficial layer vessels of order 4 and higher, 

defined as capillaries. I, intermediate layer capillaries. D, deep layer capillaries. V, 

venules are the first branch off the central retinal vein. Dilation, mean dilation during the 

first 4 s of the stimulus. % responding, percent of series that showed stimulus-evoked 

dilations that rose at least 3 standard deviations above baseline.  
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magnitude of flicker-evoked dilation differed according to vessel order. In the superficial 

vascular layer, response amplitude decreased with vessel order, with the largest dilations 

seen in first-order arterioles (Fig. 4.3 A, B, D). The response profile of vessel dilation also 

varied according to vessel order. First-, second-, and third-order arterioles displayed a 

clear biphasic response (Fig. 4.3A), with a first peak occurring within a few seconds of 

light onset and a second phase developing slowly and peaking at ~13 s after light onset. 

Superficial capillaries and venules had more subtle biphasic response profiles. We have 

observed previously similar flicker-evoked biphasic increases in diameter (Mishra and 

Newman, 2011), Muller cell Ca2+ signaling (Newman, 2005), and blood velocity (Srienc 

et al., 2010) in the rat. In contrast, biphasic responses have not been observed in the cat 

(Buerk et al., 1995) and human (Garhöfer et al., 2003; Polak et al., 2002) retinas. When 

we quantified dilation as the percentage increase in diameter during the first 4 s after light 

onset (capturing the first peak), we found that dilations in the first-order arterioles were 

larger than in third-order arterioles and all other downstream vessels (p < 0.001; Fig. 

4.3D, Table 4.1). The second-order arteriole dilations were larger than superficial 

capillaries and venules (p < 0.01). 

We then compared the dilatory responses of capillaries in the three vascular 

layers. Unexpectedly, we found dramatic differences in flicker-evoked capillary dilation 

in the three layers (Fig. 4.3E–G). The time courses of flicker-evoked capillary dilation 

were strikingly different. Dilation of superficial layer capillaries resembled the biphasic 

dilatory response of upstream arterioles, whereas dilation of deep layer capillaries 

resembled the downstream venule response. In contrast, the slow, continuously 

increasing dilation of intermediate layer capillaries resembled neither the responses of 

superficial or deep layer capillaries nor the responses of arterioles or venules. To quantify 

the capillary responses in the three vascular layers, we calculated the mean dilation 

during the entire 15 s stimulus. Intermediate layer capillaries dilated more than twice as 

much as superficial and deep layer capillaries (2.55 ± 0.30 vs 0.89 ± 0.16 and 0.66 ± 

0.28%; p < 0.001; Fig. 4.3G). In summary, we find that arterioles dilate more than other 

retinal vessels and likely drive blood flow in the retinal vasculature. Furthermore, the 

large, slow dilations of capillaries in the intermediate vascular layer suggest the presence 
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of a unique regulatory mechanism. 

 

 

 

Figure 4.3. Flicker-evoked dilation of retinal vessels. A, Time course of flicker-

evoked dilation of superficial layer vessels. Mean ± SEM are shown. The open 

horizontal bar in this and other figures indicates the flicker stimulus. B, Scatter plot 

of flicker-evoked vasodilation (maximum change during the first 4 s of stimulation) 

versus baseline vessel diameter for superficial layer vessels. Data are color coded by 

vessel order. C, Mean baseline diameter of retinal vessels by vessel order. D, Mean 

flicker-evoked dilation (maximum change during the first 4 s of stimulation) by 

vessel order. ***p < 0.001, compared with first order; ##p < 0.01, compared with 

second order. E, Time course of flicker-evoked dilation in the three vascular layers. 

F, Scatter plot of flicker-evoked vasodilation (mean dilation during the 15 s 

stimulus) versus baseline vessel diameter for the three vascular layers. G, Mean 

flicker-evoked dilations for the three vascular layers. ***p < 0.001. Order 1-3 

vessels are in the superficial vascular layer. D, deep layer capillaries; I, intermediate 

layer capillaries; S, superficial layer capillaries (order 4 and higher vessels); V, 

venule. Abbreviations apply to subsequent figures. 
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Arterioles respond rapidly and consistently to flicker stimulation  

