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Abstract 
 

Blood flow is tightly regulated in the central nervous system to ensure neurons 

receive sufficient oxygen and glucose. When neuronal activity increases, nearby blood 

vessels dilate to increase local blood flow, a phenomenon termed functional hyperemia. 

Two key controversies have arisen concerning the mechanisms that underlie functional 

hyperemia. Firstly, the role of glial Ca2+ signaling in triggering vessel dilations is unclear. 

Some evidence suggests that glial Ca2+ signals precede vessel dilations, but blocking glial 

Ca2+ signaling does not alter functional hyperemia. Secondly, data has been presented 

arguing both for and against the ability of capillaries to actively dilate during functional 

hyperemia. Herein, I demonstrate that glial Ca2+ signaling does play a key role in 

regulating capillary diameter, but is not necessary for regulating arteriole diameter. 

Additionally, capillaries can actively dilate during functional hyperemia responses. These 

findings suggest that glial Ca2+ signaling contributes to blood flow regulation in the 

central nervous system by triggering capillary dilations during functional hyperemia. 
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Chapter 1: Introduction 
 

Overview 

Functional hyperemia is the coupling of local blood flow to local neuronal 

activity. The mechanisms that underlie functional hyperemia, known as neurovascular 

coupling, are poorly understood. Research into neurovascular coupling is crucial for 

identifying potential drug targets to address central nervous system (CNS) diseases with 

improper blood flow regulation. Additionally, a deeper understanding of how functional 

hyperemia works will improve our ability to draw meaningful conclusions from blood 

oxygen level dependent functional magnetic resonance imaging (BOLD-fMRI) signals, 

which detect blood flow changes in human patients. Recently, two major controversies 

have developed regarding the mechanisms of functional hyperemia.  

 

1) What is the role of glial Ca2+ signaling in neurovascular coupling? One 

hypothesis posits that glial Ca2+ signaling increases in response to neuronal 

activity and triggers arteriole dilations during neurovascular coupling. In 

agreement with this hypothesis, increasing Ca2+ levels in glia using various 

experimental techniques triggers arteriole dilations (Metea and Newman, 

2006; Takano et al., 2006). However, blocking glial Ca2+ signaling using IP3-

type 2 receptor knockout (IP3R2-/-) transgenic mice does not affect arteriole 

dilations in functional hyperemia (Nizar et al., 2013; Bonder and McCarthy, 

2014). These conflicting results highlight the need for experiments to 

elucidate the role of glial Ca2+ signaling in neurovascular coupling. 

 

2) Do capillaries actively dilate during functional hyperemia? Arterioles are 

known to dilate and drive blood flow increases during functional hyperemia. 

However, the role of capillaries is poorly understood. Capillary pericytes have 

contractile machinery and can contract or relax in situ when exposed to 

various stimuli (for review see (Thomas, 1999)). However, ex vivo and in vivo 

experiments have yielded inconsistent results. Some labs show that capillaries 
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do actively dilate during sensory stimuli (Hall et al., 2014) while others show 

no change in capillary diameter (Hill et al., 2015). Further experimentation is 

needed to determine if capillaries actively dilate in functional hyperemia. 

 

Herein I used the mouse retina as a model system to study neurovascular coupling. 

My goal is to address both of these aforementioned controversies to improve our 

understanding of how blood flow is regulated in the CNS. To probe these controversies I 

used a combination of glial Ca2+ imaging, vascular microscopy, ex vivo and in vivo 

physiology, and transgenic mice. This thesis focuses on testing two key hypotheses: 

 

1) Glial Ca2+ signaling is a key component of neurovascular coupling. 

2) Retinal capillaries actively change diameter during functional hyperemia 

responses.  

 

Functional hyperemia 

Blood flow in the CNS is tightly regulated to ensure delivery of oxygen (O2) and 

nutrients such as glucose, removal of waste, and water balance. CNS blood flow 

regulation occurs in a number of ways: 

 

1) Functional hyperemia 

- A local increase in blood flow that occurs when nearby neuronal activity 

increases.  

2) Pressure autoregulation 

- A combination of mechanisms that changes vascular diameter to maintain 

relatively constant blood flow across a wide range of blood pressures. 

3) Neurogenic regulation 

- Neuronal signals can directly influence blood flow in a variety of ways 

separate from functional hyperemia. Subcortical projections from nucleus 

basalis, locus coeruleus, and raphe nucleus have been implicated in gross 

regulation of cerebral blood flow (for review see (Peterson et al., 2011)). 
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Herein, I focus on functional hyperemia because of our poor understanding of its 

mechanisms, its relevance to functional magnetic resonance imaging, and the increasing 

body of evidence regarding disruption of functional hyperemia in various CNS 

pathologies. 

 

The blood flow increases generated by functional hyperemia responses vary based 

on species, stimulus intensity, and CNS region. In human visual cortex, a full-field 

checkerboard visual stimulus will evoke a 35-40% increase in blood flow, which 

corresponds to a 1% change in BOLD-fMRI contrast (Feng et al., 2004). These blood 

flow increases correspond to a ~30% increase in oxygen delivery to the tissue (Mintun et 

al., 2001). Altering the type or intensity of a visual stimulus can change the amplitude 

and time course of cerebral blood flow responses. Functional hyperemia responses are 

similar in the human retina, where flickering light stimuli increase the blood flow by 

approximately 45%-55% (Michelson et al., 2002; Palkovits et al., 2015). A flickering 

light stimulus will cause all or most of the retinal blood vessels to dilate. In the cortex, 

the vessel dilations are spatially restricted to the region of neuronal activity changes. A 

strong stimulus can evoke blood flow increases throughout a whole cortical region, such 

as large light checkerboard stimulus causing blood flow changes throughout most of the 

visual cortex (Mohamed et al., 2002). More precise stimuli can generate blood flow 

increases that are spatially restricted, such as the presentation of small visual stimuli to 

map a patient’s retinotopic pattern on the visual cortex (Olman et al., 2010).  

 

Rodent models also generate similar functional hyperemia responses, making 

them useful tools to research and explore mechanisms of blood flow regulation. In the 

rodent somatosensory cortex, blood flow increases in response to sensory stimuli 

(Lindauer et al., 1993). Gentle stimuli, such as whiskery deflection, generate smaller 

blood flow increases than those observed in humans (Lindauer et al., 1993). Strong 

stimuli, such as electric shocks, generate much larger blood flow increases (Norup 

Nielsen and Lauritzen, 2001).  The smaller responses in animals, relative to humans, are 
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likely caused by anesthesia used for in vivo experiments (Lindauer et al., 1993), while the 

larger responses may be caused by pain or startle response from the electric shocks. 

 

The cellular and molecular mechanisms that underlie functional hyperemia are 

referred to as neurovascular coupling. The neurovascular unit comprises neurons, 

astrocytes, the extracellular matrix, vascular endothelial cells, arteriole smooth muscle 

cells and capillary pericytes (Fig. 1.1). Increases in neuronal activity trigger the signaling 

cascades that activate blood vessel dilations. Astrocytes, and other astrocyte-like glia, 

have endfeet that surround blood vessels as well as fine processes that associate with 

synapses. This makes them ideally positioned to act as intermediaries between the 

neurons and blood vessels. The astrocyte endfeet are also important for the blood brain 

barrier (Abbott et al., 2006), water and ion homeostasis (Simard and Nedergaard, 2004), 

and protecting the CNS from hypoxia (Marina et al., 2016). Additionally, endothelial 

cells are now recognized as complex cells that play integral roles in neurovascular 

coupling, primarily via complex signaling mechanisms (Muoio et al., 2014).  Arteriole 

smooth muscle cells contain the molecular machinery that allows for constriction or 

relaxation to regulate arteriole diameter. Capillary pericytes may also contain similar 

molecular machinery which allows for contractile properties (Hall et al., 2014), however 

the contractile properties of pericytes are still debated (Hill et al., 2015). 

 



5	
	

 
Fig. 1.1 – The neurovascular coupling unit. A, Arterioles are coated in smooth muscle 
cells, while capillaries are coated in pericytes. B, The neurovascular unit at the capillary 
including neurons, astrocytes, pericytes, and endothelial cells. The arteriole 
neurovascular unit is similar, except has one or multiple layers of smooth muscle cells 
rather than pericytes. From Hamilton et al., 2010). 
 