The location within the vascular network in which functional hyperemia is 

initiated remains an open question. In the brain, evidence suggests that blood flow first 

increases in the middle cortical layers before spreading toward the pial surface (Lindvere 

et al., 2013; Silva and Koretsky, 2002; Tian et al., 2010), although it remains to be 

determined which vessels are responsible for the initial increase (Hall et al., 2014). We 

found that, in the retina, arterioles dilate more reliably and faster than downstream 

capillaries and venules. We first calculated the fraction of vessels that dilated in response 

to a flicker stimulus. Vessels were considered to respond if their diameter during the 

stimulus rose at least 3 SDs above baseline. First-order arterioles responded 100% of the 

time (n = 7). The likelihood of vessel dilation tended to decrease with distance along the 

vascular tree (Fig. 4.4A, Table 4.1). The percentage of vessels responding was 92% (n = 

12) for second-order arterioles and fell to as low as 61% (n = 18) for capillaries in the 

deep vascular layer. Deviating from this trend, 93% (n = 29) of capillaries in the 

intermediate layer and 100% (n = 5) of venules dilated. 

We calculated the time at which vessels began to dilate, the onset time, to 

determine which vessels responded first to flicker stimulation. We first estimated the 

onset time by examining the average response profile for each type of vessel (Fig. 4.4B). 

When these traces were normalized to the peak response (Fig. 4.4C), we observed that 

first and second-order arterioles dilate most rapidly. Venules had a noticeable delay in 

their rising phase. A more quantitative assessment was obtained by defining onset as the 

time it takes for a vessel to reach 20% of its peak dilation (Fig. 4.4D). There was a 

general trend for onset time to be shortest for first-, second-, and third-order arterioles 

(0.73 ± 0.08, 0.70 ± 0.16, and 0.60 ± 0.34 s, n = 7, 11, and 23, respectively) and longer 

for superficial capillaries (0.97 ± 0.49 s, n = 46). Venules had the longest onset time (1.06 

± 0.49 s, n = 5). However, none of these groups were significantly different from each 

other. 
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RBC flux increases in response to flicker stimulation 

RBC flux is a direct and sensitive measure of blood flow. If functional hyperemia 

is controlled solely by the active dilation of retinal arterioles, then the flicker-evoked 

RBC flux increase in all downstream vessels should be equal. However, this was not 

what we observed. RBC flux in first-order arterioles and venules, measured using 

ultrafast line scans with a 2 s flicker stimulus, increased to a peak value of 11% and had 

nearly identical time courses (Fig. 4.5A). RBC flux in smaller vessels was measured with 

standard line scans and a 15 s flicker stimulus. Although the initial flicker-evoked flux 

increase was equal in second and third-order arterioles and superficial capillaries, flux 

changes during the second phase of the response decreased with vessel order (Fig. 4.5B). 

 

Figure 4.4. Flicker-evoked response frequency and onset time in the retinal 

vasculature. A, Percentage of vessels responding to flicker stimulation, defined as a 

response >3 SDs above baseline. B, Time course of flicker-evoked dilation of 

vessels in the superficial vascular layer. Note that the flicker stimulus (open bar) 

continues beyond the end of the traces. C, Vessel diameter traces in B are 

normalized for comparison of onset times. D, The onset time of vessels of different 

order, shown as box plots, with the * symbol indicating outliers. For details of 

onset time calculation, see Materials and Methods. 
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We calculated the mean flicker-evoked RBC flux change in superficial layer vessels 

during the first 2 s of the stimulus. Restricting our analysis to the first 2 s allowed us to 

include short trials in which only a 2 s stimulus was used. Light-evoked flux increases 

averaged 4.67 ± 1.71% (n = 8) in first-order arterioles, 8.19 ± 0.71% (n = 5) in second-

order arterioles, 6.74 ± 0.75% (n = 6) in third-order arterioles, 11.33 ± 1.47% (n = 32) in 

capillaries, and 3.94 ± 1.71 (n = 8) in venules (Fig. 4.5C, D). These flux increases were 

not significantly different from each other. 

We then characterized flux in the capillaries of the three vascular layers. Baseline 

flux in superficial, intermediate, and deep vascular layers did not differ (61.0 ± 5.3, 42.2 

± 3.2, and 39.4 ± 3.2 RBCs/s, n = 32, 18, and 12, respectively; Fig. 4.5G). However, 

flicker-evoked flux increases were dramatically different (Fig. 4.5 E, F, H). When 

averaged over the 15 s stimulus period, the flux increase in the intermediate vascular 

layer was much greater than the increases in the superficial and deep layers (25.65 ± 5.16 

vs 0.82 ± 2.17 and 11.27 ± 2.85%; p < 0.001 and p < 0.05, respectively; Fig. 4.5H). 

The time course of flicker-evoked capillary flux changes also differed in the three 

vascular layers (Fig. 4.5E). After an initial peak, flux in intermediate capillaries 

continued to rise throughout the stimulus period, similar to the intermediate layer dilatory 

response (Fig. 4.3E). The time course of the flux increase in the deep capillaries also 

paralleled the dilation in vessels of the deep vascular layer. However, the flux change in 

superficial layer capillaries did not match the dilatory response. This was particularly 

evident at the end of the 15 s stimulus period. At this time, flux had increased by 34% in 

the intermediate vascular layer and 10% in the deep capillary layer. Strikingly, flux had 

actually decreased by 7% in the superficial capillaries. Because the superficial capillaries 

remained dilated for the duration of the stimulus, the decrease in flux must reflect a 

decrease in perfusion pressure in these vessels. This is likely attributable to the diversion 

of flow to the intermediate and deep layer capillaries. 
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Figure 4.5. Flicker-evoked increases in RBC flux. A, Time course of flicker-evoked 

RBC flux increases in first-order arterioles and venules. B, Time course of RBC flux 

increase in secondand third-order vessels and superficial layer capillaries (S). C, 

Scatter plot of RBC flux increase (mean during the first 2 s of stimulation) versus 

baseline vessel diameter, color coded by vessel order. D, Mean increase in flicker-

evoked RBC flux (mean during the first 2 s of stimulation) by vessel order. E, Time 

course of RBC flux increases in the capillaries of the three vascular layers. F, Scatter 

plot of RBC flux increases in capillaries (mean during the 15 s stimulus) versus 

baseline flux in the three vascular layers. G, H, Baseline RBC flux (G) and flux 

increases (H) for capillaries in the three vascular layers. *p < 0.05; ***p < 0.001. 
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Pericyte proximity does not predict dilation amplitude  

Active regulation of blood flow in capillaries remains a controversial issue 

(Fernández-Klett et al., 2010; Hall et al., 2014). Active regulation in capillaries would 

occur via pericytes, because they are the only contractile cells associated with these 

vessels. We tested whether pericytes in the retina actively regulate blood flow by 

measuring flicker-evoked capillary dilation as a function of distance from pericyte 

somata. If pericytes actively regulate blood flow, we would expect flicker evoked dilation 

to be greater near pericyte somata, where the circumferential pericyte processes are 

located, rather than farther away (Dore-Duffy and Cleary, 2011; Kotecki et al., 2010; 

Nehls and Drenckhahn, 1991; Peppiatt et al., 2006). 

We measured flicker-evoked capillary dilation at different sites along capillaries 

in the three vascular layers. After in vivo experimentation, retinas were removed and 

labeled for the chondroitin sulfate proteoglycan NG2 to localize pericyte somata, which 

appeared as protrusions from the capillary wall (Fig. 4.6A, arrowheads). In vivo and 

whole-mount images of the same retinal regions were aligned, and the distance from each 

in vivo measurement site to the nearest pericyte soma was determined. Linear regression 

analysis showed that the distance from a pericyte was not predictive of the magnitude of 

capillary dilation, when either all capillaries were pooled together (p < 0.20, n = 105) or 

capillaries in each vascular layer were tested separately (p < 0.26 in the superficial layer, 

n = 62; p < 0.91 in the intermediate layer, n = 27; p < 0.12 in the deep layer, n = 16; Fig. 

4.6B). Capillary measurements were sorted into one of three groups according to their 

distance from a pericyte soma: close (<10 μm), medium (≥10 and <25 μm), or far (≥25 

μm). No clear difference in response amplitude was observed between these groups in 

any of the vascular layers (n = 17, 31, and 14 for the superficial layer, n = 5, 11, and 11 

for the intermediate layer, and n = 5, 7, and 4 for the deep layer; Fig. 4.6C). 
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Another way of comparing vascular responses to the proximity of pericytes is to classify 

each response as dilating, constricting, or not changing. Responses were classified as 

dilating or constricting if the peak positive or negative response was at least 3 SDs above 

or below the baseline. There was no difference in the mean distance to pericytes for the 

three response groups, when either all capillaries were pooled together or each layer was 

considered separately (Fig. 4.6D). These results are discussed below in the context of our 

other findings. 