Historical context 

The first researcher to characterize the functional hyperemia phenomenon was 

Angelo Mosso, who published most of his work on blood flow in the human brain in the 

early 1880’s (For review, see (Zago et al., 2009)). Mosso studied circulation by using 

homemade plethysmographs, which allowed him to detect small changes in cerebral 

volume. As a brain region received more blood flow, it would swell slightly, which he 

could detect and record using his plethysmographs. Mosso used these approaches to 

measure the ‘static’ volume of blood in the brain as well as the oscillations in blood 

volume caused by the heartbeat. While he did use animal preparations, Mosso’s most 

famous work was done on human patients with cranial windows created by accidents or 

neurosurgical treatments. 
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Among his many insightful observations, Mosso discovered that cerebral volume 

increased in response to i) mental activities, such as multiplication problems, ii) surprises, 

such as unexpected church bells sounding, or iii) affective stimuli, such as a subject 

thinking about the first time he saw his wife (Mosso, 1880, 1894). These changes 

appeared to be specific to the cortex. To test this, Mosso simultaneously measured 

forearm pulse and respiration and found them both to remain constant as blood flow 

increased in the cortex. Based on his observations, Mosso postulated that when a brain 

region was active, blood flow to that region and the biochemical processes within that 

brain region changed to provide metabolic support to neurons (Mosso, 1881). 

 

Roy & Sherrington added to this body of research in 1890, when they 

characterized cerebral volume changes in dogs in response to a variety of stimuli 

including nerve and CNS electrical stimulation, various drugs, asphyxia, and muscle 

usage (Roy and Sherrington, 1890). They postulated that an automatic mechanism was 

matching local blood flow to local neuronal activity. Specifically, they predicted neurons 

released molecules that triggered vasodilation. Given their limited tools and information 

available, their experimental design and ability to draw meaningful conclusions was 

impressive. An excellent discussion of the significance of Roy & Sherrington’s work is 

published in (Friedland and Iadecola, 1991). 

 

Significance of functional hyperemia 

Despite over 100 years of research, we can still only speculate as to the exact 

purpose of functional hyperemia. As was proposed in in 1800s, the prominent theory 

posits that functional hyperemia ensures neurons receive sufficient O2 and glucose to 

function at higher metabolic levels. While there is evidence to support this theory, we 

lack the tools to explore what the precise outcomes of functional hyperemia are, or what 

happens if functional hyperemia fails. 

 

CNS tissue has exceptionally high metabolic requirements in order to maintain 

health and proper function. When activity increases, the metabolic needs of CNS tissue 
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increase further. Mathematical modeling and physiology data suggest that the majority of 

adenosine triphosphate (ATP) consumption in the brain is related to synaptic activity: 

post-synaptic ion pumps recovering membrane potential after a signal, reversing the Na+ 

concentrations following action potentials, filling vesicles, glutamate recycling, and so on 

(Attwell and Laughlin, 2001; Harris et al., 2012). Some research estimates that about 

25% of ATP consumption in the grey matter (Attwell and Laughlin, 2001) and roughly 

55% of the ATP consumption in the white matter (Harris and Attwell, 2012) is not related 

to neuronal signaling. When neuronal activity and signaling increases, ATP consumption 

increases as well. Blocking signaling by inducing a coma or blocking neuronal signaling 

reduces brain ATP consumption, supporting activity-depending ATP consumption 

(Richter, 1957). Increasing activity in tissue increases lactate levels (Caesar et al., 2008; 

Barros, 2013) and O2 consumption (Offenhauser et al., 2005). The increase in ATP and 

O2 consumption with neuronal activity supports the theory that functional hyperemia is 

needed to meet the high O2 and glucose demands of active CNS tissue. 

 

However, there are key details that challenge the proposed role of functional 

hyperemia as a means to deliver O2 and glucose to active neurons. First, when activity in 

a brain region ‘increases’ it does not always correspond to a dramatic increase in firing 

rate (Fries et al., 2001). Rather, changes in the phase or pattern of spiking appear to 

convey information rather than solely firing rate. These changes to patterns of neuronal 

activity are unlikely to cause significant changes to energy consumption. Second, in 

human subjects, the increase in O2 delivered to the tissue during functional hyperemia 

(~50-65% increase) greatly exceeds the O2 consumption of the active tissue (~5-15%) 

(Fox et al., 1988; Lin et al., 2010). This large miss-match of O2 delivery relative to O2 

consumption has caused some to question if O2 delivery is the main purpose of functional 

hyperemia. Originally, it was speculated that excessive O2 delivery may be needed to 

achieve even small levels of increased O2 extraction (Buxton and Frank, 1997). However, 

blocking blood flow increases during neuronal activity changes does not appear to have a 

dramatic effect on overall O2 levels (Leithner et al., 2010) making this explanation 

unlikely. More recently, some evidence suggests that the excessive blood flow increase 
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may be needed to ensure neuronal structures farthest from capillaries receive sufficient 

levels of O2 (Devor et al., 2011). Alternative theories speculate that excessive O2 

increases could be needed to create a ‘safety margin’ to ensure sufficient O2 delivery 

even if the functional hyperemia response is not sufficient. This could be caused by a 

signaling error or pathology generating a weak functional hyperemia response (Leithner 

and Royl, 2014) or if the energy demand is pathologically increased, as seen in spreading 

depolarization (Attwell et al., 2010). None of these theories have been carefully tested, 

and none yet have concrete evidence to support them. 

 

Blood oxygen level dependent functional magnetic resonance imaging 

Blood oxygen level dependent functional magnetic resonance imaging (BOLD-

fMRI) is a technique commonly used to non-invasively measure blood flow in the brains 

of human subjects. By detecting localized blood flow changes in regions of the brain 

during various states or tasks, researchers can indirectly infer changes in neuronal activity 

that could have generated the observed changes in blood flow. The original proof of 

concept for BOLD-fMRI was demonstrated in 1990 (Ogawa et al., 1990). Okgawa et al. 

(1990) showed that the differential magnetic properties of oxygenated hemoglobin versus 

deoxygenated hemoglobin (Pauling and Coryell, 1936) can be detected using a magnetic 

resonance imaging device. During the blood flow increases generated in functional 

hyperemia the oxygenated hemoglobin:deoxygenated hemoglobin ratio shifts and can be 

detected to infer local changes in neuronal activity (Ogawa et al., 1992). 

 

BOLD-fMRI is heavily used in human subjects as it is one of the few non-

invasive ways to measure neuronal activity in patients, albeit indirectly. However, the 

technique is currently limited in five ways: i) blood flow changes happen at a much 

slower timescale than changes in neuronal activity ii) the current spatial resolution of 

even most powerful magnets is relatively large and includes hundreds of thousands of 

neurons iii) it is impossible to determine which neurons within a given region generated 

the observed blood flow changes iv) it is impossible to determine the precise change in 

neuronal activity that generated the blood flow response v) it is difficult to determine if a 
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‘deficit’ in the BOLD-fMRI response for a disease population is caused by changes in 

neuronal activity or if neurovascular coupling mechanisms are not working properly. 

While these limitations are troubling, they can be partially addressed with further 

research into neurovascular coupling. If we obtain a more precise understanding of how 

neuronal activity induces blood flow changes, we may be able to draw more precise 

inferences regarding neuronal activity from the blood flow changes observed using 

BOLD-fMRI. 

 

Diseases and conditions linked to functional hyperemia 

A wide variety of pathological conditions and diseases of the CNS are associated 

with changes to blood flow and blood flow regulation. Alzheimer’s disease (AD) is 

characterized by the accumulation of amyloid beta in plaques in the neuropil and in the 

walls of blood vessels (Roher et al., 1993). Human subjects with early or mild AD have 

reduced resting state cerebral blood supply (Bateman et al., 2006; Claassen et al., 2009). 

Additionally, experiments using Positron Emission Tomography (PET) and BOLD-fMRI 

has revealed that patients with AD have smaller functional hyperemia responses during 

memory tasks (Rombouts et al., 2000; Machulda et al., 2003). As these blood flow 

deficits occur in patients with Mild Cognitive Impairment and early AD, it is possible 

that insufficient blood flow may cause continuous mild hypoxia, contributing to the early 

stages of AD progression (Machulda et al., 2003; Bateman et al., 2006). It is unclear if 

the functional hyperemia responses are smaller in patients with AD because the increases 

in neuronal activity are smaller, or if there are deficits in neurovascular coupling (see 

(Nicolakakis and Hamel, 2011) & (Girouard and Iadecola, 2006)). Further research into 

neurovascular coupling into healthy and AD patients is needed to clarify the role of blood 

flow deficits in AD pathology. 