 

 

Figure 4.6. Pericyte proximity does not determine dilation amplitude. A, Whole-

mount confocal image of superficial layer vessels labeled for α-SMA (red) and NG2 

(green). Pericyte somata are indicated by arrowheads. Scale bar, 20 μm. B, Scatter 

plot of flicker-evoked dilation versus distance from pericyte somata for capillaries in 

the three vascular layers. C, Time course of flicker-evoked capillary dilation for 

each of the three vascular layers, measured at sites close (≤10 μm), at a medium 

distance (>10 and ≤ 25 μm), and far (>25 μm) from pericyte somata. D, Mean 

distance from pericyte somata for capillaries in each vascular layer that responded to 

flicker with a dilation (Dil), a constriction (Con), or no change in diameter (NC). 
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α-SMA expression reflects vascular responsiveness   

α-SMA is a contractile protein expressed in pericytes and in the vascular smooth 

muscle cells that surround arteries and arterioles. Its level of expression has been 

correlated with the degree of vascular contractility in rat and mouse (Hinz et al., 2001; 

Schildmeyer et al., 2000; Tomasek et al., 2006). Other reports indicate that a subset of 

capillary pericytes express α-SMA (Bandopadhyay et al., 2001; Nehls and Drenckhahn, 

1991), but we could not resolve α-SMA labeling to the level of individual pericytes. 

Instead, we categorized each vessel segment that was investigated in vivo as expressing 

high, medium, or low levels of α-SMA. In agreement with previously published work 

(Hughes and Chan-Ling, 2004; Nehls and Drenckhahn, 1991), we found that α-SMA 

expression decreased with increasing vessel order (Fig. 4.7) and was often undetectable 

 

Figure 4.7. Expression of α-SMA decreases with increasing vessel order in the retinal 

vasculature. A, A retinal region imaged in vivo (first panel) and as a whole-mount, 

labeled for the pericyte marker NG2, the contractile protein α-SMA, and with the 

vessel marker Isolectin-IB4. The three labels are merged in the last panel. Scale bar, 

400 μm. B, Retinal vessels are labeled for NG2 and α-SMA with no enzymatic 

digestion (left panels) and with digestion with collagenase/dispase (right panels). 

Arrows indicate first-order vessels in which strong α-SMA labeling is observed after 

enzyme digestion. High branch order vessels often express low levels of α-SMA 

(arrowheads). Scale bars, 100 μm. C, The strength of α-SMA expression (low, 

medium, or high) is indicated for vessels of each order. 

 



 

 55 

in the smallest capillaries (Fig. 4.7B, arrowheads). α-SMA expression levels were lower 

in the intermediate and deep vascular layers than in the superficial vessels (Fig. 4.7C), 

although this may have been attributable to reduced antibody penetrance. In our initial 

studies using a standard immunohistochemistry protocol, α-SMA expression was 

unexpectedly low in most regions of first-order arterioles compared with second-order 

arterioles. Collagenase/dispase digestion of the retina before performing 

immunohistochemistry increased antibody penetration, and we observed more regions of 

high α-SMA labeling in the first-order arterioles (Fig. 4.7B, arrows). Enzyme digestion 

did not disrupt the binding of other antibodies, nor did it change the observation that α-

SMA expression decreases with vessel order. 

 

Discussion 

 

Active dilation of arterioles drives functional hyperemia in the retina  

We have found that flickering light evokes large, rapid, and consistent dilations in 

retinal arterioles but smaller, slower, and inconsistent dilations in downstream capillaries 

and venules. Retinal arterioles are also highly enriched with α-SMA, a protein whose 

expression levels correlate with contractility (Hinz et al., 2001; Schildmeyer et al., 2000; 

Tomasek et al., 2006). Together, these results indicate that functional hyperemia in the 

retina is driven principally by the active dilation of arterioles. Although the initial 

transient dilation in downstream capillaries and venules is likely attributable to passive 

stretch, we propose that more complex regulatory mechanisms are at play during 

prolonged stimulation. These mechanisms, discussed below, can account for the 

differential blood flow responses we observed in the three vascular layers. 