 

Following an ischemic event, there is an extended period of reduced perfusion to 

the affected tissue, referred to as the ‘no-reflow’ phenomenon (Majno, 1967; del Zoppo 

and Mabuchi, 2003). It is believed this extended period of reduced blood flow increases 

the damage caused by stroke by expanding the ischemic core into the penumbra. During 
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this ‘no-reflow’ stage, pre-capillary arterioles generally remain open (del Zoppo and 

Mabuchi, 2003). In contrast, capillary pericytes tend to constrict early during an ischemic 

event (Peppiatt et al., 2006) and then die in rigor (Yemisci et al., 2009; Hall et al., 2014), 

restricting blood flow through capillaries. Further understanding into the neurovascular 

coupling may generate molecular targets for drugs to try and dilate vessels or improve 

blood flow to counteract the ‘no-reflow’ phenomenon and improve stroke recovery. 

 

Diabetic retinopathy is a relatively frequent complication associated with diabetes 

that can lead to retinal damage and eventually blindness. It is estimated that roughly a 

third of the 285 million global diabetic patient population has some symptoms of diabetic 

retinopathy (Lee et al., 2015). Before the onset of neuronal pathology, diabetic patients 

display decreased retinal functional hyperemia responses to light stimuli (Garhofer et al., 

2004; Lasta et al., 2013). This finding has led to the hypothesis that poor functional 

hyperemia responses cause chronic mild hypoxia, driving the neuronal damage associated 

with diabetic retinopathy. Animal models of diabetic retinopathy also display reduced 

retinal functional hyperemia (Mishra and Newman, 2010), which may be driven by an 

increase of inducible nitric oxide synthase (iNOS) (Kowluru et al., 2000; Mishra and 

Newman, 2010). The functional hyperemia responses in animal models can be rescued by 

inhibiting iNOS function with aminoguanidine (Kowluru et al., 2000; Du et al., 2002; 

Mishra and Newman, 2010). Preliminary data from diabetic patients treated with 

aminoguanidine also showed promising results, but has not been continued due to 

harmful side effects of systemic aminoguanidine (Donaldson and Dodson, 2003). 

Additionally, diabetic patients show some cognitive deficits and tentative data suggests 

that the BOLD-fMRI responses of diabetic patients are reduced (Kodl and Seaquist, 

2008). These data have led researchers to speculate that a similar pathophysiology from 

diabetic retinopathy could be occurring in the cortex of diabetic patients (Kodl and 

Seaquist, 2008), but this remains untested. Further research into the mechanisms of 

functional hyperemia in healthy and diabetic conditions is needed to understand diabetic 

retinopathy and explore alternative treatment options. 
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High blood pressure affects a high percentage of the population in the developed 

world and is associated with higher risk for stroke (Palmer et al., 1992) and AD (Kelley 

and Petersen, 2007). Additionally, high blood pressure is associated with minor cognitive 

deficits (for review, see (Dahlof, 2007)). One theory is that chronic high blood pressure 

disrupts the functional hyperemia response, eventually leading to neuronal dysfunction 

(Iadecola and Davisson, 2008). Chronic hypertension patients show disrupted functional 

hyperemia responses and the degree of disruption correlates with severity of cognitive 

deficits (Jennings et al., 2005). Animal models of hypertension show similar decreases in 

functional hyperemia responses (Kazama et al., 2003). Not enough is known about 

neurovascular coupling to determine if the functional hyperemia deficits are a symptom 

of the disease or contribute to pathology progression. 

 

Feedback mechanisms of blood flow regulation 

To date, most of the research into neurovascular coupling has centered on 

arterioles. Arterioles clearly play a large role in functional hyperemia, as they are capable 

of generating large, rapid dilations and regulate the blood flow into capillaries. From the 

discovery of functional hyperemia in the 1800s until the late 1900s, it was believed that 

functional hyperemia was most likely triggered by a negative-feedback mechanism 

caused by the increased energy consumption of neurons when activity levels increased 

(for review see (Attwell et al., 2010)). Researchers speculated that when neuronal activity 

increased, consumption of O2, glucose, and ATP or the generation of carbon dioxide 

(CO2) and lactate, triggered vessel dilations. However, most of these possible mechanisms 

have been shown to not play a major role in neurovascular coupling: 

 

i) Decreases in O2 levels are unlikely to trigger functional hyperemia as 

decreases in O2 levels do not affect arteriole dilations in functional 

hyperemia (Mintun et al., 2001) and functional hyperemia responses 

persist in experimental conditions that prevent O2 decreases (Lindauer et 

al., 2010). However, O2 levels can modify the probability of a dilation or 

constriction (Mishra et al., 2011), suggesting that O2 levels may play a 
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regulatory role to ensure an appropriate neurovascular response occurs 

relative to tissue oxygenation. 

 

ii) Consumption of glucose does not appear to have any effect on blood flow, 

as clamping glucose at various levels in patients does not alter basal blood 

flow and clamping glucose at low levels has no effect on the functional 

hyperemia response (Powers et al., 1996). 

 

iii) ATP consumption may indirectly alter blood flow via adenosine signaling. 

Utilization or release of ATP, or decreased availability of O2 for ATP 

synthesis, leads to an increase in the extracellular concentration of 

adenosine. Adenosine can bind to A2a receptors on smooth muscle cells to 

counter constrictive signals (Gordon et al., 2008) and A2b receptors on 

astrocytes to trigger synthesis and release of dilatory molecules (Shi et al., 

2008). Blocking adenosine signaling reduces the amplitude of functional 

hyperemia responses (Ko et al., 1990; Li and Iadecola, 1994). However, it 

is difficult to determine the precise role of adenosine, as its precursor, 

ATP, activates glial Ca2+ signaling (Bowser and Khakh, 2004; Perea and 

Araque, 2005) (see ‘Glial Ca2+ Signaling’ below), and adenosine binding 

to A1 receptors inhibits neuronal activity (Cunha, 2001). 

 

iv) Increased levels of CO2 produced by neuronal energy consumption does 

not appear to trigger neurovascular coupling, despite the fact that 

exogenous CO2 can trigger dilations (Kontos et al., 1977). When neuronal 

activity levels increase, tissue pH increases (Leniger-Follert, 1984), the 

opposite of what should occur if CO2 levels increased. This pH increase is 

likely caused by Ca2+, H+-ATPase pump activation (Makani and Chesler, 

2010). 
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v) Lactate may contribute to functional hyperemia responses. Lactate 

production is increased when synaptic activity increases and is released 

into the extracellular space via monocarboxylate transporters (Caesar et 

al., 2008). Lactate then inhibits prostaglandin transporters causing a 

reduction of PGE2 clearance, enhancing dilations (Gordon et al., 2008). 

However, the degree that lactate contributes to normal functional 

hyperemia responses is unclear. Extracellular lactate did not increase 

unless the tissue was stimulated for over 30 seconds (Caesar et al., 2008). 

Additionally, lactate may play a permissive role by allowing PGE2 

signaling to generate a dilation, rather than directly triggering dilations 

(Gordon et al., 2008). 

 

In summary, feedback mechanisms do not appear to play a major role in 

neurovascular coupling. Lactate, ATP, and O2 have complicated roles in neurovascular 

coupling, but do not appear to be the key signaling molecules for functional hyperemia 

responses.  

 

Feed-forward mechanisms of blood flow regulation  

 More recently, research into functional hyperemia has focused on 

neurotransmitter-based feed-forward mechanisms of neurovascular coupling (Fig. 1.2). 

When levels of neuronal activity increase, there is increased release of neurotransmitters 

such as glutamate (cortex) and ATP (retina). These neurotransmitters bind to G-protein 

coupled receptors (GPCRs) on glial cell fine processes, which associate with synapses 

(for review see (Araque et al., 1999)). GPCR activation triggers signaling cascades in the 

glia which activates Phospholipase C (PLC), increasing levels of Inositol Triphosphate 

(IP3). IP3 binds to IP3 Type 2 Receptors (IP3R2) on the endoplasmic reticulum, causing 

release of Ca2+ into the cytosol in an event referred to as a ‘Ca2+ transient’ (Verkhratsky 

et al., 1998). The increased level of cytosolic Ca2+ activates the enzyme Phospholipase A2 

(PLA2), which converts membrane phospholipids into arachadonic acid (AA). AA is 

broken down in into various dilatory molecules, including Prostaglandin E2 (PGE2) and 
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epoxyeicosatrienoic acids (EETs), both of which generate smooth muscle cell relaxation 

(Peng et al., 2002; Zonta et al., 2003; Peng et al., 2004; Metea and Newman, 2006; 

Gordon et al., 2008; Attwell et al., 2010) (Fig. 1.3). AA can also diffuse onto smooth 

muscle cells directly, where it is broken down into 20-hydroxy-eicosatetraenoic acid (20-

HETE) to trigger constriction (Metea and Newman, 2006; Attwell et al., 2010). For a 

thorough review of the subject, see Attwell et al, 2010. 