Flicker stimulation evoked small dilations in venules compared with arterioles in 

our experiments. In the human retina, in contrast, venule and arteriole dilations are of 

similar magnitude (Garhöfer et al., 2004b; Hammer et al., 2011; Noonan et al., 2013; 

Polak et al., 2002). The difference could arise because venule diameters are only ~21% 

larger than arteriole diameters in humans but 41% larger in our rats. Thus, human venules 
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may need to dilate more than rat venules to accommodate the same increase in blood 

flow. 

 

Baseline blood flow in the three vascular layers 

The intermediate vascular layer vessels had the smallest total blood vessel volume 

and approximately the same baseline flux as the other two vascular layers, indicating that 

total baseline blood flow was lower in the intermediate layer than in the other two 

vascular layers. This is consistent with intraretinal pO2 measurements, which reveal high 

pO2 near the surface of the rat retina and in the region near the deep vascular layer and 

lower pO2 in the region near the intermediate vascular layer (Lau and Linsenmeier, 

2012). Although intermediate layer blood flow is low at baseline, it is likely adequate to 

support the metabolic needs of the inner retina during constant dim illumination (Miller, 

2001). 

 

Differential regulation of blood flow in the three vascular layers  

We observed a striking difference in flicker-evoked regulation of capillary blood 

flow in the three vascular layers of the retina. Stimulation evoked much larger dilations in 

intermediate layer capillaries than in capillaries of the superficial and deep vascular 

layers. At the end of the 15 s stimulus, intermediate layer capillaries had dilated 4.4%. 

According to a modified version of the Hagen-Poiseuille law (Blinder et al., 2013), which 

accounts for vessel diameter, as well as the effects of hematocrit and RBC interactions 

with the vessel wall, a 4.4% dilation translates to a 16.5% decrease in vascular resistance. 

In comparison, the resistance decrease in the superficial and deep layer capillaries was 

3.9 and 3.3%. 

The intermediate layer capillary dilation had a unique time course, increasing 

continually for the duration of the stimulus. Dilation of the superficial and deep layer 

capillaries, in contrast, remained relatively constant throughout the stimulus. Flicker 

evoked RBC flux in the intermediate vascular layer continued to rise for the duration of 

the stimulus, mirroring the dilation observed in intermediate layer capillaries. Averaged 

over the duration of the stimulus, the intermediate layer flux increase was more than 
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twice that in the deep capillary layer. In contrast, after a transient increase, flux in the 

superficial layer capillaries declined steadily during stimulation. Third-order arterioles in 

the superficial vascular layer showed a similar slow flux decline. The flux decrease in the 

superficial layer vessels is likely attributable to a “steal” effect (Raichle, 1998), with 

blood being diverted to the intermediate and deep layer capillaries. 

The differential regulation of blood flow in the three vascular layers will affect 

oxygen and nutrient delivery and may reflect differences in neuronal metabolic demand. 

The intermediate vascular layer supplies neuronal somata and synapses of the inner 

retina, which are activated more by changes in luminance than by steady illumination 

(Miller, 2001). Stimulus-evoked activity results in large increases in neuronal metabolism 

in this layer (Bill and Sperber, 1990; Lau and Linsenmeier, 2012). The large flicker 

evoked blood flow increase in intermediate layer capillaries may be necessary to meet the 

increased metabolism of these neurons. In contrast, the deep vascular layer supplies 

oxygen and nutrients to the synapses in the outer plexiform layer, which are active under 

all stimulus conditions. Therefore, there is little metabolic need for large increases in 

blood flow to the deep vascular layer. The superficial capillary layer primarily supplies 

the retinal ganglion cells, which are activated by changes in light (Miller, 2001). 

However, oxygen is supplied to this layer by both the superficial layer vessels and by the 

vitreous humor, in which pO2 is higher than in the inner retina (Lau and Linsenmeier, 

2012). pO2 near the retinal surface may be high enough at rest so that there is no need to 

increase blood flow during stimulation. 

Our observations on blood flow in the trilaminar retinal network correspond well 

with investigations in the cortex. Although the cortex is a stratified tissue, there are no 

discrete cortical vascular layers as there are in the retina. Nevertheless, fMRI (Goense et 

al., 2012; Kim and Kim, 2010; Smirnakis et al., 2007), two-photon imaging (Lindvere et 

al., 2013), laser Doppler flowmetry (Norup Nielsen and Lauritzen, 2001), and 

autoradiography (Gerrits et al., 2000) studies indicate that sensory stimulation results in 

greater increases in blood flow in the middle cortical layers, including layer IV, where 

neuronal and vascular density (Smirnakis et al., 2007) and stimulation induced neuronal 

signaling are highest. Similar to the retina, this differential regulation of blood flow in the 
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cortex may serve to supply blood to regions of high metabolic need (Carroll and Wong-

Riley, 1984; Goense et al., 2012; Norup Nielsen and Lauritzen, 2001). 

 

Active capillary regulation 

The large, slowly developing dilation of intermediate layer capillaries, which 

differs markedly from the responses of upstream arterioles, is most likely caused by 

active dilation. Active capillary dilation would account for the unique time course we 

observed in the intermediate layer capillaries, as well as for the reduction in RBC flux in 

superficial layer vessels. Although still controversial, studies in several brain regions, 

including the cortex (Chen et al., 2011), olfactory bulb (Chaigneau et al., 2003), and 

subventricular zone (Lacar et al., 2012), also suggest that capillaries actively regulate 

blood flow. Recent observations in the somatosensory cortex provide strong evidence that 

pericyte relaxation mediates the active capillary response (Hall et al., 2014). 

Dilation of intermediate layer capillaries is presumably mediated by active 

relaxation of the pericytes on these vessels. However, we found no evidence for active 

pericyte dilation of capillaries. Furthermore, we found that α-SMA expression in the 

intermediate and deep layer capillaries is lower than in superficial layer vessels. These 

apparently contradictory findings could be attributable to several factors. First, our 

assumption that pericyte-mediated dilation is greater near pericyte somata than farther 

away could be false. This possibility is supported by recent observations in the cortex 

(Hall et al., 2014), where capillary dilations at pericyte somata and processes were equal 

but were smaller where pericytes were absent. In the retina, where pericyte density is 

higher than in the cortex (Frank et al., 1987), it is difficult to find regions where pericytes 

are absent. Given that we used a diffuse stimulus to activate the retina, that retinal 

pericytes are closely spaced, and that they are electrically coupled (Puro, 2007), it is not 

surprising that all regions of capillaries with pericyte coverage dilate to a similar extent. 

Second, we did not characterize flicker-evoked dilation in the diving capillaries 

connecting superficial layer vessels to intermediate and deep layer capillaries. It is 

possible that pericyte-mediated dilations are present in these vessels. Third, although α-

SMA expression in the intermediate and deep layer capillaries is low, capillary pericytes 
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may express enough actin to mediate active responses. The low levels of α-SMA 

expression we observed in capillaries may account for their slow dilations. Pericytes may 

also express other actin isoforms (Tomasek et al., 2006), although their role in capillary 

dilation is unclear. 

 

Passive capillary regulation 

We propose that the slow dilation observed in the intermediate layer capillaries is 

attributable to active dilation of the vessels. However, passive stretch may also contribute 

to this response. The time course of the dilation is similar to blood volume increases 

measured in the brain in response to sensory stimulation (Barrett et al., 2012; Drew et al., 

2011; Mandeville et al., 1999). These slow volume increases have been attributed to the 

windkessel effect, in which active arteriole dilation results in a pressure increase that 

passively dilates downstream vessels (Barrett et al., 2012; Drew et al., 2011; Huppert et 

al., 2007; Kong et al., 2004; Mandeville et al., 1999). The windkessel effect does not, in 

itself, account for differential dilation of the three capillary layers. Several other factors 

could contribute to differential dilation. First, intermediate layer capillaries, which have a 

smaller total volume than capillaries in the other two layers, would also have a higher 

resistance. Dilation of upstream arterioles would generate greater pressure increases in 

intermediate layer capillaries, leading to larger passive stretch. Second, capillaries in the 

intermediate layer could have a higher compliance, resulting in greater stretch for a given 

pressure increase. 

 

Conclusions 

Our results indicate that arterioles are primarily responsible for generating 

functional hyperemia in the retina. These vessels display large, rapid, and consistent 

flicker-evoked dilations and high α-SMA expression. We also found that blood flow 

through the three vascular layers in the retina is differentially regulated. Prolonged flicker 

stimulation evokes a large, slowly developing dilation and an increase in flux in 

intermediate layer capillaries that are not observed in the other two vascular layers. 