 

 
Fig 1.2 – Astrocyte and neuron signaling cascades that may contribute to 

neurovascular coupling. From (Attwell et al., 2010).  
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Fig 1.3 – Pathways of arachidonic acid synthesis and breakdown into vasoactive 

substrates. From (Attwell et al., 2010).  

  

 Signaling via vasoactive metabolites of AA is a primary component of the current 

model of neurovascular coupling. Increased levels of AA produced in astrocytes by Ca2+-

dependent activity of PLA2 increases the conversion of AA by various enzymes. 

Cytochrome P450 epoxygenases in astrocytes break down AA into EETs (Alkayed et al., 

1996; Alkayed et al., 1997; Peng et al., 2004) (Fig. 1.3). EETs diffuse out of astrocytes 

and activate Ca2+-sensitive K+ channels on smooth muscle cells, triggering 

hyperpolarization and dilation (Gebremedhin et al., 1992). EETs may also inhibit 

thromboxane receptors, blocking constrictive signals, to generate dilations (Behm et al., 

2009). When EET synthesis is blocked using synthesis inhibitors, such as 2-(2-

propynyloxy)-benzenhexanoic acid (PPOH), arteriole dilations are reduced by 30-80% 

(Peng et al., 2002; Peng et al., 2004; Mishra et al., 2011).  

 

Cyclooxygenase 1 (COX1) in astrocytes converts AA into prostaglandin H2 

(PGH2). PGH2 is further broken down into various prostaglandins, most notably into 

PGE2 via PGE synthase (Korbecki et al., 2014) (Fig. 1.3). PGE2 can then diffuse to 

arteriole smooth muscle cells where it activates Ca2+-sensitive K+ channels (Serebryakov 

et al., 1994) (same mechanism as described above) and EP4 receptors (Davis et al., 2004). 

EP4 receptors decrease the phosphorylation of myosin light chain via a Protein Kinase 
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A/cAMP mechanism, leading to vasodilation (Takata et al., 2009). When prostaglandin 

synthesis is inhibited, arteriole dilations in the in vivo cortex are reduced by 50-80% 

(Zonta et al., 2003; Takano et al., 2006). It should be noted that prostaglandin synthesis 

inhibitors, such as indomethacin, block the production of a wide range of prostaglandins 

by inhibiting COX1 and COX2, making it difficult to determine how much PGE2 

contributes relative to other prostaglandins. 

 

Not all AA metabolites are dilatory, 20-hydroxy-eicosatetraenoic acid (20-HETE) 

produced by the enzyme CYP4A can constrict blood vessels (Fig. 1.3). The most likely 

mechanism is that AA diffuses into arteriole smooth muscle cells, where it is converted 

into 20-HETE, which inhibits K+-channels, leading to constriction (Lange et al., 1997). 

Techniques to increase astrocyte Ca2+ in conditions of high O2 generate constrictions, 

rather than dilations (Gordon et al., 2008; Mishra et al., 2011) (the regulatory role of O2 is 

discussed below). During some pathological conditions, such as cortical spreading 

depression, increases in neuronal activity trigger constrictions (Chuquet et al., 2007) 

suggesting constrictive signals like 20-HETE could play a role some blood flow 

pathophysiology. It is unclear why neurovascular signaling cascades produce a 

constrictive signal, but it may help to prioritize blood flow towards areas with lower O2 

by reducing the dilations at areas with sufficient O2.  

 

These AA signaling cascades are complicated and the pathways are intertwined, 

making it difficult to draw conclusions about the importance of any individual signaling 

molecule. For example, blocking synthesis of one AA metabolite may build up 

concentrations of AA, causing increased synthesis of other signaling molecules. 

Additionally, some EETs can act as substrates for COX to produce prostaglandins, 

although some pharmacology suggests that EET breakdown via COX is not an important 

component of functional hyperemia responses (Ellis et al., 1990; Peng et al., 2002). In 

addition, blocking either EET or PGE2 synthesis is sufficient to eliminate a majority of 

the functional hyperemia dilation, but it is difficult to entirely block the functional 

hyperemia response. It is not known if this is because the inhibitors are not able to block 
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all synthesis of the AA metabolites, or if there is a currently unknown dilatory signal that 

is contributing to neurovascular coupling. 

 

NO has a complicated role in neurovascular coupling as it acts as a dilatory signal 

and regulates both constrictive and dilatory molecules. NO is synthesized by nitric oxide 

synthase (NOS), which has three forms: inducible NOS (iNOS), neuronal NOS (nNOS), 

and endothelial NOS (eNOS). NO is capable of directly stimulating vessel dilations by 

diffusing into arteriole smooth muscle cells where it activates guanylyl cylcase, leading 

to an increase in cGMP. cGMP activates Protein Kinase G which leads to dilations by 

opening large-conductance, Ca2+-sensitive K+ (BK) channels, permitting a K+ efflux 

(Archer et al., 1994). One hypothesis posits that when Ca2+ enters active neurons through 

NMDA channels, it activates nNOS to increase NO levels and trigger a dilation. 

Inhibiting nNOS blocks functional hyperemia responses (Ma et al., 1996), however these 

responses can be rescued in the cortex by adding NO donors (Lindauer et al., 1999). The 

finding that continuous levels of NO allow dilations, and that increases in NO 

concentration are not required for a dilation to occur, signifies that NO is a permissive 

during functional hyperemia. In contrast, NO donors do not rescue functional hyperemia 

in the cerebellum when NO synthesis is inhibited, suggesting that NO may act as a direct 

dilatory signal in the cerebellum (Yang et al., 2003). Blocking NO and EET synthesis 

simultaneously does not inhibit dilations any more than inhibiting either of these 

signaling molecules alone (Peng et al., 2004). These authors argue that there is a non-

redundant convergence of these molecules on the smooth muscle Ca2+-sensitive K+ 

channels, which provides one possible mechanism for NO’s role as a permissive signal. 

 

NO can also indirectly influence functional hyperemia by regulating the synthesis 

of AA metabolites. At low concentrations NO can inhibit the synthesis of 20-HETE, 

enhancing dilations (Fleming, 2001). At higher concentrations NO can inhibit EET 

synthesis enough to outweigh the inhibition of 20-HETE synthesis and trigger 

constrictions (Udosen et al., 2003; Metea and Newman, 2006). During diabetic 

retinopathy, levels of iNOS in the retina increase, leading to higher levels of retinal NO 
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(Du et al., 2002; Mishra and Newman, 2010). These high levels of NO are sufficient to 

inhibit arteriole dilations and reduce the functional hyperemia response (Mishra and 

Newman, 2010). When NOS is inhibited, functional hyperemia responses in diabetic 

retinopathy return to normal (Mishra and Newman, 2010). 

 

O2 levels play an important role in regulating blood vessel diameter. At high 

levels of O2 blood vessels will constrict in response to neuronal activity. Stimulation of 

neurons or directly activating glial Ca2+ signaling produces dilations at normoxic 

conditions (20% O2) but causes constrictions at hyperoxic conditions (95% O2), which 

are commonly used for ex vivo neurophysiology preparations (Gordon et al., 2008; 

Mishra et al., 2011). O2 modulates neurovascular coupling by regulating the synthesis of 

vasoactive molecules (Attwell et al., 2010). In normoxic conditions (20-60 µM O2), NO 

and 20-HETE synthesis are impaired (Harder et al., 1996; Stuehr et al., 2004) which 

increases the likelihood of dilations (Gordon et al., 2008; Mishra et al., 2011). When 95% 

O2 is used in ex vivo preparations (100-150 µM), NO and 20-HETE synthesis are not 

inhibited by the availability of O2, leading to constrictions (Mulligan and MacVicar, 

2004; Gordon et al., 2008; Mishra et al., 2011). 

 

Neurovascular coupling signaling cascades may differ between CNS regions. For 

example, EETs appear to play a more prominent role in retinal arteriole dilations (Mishra 

et al., 2011) than in the cortex (Gordon et al., 2008). In the cerebellum, NO acts a direct 

dilatory molecule (Yang et al., 2003), while in the cortex it appears to play a regulatory 

or permissive role (Lindauer et al., 1999) (see above). Differences in glial gene 

expression, neuronal subtypes, and neuronal/vascular architecture could contribute to 

these regional differences. However, these apparent differences could be also caused by 

subtle differences in experimental techniques and require more precise characterization. 

In general, the results across CNS regions seem to adhere to the synthesis of AA and its 

metabolites as the core of the neurovascular coupling mechanism. 
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An alternative feed-forward hypothesis posits that K+ released from active 

neurons triggers the dilation of arterioles. When neuronal activity increases, K+ flows 

from neurons into the extracellular space to repolarize neuronal membrane potential 

following the depolarization phase of an action potential. Paulson & Newman (1987) 

hypothesized that glia contribute to K+-mediated neurovascular coupling via ‘K+ 

siphoning’. They speculated that influx of K+ into glial cells via Kir channels during 

increased levels of neuronal activity would drive K+ out of glia near blood vessels due to 

the high concentration of Kir channels at the glial endfeet (Paulson and Newman, 1987). 