Active capillary dilation likely contributes to this response.  
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Chapter 5: General discussion 
 

Relevance of current work to functional imaging techniques 

 Investigating blood flow in human brains requires non-invasive and easily 

tolerated tools. Many instruments have been developed for assessing blood flow in the 

retina (Chapter 3) but few exist to study blood flow in the brain. The most common of 

these is functional magnetic resonance imaging (fMRI), which typically uses blood-

oxygen-level dependent contrast (BOLD) signals to detect the changes in blood 

oxygenation that occur following neuronal activity. The problem with this technique is 

that the relationship between neuronal signaling and blood oxygenation is anything but 

straightforward. The research presented here provides insight into the underlying 

mechanisms of functional hyperemia, and can inform the ongoing discussion about how 

to interpret BOLD signals. 

 A positive BOLD signal is due to the counterintuitive decrease in oxygen 

extraction fraction, and accompanying decrease in deoxyhemoglobin, that occurs when 

blood flow increases during functional hyperemia. A complete discussion of the 

underpinnings of BOLD is out of the scope of this dissertation. However, there are many 

caveats to interpreting BOLD signals as neuronal activity (reviewed by Buxton (2010) 

and Buxton et al (2014)). Some caveats applicable to the current work have already been 

mentioned. First, neurovascular coupling mechanisms are themselves complex and 

redundant: both neurons and glial cells communicate with the vasculature via multiple 

pathways simultaneously, the combination of which may differ depending on 

circumstance. Second, functional hyperemia is a feed forward mechanism, so there 

should be no expectation that changes in blood flow will perfectly mirror neuronal need. 

Third, comparing BOLD signals across different brain regions is problematic since 

different vascular density will affect BOLD signals, and sparsely vascularized areas 

might not generate blood flow signals that are detectable with current methods. 

 A major open question is how the microvasculature plays into functional 

hyperemia response as it is detected by neuroimaging. Not only does functional 

hyperemia rely on healthy neuronal signaling pathways, it likely also requires healthy 
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glial cells and pericytes. Further, the BOLD response can vary widely both across the 

cortical surface (Ances et al., 2008) and within its depth. Blood flow has been shown to 

increase first in the deeper layers and propagate toward the surface (Chen et al., 2011; 

Lindvere et al., 2013; Tian et al., 2010). But by averaging the BOLD signal across the 

depth of the cortex or only looking at the brain’s surface, where large draining veins are 

present, we may miss important information about the spatial and temporal dynamics of 

brain signaling. As the resolution of fMRI instruments increases, it may become possible 

to visualize very spatially discrete changes in blood flow due to capillary dilation. To 

better interpret neuroimaging data, it is important to consider complete vascular units, 

which include arteries, veins, and the microvasculature between them, which span the full 

cortical depth (Harel et al., 2010; Huber et al., 2014; Kennerley et al., 2010).  

 We made the novel observation that the retinal vascular layers are differentially 

regulated and found that dilation onset time scaled approximately with vessel order. 

Another group’s similar study showed that pericyte-mediated capillary dilations preceded 

dilations of upstream vessels (Hall et al., 2014). This indicates that the mechanisms 

behind functional hyperemia may not be identical in the retina and the cortex, a 

conclusion that should be unsurprising given the differences between these two tissues. 

Regardless, the observation that microvascular blood flow can be autonomously mediated 

implies that a significant portion of the BOLD signal is due to active capillary dilations. 

Reductions in the BOLD response in disease populations may well be a reflection of the 

health of non-neuronal cell types including glia and pericytes, or the state of the 

microvasculature. 

 

Directions of future research 

  We have shown that the three retinal vascular layers have distinct functional 

hyperemia response profiles. However, we are left to speculate about the underlying 

cause of the differential blood flow response. As discussed in Chapter 4, passive 

mechanisms may account for some of the differential blood flow response. Differences in 

baseline vessel diameter, resistance, compliance, or density in each of the three vascular 

layers would affect their passive reaction to changes in upstream blood pressure. 
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However, we suspect that pericytes, at least in part, drive the large dilations of 

intermediate layer capillaries. Further work will be needed to definitively determine 

whether this response is passive, active, or some combination thereof. Additionally, we 

are interested in knowing the molecular mechanisms underlying this response. 

A thorough modeling study could shed light on the source of the slowly 

developing blood flow increase in the intermediate layer. By accurately representing the 

connectivity of the three vascular layers and manipulating basic morphological properties 

of the blood vessels in the three layers, it would be possible to assess the likelihood that 

this response requires active capillary dilation. The retinal vascular network has been 

modeled previously (Arciero et al., 2013; Ganesan et al., 2010, 2011). However, blood 

flow within the network has only been investigated under baseline conditions (Guidoboni 

et al., 2014), not during functional activation. A more complete modeling study could 

reveal the combination of parameters necessary to generate the functional hyperemia 

responses we observed.  

If modeling studies show that capillaries must actively dilate in order to generate 

the observed blood flow response, many questions remain. Because pericytes are the only 

cells present on capillaries with known contractile abilities, it is expected that they 

provide the muscular force required to dilate capillaries. However, this would raise 

additional questions. First, what cell type is responsible for signaling metabolic need to 

pericytes? Neurons or glial cells, or some combination of the two, could relay the 

metabolic state of nearby neurons to pericytes. Second, if pericytes are present on 

capillaries in all three vascular layers, and it appears they are, why does the intermediate 

layer dilate to a much greater extent than the other two layers? It could be that 

intermediate layer pericytes are somehow different than those in other layers; perhaps 

they have more functional contractile machinery, or they express a complement of 

receptors that make them particularly sensitive to nearby neuronal signaling. Or, 

pericytes may be the same in all retinal capillaries, but they are exposed to different 

levels of activity depending on their laminar position. Neurons in the outer sublamina of 

the inner plexiform layer have a high metabolic need compared with other regions of the 

middle retina (Yu and Cringle, 2001), and vasodilatory signals from the inner plexiform 
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layer may be spatially limited such that they affect only the intermediate vascular layer. 

Whether pericyte heterogeneity and/or differences in neuronal need drive the retina’s 

differential functional hyperemia response remains to be parsed out. 

Measuring tissue oxygen consumption allows us to approximate the blood flow 

required to meet local oxygen demand. The oxygen profile of the retina has been 

investigated using oxygen probes during dark and light adaptation, and the oxygen 

consumption rates of each retinal layer have been modeled (Yu and Cringle, 2001). 

However, the laminar changes in oxygen content that occur during a flickering light 

stimuli like the one applied here (Chapter 4) have not been fully investigated. Oxygen in 

the inner retina drops more in response to a flickering than a steady light stimulus (Lau 

and Linsenmeier 2012), but the authors of this study did not report the oxygen levels for 

separate inner retinal layers. Based on our data, we would expect that the OFF sublamina 

of the inner plexiform layer, adjacent to the intermediate vascular layer, would have a 

larger increase in activity than the outer section of the outer plexiform layer or the outer 

plexiform layer. Further, we expect that this oxygen need would be maintained with 

continued flicker stimulation, driving a consistent rise in intermediate layer blood flow. It 

will be interesting to see if these expectations are met. 

The work presented in this dissertation provides the first indication that blood 

flow is differentially regulated in the three layers of the retinal vasculature. As such, a 

great deal of work remains to be done to parse out the mechanisms that give rise to this 

observation.  

 

Summary of presented work 

The work discussed in this dissertation provides novel insights into the regulation 

of blood flow in the retinal vascular network. These studies were made possible by 

techniques we developed that are capable of measuring relative and absolute blood flow. 

These techniques are based on direct observations of fRBCs moving through vessels. We 

used ultra-fast confocal line scans to reach the temporal resolution required to capture 

high-velocity cells flowing through large vessels. We demonstrated that this technique 

provides accurate and reliable blood flow measurements. This allowed us to observe 
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numerous principles of blood flow directly. Among them is the ability to quantify total 

retinal blood flow in the rat, corroborating estimates from other groups, and to observe 

parabolic velocity profiles across retinal blood vessels between 20 to 30 m in diameter.  

We measured baseline and flicker-evoked blood flow in vessels throughout the 

retinal vascular network and concluded that retinal blood flow increases are driven 

primarily by the large, fast, and consistent dilations of retinal arterioles. Intriguingly, the 

blood flow response in the intermediate vascular layer was much greater than in the other 

vascular layers and displayed a unique, slowly developing response profile that was 

unlike the blood flow response in any other retinal vessel type. This indicates that 

capillary diameters are actively regulated in response to neuronal need. This differential 

response has important implications for our understanding of blood flow regulation.  
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