However, depolarizing astrocytes does not drive enough K+ out of the endfeet to trigger 

vessel dilations and knocking out Kir channels in glial cells does not affect neurovascular 

coupling, arguing against the direct role of K+ in neurovascular coupling in the retina 

(Metea et al., 2007). Alternatively, glial cell Ca2+ signaling (see below) can activate BK 

channels located at the endfeet of glial cells. BK channels are concentrated at glia endfeet 

and allow efflux of K+ into the extracellular space near smooth muscle cells, triggering 

vasodilations during increases in neuronal activity (Filosa et al., 2006).  

 

In summary, many glial-dependent feed-forward mechanisms may contribute to 

neurovascular coupling. It is likely that EETs and prostaglandins are increased to trigger 

dilations during functional hyperemia. However, which specific forms of these molecules 

are synthesized, what cells synthesize them, and the relative importance of these 

molecules remains unknown.  

 

Glial calcium signaling 

A large body of research has explored the mechanisms, functions, and importance 

of glial Ca2+ signaling. Glial Ca2+ signaling has been implicated in the regulation of 

neuronal activity, long-term potentiation, and CNS pathophysiology (for review see 

(Araque et al., 2014; Bazargani and Attwell, 2016)) in addition to neurovascular 

coupling. Some of the early work on glial Ca2+ signaling was done in cell culture, 

however glial cell morphology and protein expression patterns change dramatically in 

culture. Although this in vitro research served as vital first step for the field, glial Ca2+ 
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signaling using ex vivo and in vivo preparations is more relevant to physiology. In vivo 

preparations of the olfactory bulbs (Otsu et al., 2015), barrel cortex (Lind et al., 2013), 

somatosensory cortex (Wang et al., 2006), and visual cortex (Schummers et al., 2008) all 

show glial cells increase frequency of Ca2+ signaling in response to relevant sensory 

stimuli. These findings suggest that glial Ca2+ occurs during sensory stimulation and 

could play a role in functional hyperemia. 

 

Glutamate is believed to be the key neurotransmitter for glial Ca2+ signaling in the 

cortex (for review see (Perea et al., 2009)). However, astrocytes alter Ca2+ signaling in 

response to GABA (Serrano et al., 2006; Haustein et al., 2014), ATP (Bowser and Khakh, 

2004; Newman, 2005), norepinephrine (Bekar et al., 2008; Paukert et al., 2014), 

acetylcholine (Araque et al., 2002; Perea and Araque, 2005), endocannabinoids 

(Navarrete and Araque, 2008, 2010) and many other neurotransmitters. As mentioned 

above (see Feed-forward mechanisms of blood flow regulation) glial Ca2+ signaling is 

believed to be primarily dependent on glial GPCRs and release of Ca2+ from internal 

stores. In support of this, blocking Ca2+ release from internal stores using IP3R2-/- mice 

eliminates nearly all glial Ca2+ signaling (Petravicz et al., 2008; Agulhon et al., 2010). 

However, some spontaneous Ca2+ signaling remains in these IP3R2-/- mice, which could 

be from extracellular sources (Kanemaru et al., 2014; Srinivasan et al., 2015). One study 

suggests that startle stimuli can still evoke glial Ca2+ responses in IP3R2-/- mice, however 

these signals are weak and have long latencies (Srinivasan et al., 2015). These findings 

have not yet been replicated and the mechanisms for these IP3R2-independent Ca2+ 

signals are not yet clear. Based on the data available, IP3R2-dependent glial Ca2+ 

signaling is the most promising area for functional hyperemia rather than extracellular 

Ca2+ sources. However, research is sorely needed to explore the importance of 

extracellular Ca2+ sources for glial cells in vivo.  

 

While it is generally agreed that glial cells can generate Ca2+ responses to 

neuronal activity, there is debate regarding the specific conditions under which these 

responses occur. For example, a recent paper demonstrated that astrocytes Ca2+ signaling 
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in the visual cortex of awake mice only correlates with visual stimuli when the animal is 

walking on a treadmill (Paukert et al., 2014). Other work has shown no or very little 

astrocyte Ca2+ signaling during sensory stimuli (Bonder and McCarthy, 2014). These 

papers have raised some concerns that previous research has oversimplified glial Ca2+ 

signaling generated by sensory stimuli. 

 

Genetically encoded calcium indicators (GECI), such as GCaMP, improve the 

ability to image glial Ca2+ signaling. GCaMP is a genetic construct made from GFP, 

Calmodulin, and M1, that fluoresces when it binds to Ca2+ (Nakai et al., 2001). Specific 

glial expression of the GECI requires a stable transgenic mouse line or injection of a viral 

vector into the tissue of interest. Because the GECIs can be precisely manipulated by 

mutating key sites, GECIs are continuously improved and refined to provide higher 

signal to noise ratios, faster kinetics, or made to localize to different subcellular regions 

(Shigetomi et al., 2010; Akerboom et al., 2012). GECIs offer several advantages and 

disadvantages compared the use of loaded Ca2+ indicators, such as Fluo-4 and Oregon 

Green BAPTA. These loaded Ca2+ indicators rely on cell filling via a whole-cell patch 

clamp or an ester group attachment that allows for preferential uptake by glia into the 

cyotosol, where esterases cleave the ester to trap the molecule inside the cell. 

Unfortunately, these loaded indicators are not entirely specific, and label neurons as well 

as glia, making it difficult to determine what Ca2+ transients come from glia (Nizar et al., 

2013). Loading the indicators into cells also requires disruption of the cells, either with a 

whole cell patch or the use of harmful solvents, such as DMSO. GECIs, on the other 

hand, require chronic expression of days or weeks before their use, potentially resulting 

in cell changes due to Ca2+ buffering. Additionally, the genetic manipulations used to 

insert the GECIs into the genome could have unexpected and subtle effects on the mice. 

While Fluo-4 and Oregon Green BAPTA are comparable to early GECIs, more recent 

forms of GCaMP, such as GCaMP3, have better resolution and fluorescence (Tian et al., 

2009), allowing for imaging of Ca2+ signals that are difficult to detect with the loaded 

Ca2+ indicators.  
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Early work in glial research relied on classically loaded Ca2+ indicators, and 

focused on large Ca2+ transients at the soma. These Ca2+ transients envelope all or most 

of the glial cell and last several to tens of seconds (Kang et al., 1998; Hirase et al., 2004; 

Newman, 2005). However, more recent work using GECIs has suggested that the 

majority of glial Ca2+ transients are ‘microdomain events’ in the fine processes and 

endfeet of glia (Shigetomi et al., 2010; Shigetomi et al., 2013b), and that relatively little 

signaling occurs in the soma. Microdomain events have a width of ~5 µm and have a 

duration of roughly 1-3 s (Shigetomi et al., 2010; Shigetomi et al., 2013b). The small area 

of these events has suggested that Ca2+ events cannot propagate as far as previously 

believed. Some work using Fluo-4 has confirmed that these microdomain events are not 

an artifact of GECIs (Grosche et al., 1999).  

 

 There are large bodies of work that both support and argue against the role of glial 

Ca2+ signaling in neurovascular coupling. Several groups have observed that astroglial 

Ca2+ increases do occur in endfeet following neuronal stimulation, and these Ca2+ 

transients precede vessel dilation (Wang et al., 2006; Winship et al., 2007; Lind et al., 

2013; Otsu et al., 2015). These results are supported by the finding that glial Ca2+ 

signaling in the visual cortex tightly couples to hemodynamic responses (Schummers et 

al., 2008). In addition, photolysis of caged Ca2+ within glia to increase cytosolic Ca2+ 

levels is sufficient to trigger arteriole dilations in the cortex (Takano et al., 2006) and 

retina (Metea and Newman, 2006). In the brain, activation of astrocytes with mGluR5 

agonists generates glial Ca2+ transients and arteriole dilation (Zonta et al., 2003). 

Blocking mGluR5, or chelating glial Ca2+ using Ca2+ buffers, eliminates glial Ca2+ 

transients and vascular responses to neuronal stimulation (Zonta et al., 2003; Gordon et 

al., 2008). 

 

In contrast, other groups have found no astroglial Ca2+ increases in response to 

neuronal activity (Bonder and McCarthy, 2014). Some have shown that there are 

astroglial Ca2+ transients during neuronal activity increases, but that these Ca2+ transients 

occur after blood vessels have already dilated (Nizar et al., 2013), arguing that glial Ca2+ 
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signaling cannot trigger arteriole dilations. More convincingly, researchers have used a 

transgenic mouse line that reduces glial Ca2+ signaling by genetic deletion of the IP3R2 

(IP3R2-/-), which is specifically expressed in glia (Sharp et al., 1999; Holtzclaw et al., 

2002). In the IP3R2-/- line, Ca2+ transients are dramatically reduced and glial Ca2+ 

signaling does not increase in response to neuronal activity (Petravicz et al., 2008; 

Agulhon et al., 2010; Nizar et al., 2013; Bonder and McCarthy, 2014). However, these 

mice have preserved arteriole dilations during functional hyperemia (Nizar et al., 2013; 

Takata et al., 2013; Bonder and McCarthy, 2014) and fMRI responses appear 

superficially normal (Jego et al., 2014). No research to date has been able to reconcile 

these findings with the body of evidence that supports the role of glial Ca2+ signaling in 

neurovascular coupling. 

 

It is possible these contrasting findings regarding glial Ca2+ signaling during 

functional hyperemia are caused by different techniques to label, image, and process glial 

Ca2+ signals. For example, Ca2+ uncaging or mGluR5 agonists could directly and 

indirectly stimulate non-glial cells and cause artifact dilations that are independent of 

glial Ca2+ signaling. More cell-specific techniques, such as using DREADDs specifically 

expressed on glia to activate glial Ca2+ transients, failed to generate dilations in vivo 

(Bonder and McCarthy, 2014). However, DREADDs are a relatively new technique, and 

it is not yet clear if the glial Ca2+ transients generated by DREADDs are able to activate 

normal intracellular signaling cascades. Furthermore, glial Ca2+ signaling (Thrane et al., 

2012) and functional hyperemia (Lindauer et al., 1993; Peeters et al., 2001) can be altered 

by the level and type of anesthesia. Use of awake preparations is likely the most accurate 

model to study functional hyperemia. However, few publications have explored both glial 

Ca2+ signaling and functional hyperemia in awake preparations. 

 

Alternatively, it could be that the contrasting results regarding glial Ca2+ signaling 

are due to the fact that glial Ca2+ transients are capable of influencing arteriole diameter, 

but only do so in specific circumstances. For example, a recent paper demonstrated that 

astrocyte Ca2+ signaling in response to sensory stimuli changed dramatically if the animal 
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was stationary or walking on a treadmill (Paukert et al., 2014). Glial Ca2+ signaling also 

changes in various disease conditions, such as hypoxia (Duffy and MacVicar, 1996) or 

AD (Vincent et al., 2010). If glial Ca2+ signaling is capable of altering arteriole diameter, 

but only do so under specific circumstances, it would explain why stimulation of glial 

cells is capable of generating dilations, but knocking out glial Ca2+ transients does not 

affect functional hyperemia responses with in vivo preparations. 

 

Capillaries and pericytes 

Pericytes surround CNS capillaries, and are described as having a ‘bump-on-a-

log’ morphology with cell bodies along the capillaries and processes that extend to 

surround the vessel wall (Fig. 1.4). Pericytes have a wide range of functions including 

blood-brain barrier maintenance, formation of blood vessels, regulating immune cell 

entry into the CNS, and contributing to glial scar formation (for review see (Dalkara et 

al., 2011)). Experiments using cultured pericytes or in vitro preparations have shown that 

these cells can express molecular machinery for contractility (Herman and D'Amore, 

1985; Herman et al., 1987) and cultured pericytes can contract (Kelley et al., 1987). 

These findings led to the hypothesis that capillaries can regulate blood flow via pericyte-

driven changes in diameter.  
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Fig. 1.4 – Immunohistochemistry images of CNS pericytes. A, NG2 is labeled in red to 
highlight mural cells (pericytes and smooth muscle cells), and isolectin B4 is used to 
highlight vessels in green. The transition between arteriole and capillary occurs when the 
smooth muscle (SM) layer stops and the pericytes begin. The soma’s can be seen as 
bumps along the capillaries (arrows) with thin processes that spread out to surround the 
capillaries. This tissue is taken from the cerebellum, B, is from the retina. Adapted from 
(Peppiatt et al., 2006). 
 

Two papers from the Attwell lab have argued that capillary pericytes contribute to 

blood flow regulation in functional hyperemia. They show that in response to removal of 

extracellular Ca2+, pericytes in brain slice preparations generate slow but significant 

dilations of capillaries (Peppiatt et al., 2006). In cerebellar slices, pericytes constrict in 

response to norepinephrine even when tetrodotoxin is present to block neuronal electrical 

activity (Hall et al., 2014). When neurons are electrically stimulated following 

norepinephrine-induced pre-constriction, pericytes dilate (Hall et al., 2014). This work 

strongly argues that pericytes in living tissue are contractile and can change capillary 

diameter in response to neuronal activity. In intact anesthetized mice, capillaries in the 

A	

B	
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barrel cortex dilate after whisker pad stimulation and may even dilate approximately 1s 

before the penetrating arterioles (Hall et al., 2014). It was already known that capillaries 

dilate during functional hyperemia, but these dilations were believed to be passive due to 

changes in blood pressure caused by upstream arteriole dilation (Stefanovic et al., 2008). 

The discovery that capillaries may actually dilate before arterioles suggests that pericytes 

are actively dilating and may play a key role in the functional hyperemia response. The 

authors go on to speculate that pericytes may receive dilatory signals and propagate 

dilatory signals to the arterioles to trigger the upstream dilations, however no evidence 

was provided to support this theory (Hall et al., 2014).  

 

The role of pericytes is controversial as other experiments show that pericytes do 

not regulate vascular diameter in vivo. The Lindauer lab has shown that biciculine-

induced blood flow increases, used to model functional hyperemia, triggers arteriole and 

pre-capillary arteriole dilations, but pericyes do not change diameter (Fernandez-Klett et 

al., 2010). However, the bicuculline-induced blood flow changes may not accurately 

reflect functional hyperemia responses, and are smaller than normal blood flow responses 

to sensory stimuli (Fernandez-Klett et al., 2010). Another publication from the 

Grutzendler lab argued that capillary pericytes do not alter capillary diameter. In the 

absence of stimulation, capillary pericyte Ca2+ signals did not correlate with changes in 

capillary diameter (Hill et al., 2015). Furthermore, single-cell optogenetic stimulation in 

anesthetized mice was able to generate dilations in smooth muscle cells on pre-capillary 

arterioles, but not pericyte capillaries (Hill et al., 2015). Sensory stimulation failed to 

generate any detectable changes in pericyte Ca2+, and only generated slow, small 

capillary dilations which the authors argued were likely passive (Hill et al., 2015). These 

findings suggest that pericytes cannot regulate capillary diameter.  

 

One possible explanation for the apparently inconsistent findings regarding 

pericyte contractility is that different authors use different protocols for differentiating 

capillary pericytes from pre-capillary arteriole smooth muscle cells (for an unbiased 

discussion see (Attwell et al., 2016)). Hall et al. (2014) defined capillaries as vessels with 
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<10um and without a continuous smooth muscle layer. While this protocol is fairly well 

accepted, it may not be able to differentiate true capillaries from small diameter pre-

capillary arterioles with partial smooth muscle cell coverage. On the other hand, Hill et 

al. (2015) defined vessel type based on mural cell morphology rather than diameter or 

branching order. If the mural cell layer was continuous, it was considered to be smooth 

muscle cells on an arteriole. Vessels with broken mural cell coverage but with mural cells 

that had ‘band-like’ processes that surround the entire diameter of the vessel were 

considered to be smooth muscle cells on a pre-capillary arteriole. If the mural cell 

extended thin, spindly processes it was considered a capillary pericyte. While this 

approach has merits, by only considering pericytes as mural cells that do not have bands 

to wrap around vessels, it makes it impossible for pericytes to regulate diameter. If we 

consider the pre-capillary arterioles from Hill et al. (2015) to be the same vessel type as 

the 1st order capillaries from Hall et al. (2014), the findings from these papers are in 

agreement. Namely, that small diameter blood vessels, which are not true arterioles, have 

mural cells with bands that surround the vessel, and are capable of regulating vessel 

diameter during functional hyperemia. Whether we consider these vessels to be a subtype 

of arteriole with a subtype of smooth muscle cell, or a subtype of capillary with a subtype 

of pericyte does not alter the impact and importance of these findings. This controversy 

highlights the need for research and discussions in the field to help segment the 

continuum of vessel and mural cell types into clear and distinct categories.  

 

The controversy regarding the role of pericytes in blood flow regulation is 

complicated by the inconsistent findings on pericyte expression of alpha smooth muscle 

actin (aSMA). If pericytes do not express aSMA in vivo, it is unlikely that pericytes can 

regulate capillary diameter (for review see (Krueger and Bechmann, 2010)). Hill et al 

found that expression of fluorescent reporter using a aSMA promotor does not label what 

they consider to be pericytes (Hill et al., 2015). However, it does label the ‘smooth 

muscle cells’ on ‘pre-capillary arterioles’, which could be considered pericytes depending 

on the definition used (see above paragraph). While some papers have shown it is 

difficult to detect aSMA expression using immunohistochemistry (Hellstrom et al., 
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1999), other work suggests that aSMA expression occurs in some pericytes but not all 

(Nehls and Drenckhahn, 1991; Ehler et al., 1995; Kornfield and Newman, 2014). Due to 

these inconsistencies it is impossible to definitively state if pericytes do or do not express 

sufficient molecular motor machinery to be able to regulate blood flow. Additionally, 

many other contractile proteins that could mediate constrictions in pericytes have not yet 

been explored. Further research is needed to determine why there are so many 

inconsistent results on pericyte aSMA expression. It is also possible other types of SMA 

could be expressed in pericytes and permit contractile functions (Tomasek et al., 2006), 

however this topic has yet not been explored carefully. 

 

Retina 

 The retina is extremely metabolically demanding. In fact, photoreceptors in the 

dark are some of the most metabolically demanding cell types throughout the entire body 

(Wong-Riley, 2010). The retinal vasculature in most higher-order mammals receives 

blood from the ophthalmic artery, which branches to form the central retinal artery. This 

artery travels along the optic nerve and then branches into the retinal arterioles, which 

project out from the optic disc to cover the inner surface of the retina, across the nerve 

fiber and retinal ganglion cell layers (Fig. 1.5). These arterioles feed three distinct layers 

of capillaries, the superficial capillary layer located at the inner surface with the veinoles 

and arterioles, the intermediate capillary layer located between the inner nuclear layer 

and inner plexiform layer, and the deep capillary layer located between the inner nuclear 

layer and the outer plexiform layer (Paques et al., 2003) (Fig. 1.6). These three vascular 

layers support the inner retina, while the dense vascular bed in the choroid supports the 

outer retina (Wong-Riley, 2010). Blood leaves the retinal vasculature through veinoles 

that lie along the retinal surface, similarly to the arterioles, and feed into the central 

retinal vein.  
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Fig 1.5 – Gross vascular anatomy of the optic nerve and retina. From (Anand-Apte 
and Hollyfield, 2010). 
 

 Most blood flows in the retinal vasculature in series through all three layers 

(Paques et al., 2003). The primary arterioles branch out to form the superficial capillaries, 

which descend down to form the intermediate capillaries, which then descend down to 

form the deep capillaries. After passing through the deep capillaries, blood flows into 

ascending veinoles, which feed into the primary veinoles at the inner surface of the retina. 

There are some shunts that allow blood to go directly from arterioles into veins, or from 

the intermediate capillaries into the veins, without passing through all three layers. 

Roughly 30% of the blood that enters the retinal vasculature passes through these shunts 

(Paques et al., 2003).   
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Fig 1.6 – Anatomy of the mouse retinal microvascularture. Adapted from (Paques et 

al., 2003). 

 

Retinal pericytes coat the capillaries in all three vascular layers and appear to 

have similar functions as they do in the cortex. The morphology and physiology of retinal 

pericytes closely matches that of cerebral pericytes (Peppiatt et al., 2006). One key 

difference is that pericytes in the retina are more densely populated along the capillaries 

(Mathiisen et al., 2010; Chan-Ling et al., 2011). However, it is unclear why the pericytes 

are denser in the retina, nor what effects this could have on blood flow regulation. Two 

recent papers have found that, much like in the cortex, retinal pericytes may be capable of 

actively regulating capillary diameter (Peppiatt et al., 2006; Kornfield and Newman, 

2014). 

 

Functional hyperemia has been well characterized in the mammalian retina. 

Diffuse white flickering light is sufficient to drive neuronal activity and generate large 

arteriole dilations which increase blood flow in rats (Srienc et al., 2010; Kornfield and 

Newman, 2014), mice (Son et al., 2016), and humans (Formaz et al., 1997; Duan et al., 

2016). These blood flow increases can be imaged with relatively non-invasive imaging 
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techniques, which utilize the transparency of the cornea and lens to view the retina. Some 

data suggests that capillaries dilate during functional hyperemia in the in vivo retina 

(Kornfield and Newman, 2014; Duan et al., 2016). However, these studies were not able 

to conclusively determine if the dilations were passively driven by upstream arteriole 

dilations or active relaxation by pericytes. Interestingly, the capillary responses differ 

across the three vascular layers. Superficial and deep capillaries do dilate in response to 

functional hyperemia, but these dilations match the patterns that you would expect if the 

vessels were passively distended due to pressure increases caused by upstream arteriole 

dilations (Kornfield and Newman, 2014) (Fig. 1.7). In contrast, the capillaries in the 

intermediate capillary layer continue to increase their diameter across the duration of the 

flicker stimulus. As this dilation continues to increase after the arterioles have already 

dilated, one possible explanation is that slow pericyte dilations are actively contributing 

to the capillary diameter (Kornfield and Newman, 2014). However, further research is 

needed to determine if these capillary dilations contain an active relaxation by pericytes 

in the retina. 

 

 
Fig 1.7 – Functional hyperemia responses in the rodent retina. A, In response to a 15 
s diffuse flickering light stimulus, retinal vessels dilate. Arteriole dilations are large, and 
have two phases. The immediate response is a large, transient dilation followed by a 
slower sustained dilation. This dilation is smaller in the branches of arterioles off of the 
primary, and a small dilation is seen in the veins. B, Capillary layers dilate during flicker 
stimuli. The intermediate capillary layer (green) has a large dilation with a slow rise time, 
compared to the superficial capillary layer (black) and deep capillary layer (purple). This 

A B
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differential dilation could suggest active dilations by the intermediate capillary pericytes. 
Adapted from (Kornfield and Newman, 2014). 
 

There are two primary glial cell types in the retina, astrocytes and Müller cells. A 

single layer of astrocytes coats the nerve fiber layer at the inner surface of the retina. The 

endfeet of these astrocytes associate with the superficial vasculature, however they are 

relatively distal from the inner plexiform layer (IPL), the closest synaptic layer. This 

makes it unlikely that astrocytes can readily detect neurotransmitter release, and therefore 

may not respond to neuronal activity changes. Data from imaging Ca2+ in retinal 

astrocytes ex vivo suggests that the astrocytes do not generate Ca2+ transients, and do not 

appear to respond to a diffuse flickering light stimulus (Newman, 2005). Due to their 

distance from synapses and the absence of Ca2+ transients, retinal astrocytes are not 

believed to play an important role in retinal functional hyperemia. However, this has yet 

to be tested experimentally.  

 

 The other retinal glial cell type, the astrocyte-like Müller cell, spans the thickness 

of the retina from the outer segments to the retinal ganglion cell layer. Müller cells have a 

wide diversity of functions including water/ion transport, trophic support, blood brain 

barrier regulation, glutamate clearance, and funneling light towards photoreceptors (for 

review see (Reichenbach and Bringmann, 2013)). These cells have soma in the inner 

nuclear layer and a stalk that spans from the outer plexiform layer to the retinal ganglion 

cell layer (Fig 1.8). They also have endfeet that associate with all three vascular layers 

and fine processes in both the synaptic layers of the retina, making them ideally placed to 

mediate neurovascular coupling. Because of these morphological features, as well as 

extensive physiology data not discusses here, retinal Müller glia are considered to be the 

functional parallel of brain astrocytes (Newman and Reichenbach, 1996). In line with this 

reasoning, Müller glia appear to play the same role as brain astrocytes in neurovascular 

coupling. Ex vivo Ca2+ imaging data shows Müller cells generate Ca2+ transients, and 

increase Ca2+ transient frequency in response to flicker stimulation of retinas (Newman, 

2005). Uncaging Ca2+, releasing IP3 or generating Ca2+ waves in Müller cell endfeet are 
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all capable of generating local arteriole dilations (Metea and Newman, 2006). These 

results agree with data from the cortex, suggesting a glial Ca2+-dependent mechanism of 

neurovascular coupling. 

 

 
Fig. 1.8 – Müller glia are the principle glial cell of the retina. A, A single mouse 
Müller cell filled with neurobiotin. Adapted from (Chua et al., 2013). B, Müller glia span 
the thickness of the retina with endfeet along the three vascular layers and fine processes 
in the synaptic layers. Adapted from (Biesecker et al., 2016). 
 

 There are some aspects of the data that challenge the role of Müller glial Ca2+ 

signaling in neurovascular coupling. Müller glia Ca2+ responses to flicker stimuli have a 

relatively long latency (~1-2 s to onset) (Newman, 2005), and may not be fast enough to 

precede blood vessel dilations (~600-800 ms to onset) (Kornfield and Newman, 2014). 

Experiments using GECIs, such as GCaMP3 can more carefully assess Müller glia Ca2+ 

response latency, including microdomain events (see Glial Ca2+ Signaling). Convincing 

data (outline above) shows Müller cell Ca2+ signaling is sufficient to generate arteriole 

dilations (Metea and Newman, 2006). However, more data is needed to determine if 
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Müller cell Ca2+ signaling is necessary for functional hyperemia. Without data showing 

that Müller cell Ca2+ signaling is necessary, it is possible that Müller cell Ca2+ signaling 

does not regularly participate in neurovascular coupling. 

 

Summary 

Functional hyperemia is the coupling of local blood flow to local neuronal 

activity. Although the mechanisms of functional hyperemia are poorly understood they 

have important implications for human health and BOLD-fMRI techniques. One 

hypothesis posits that glial Ca2+ signaling increases in response to neuronal activity, and 

triggers vessel dilations during neurovascular coupling. However, conflicting results 

make it difficult to determine the role of glial Ca2+ signaling in neurovascular coupling. 

Furthermore, it is unclear if capillaries contribute to the functional hyperemia response.  

 

Herein I use the mouse retina as a model system to test two hypotheses. 

 

1) Glial Ca2+ signaling is a key component of neurovascular coupling. 

2) Retinal capillaries actively change diameter during functional hyperemia 

responses.  

 

Using a combination of ex vivo and in vivo techniques, Ca2+ imaging, vascular 

physiology, and pharmacology I determine: 

 

1) Glial Ca2+ signaling does not contribute to arteriole dilations in neurovascular 

coupling. Glial Ca2+ signaling does not increase in glial endfeet near arterioles 

during functional hyperemia. Additionally, reducing glial Ca2+ signaling using 

IP3R2-/- mice has no effect on arteriole functional hyperemia responses. 

 

2) Glial Ca2+ signaling mediates capillary dilations in neurovascular coupling. Glial 

Ca2+ signaling increases in glial endfeet near intermediate capillaries during 

functional hyperemia. Spontaneous glial Ca2+ transients also correlate with 
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capillary dilations and generating Ca2+ waves is sufficient to generate capillary 

dilations. Additionally, reducing glial Ca2+ signaling using IP3R2-/- mice 

eliminates capillary dilations during functional hyperemia responses. 

 
 

3) Intermediate capillaries actively dilate during functional hyperemia. These vessels 

dilate during sensory stimulation ex vivo, in the absence of upstream blood 

pressure changes caused by arteriole dilations. Additionally, capillary dilations 

can be selectively blocked in vivo using IP3R2-/- mice without changing arteriole 

dilations. 
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Chapter 2: Methods 
 

Ethics statement. 

All experimental procedures were approved by and adhered to the guidelines of the 

Institutional Animal Care and Use Committee of the University of Minnesota. 

 

Animals 

Male and female mice 13-25 weeks of age were used in all experiments. Animals 

were housed in a 12hr/12hr light/dark cycle, 3-5 females per cage and 2-4 males per cage. 

Transgenic R26-lsl-GCaMP3 mice were crossed with GLAST-CreERT mice (Jackson 

Labs, Bar Harbor, ME, RRID:IMSR_JAX:012586) to create heterozygotes expressing 

GCaMP3 in Müller cells. IP3R2+/- mice with C57bl6 background were obtained from Dr. 

Ju Chen (UCSD) were bred to create IP3R2-/- and Ctrl littermates. IP3R2-/- mice were 

crossed with GLAST-CreER;R26-lsl-GCaMP3 mice to create GLAST-CreER;R26-lsl-

GCaMP3;IP3R2-/- mice. Mice received one intraperitoneal injection per day of 100mg/kg 

tamoxifen in sunflower oil for seven days to induce Cre activity and GCaMP3 

expression. Experiments were performed 14-18 days following the final injection. When 

feasible, animals were pseudo-randomly selected by someone other than the experimenter 

for each experiment. The experimenter was blind to genotype for Ctrl and IP3R2-/- 

comparisons. 

 

Eyecup preparation 

Mice were anesthetized with isoflurane and decapitated. Eyes were removed, 

bisected, and clamped in a custom perfusion chamber equipped with trans-retinal 

electroretinogram (ERG) (Newman and Bartosch, 1999). Retinas were superfused with 

oxygenated bicarbonate buffer. For Ca2+ imaging experiments, 95% O2 was used. For 

experiments imaging vascular responses, 40% O2 was used. 40% O2 was the lowest O2 

concentration that could be used for the eyecup without compromising preparation health 

(data not shown). ERGs and single unit recordings from retinal ganglion cells were 

monitored to determine retinal responses to photic stimulation. Flicker ERGs were 
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monitored periodically during experiments to ensure that the preparation remained 

healthy. If the ERG waveform or amplitude was atypical at the start, or drifted 

dramatically during the experiment, data from that eyecup was not collected. 

 

Light stimulation 

Eyecups were stimulated with a 5 Hz, 10% duty cycle diffuse flickering light, filtered 

with a 500 nm shortpass filter to prevent imaging artifacts. Light intensity was 300 lux at 

the eyecup surface. A 5 s flicker stimulus train was used for the Ca2+ imaging 

experiments. A 20 s flicker stimulus train was used for the vascular diameter 

measurement experiments. 

 

Calcium imaging in eyecups 

GCaMP3 fluorescence was imaged with confocal microscopy (Olympus, Tokyo, 

Japan, FV1000) through a 20X 1.00 NA water super-objective. Movies were acquired at 

13.3 Hz. When measuring Ca2+ intensity, GCaMP3 fluorescence was monitored within 

regions of interest (ROIs) drawn around Müller cell fine processes or endfeet. A second-

order exponential was fitted and subtracted from the signal to remove the decay due to 

photobleaching. Each movie frame was divided by baseline intensity to obtain DF/F 

images. When identifying individual Ca2+ transients, movies were processed by a custom 

MATLAB routine that analyzed the variance of each pixel of the movie frames. Images 

were low-pass filtered with a Gaussian blur function to reduce noise. A Ca2+ increase was 

considered a discrete transient when the GCaMP3 intensity of a cluster of >35 pixels (2.8 

µm diameter) exceeded 3 SDs above baseline noise. Transient duration was determined 

by the width at half-maximal amplitude of the mean of all traces. Transient frequency per 

µm3 or per mm of vessel length was calculated using the frequency of observed Ca2+ 

transients in the imaging plane, the depth of field of confocal imaging, and the vessel 

length per imaged frames. Latency of the averaged GCaMP3 intensity responses was 

determined as the point where the intensity reached 33% of the peak. Due to the 13.33 Hz 

acquisition rate and the Gaussian filters used, this latency is an approximation. 
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Measurement of vessel diameter 

For eyecup experiments, vessels were labeled by perfusion of either rhodamine-

dextran (70,000 MW; 0.85%, 2 mL, Sigma, St. Louis, MO, R9379) or FITC-dextran 

(2,000,000 MW; 0.6%, 2 ml; SigmaFD2000S) prior to enucleation. Eyecups were 

superfused with U46619, a thromboxane A2 receptor agonist, in ethanol (Cayman 

Chemical, Ann Arbor, MI, 16450; 200 nM for capillary experiments and 100 nM for 

arteriole experiments) to generate vessel tone. Vessels were identified by their diameter 

(>15 µm for arterioles, <10 µm for capillaries), branching pattern, and retinal depth, as 

described previously (Kornfield and Newman, 2014). Fluorescently labeled vessels were 

imaged with confocal microscopy and vessel diameter measured with a custom 

MATLAB routine, as described previously (Kornfield and Newman, 2014). For each 

imaging site, 4 trials per capillary or arteriole were averaged to reduce noise. Baseline 

diameter drift was subtracted from the averaged traces. Trials with vessel oscillations or 

with extensive tissue drift were excluded. The sub-micron dilations of capillaries were 

smaller than the diffraction limit. However, averaging repeated trials allows for the 

accurate measurement of the dilations (Shahram and Milanfar, 2004). 

 

Calcium waves 

Calcium waves propagating through Müller cells were evoked by 20 ms, -3 µA 

current pulses passed through glass micropipettes (tip diameter ~0.5 µm, filled with 3 M 

KCl) advanced into the intermediate capillary layer, ~30 µm from the capillary of 

interest.  

 

ATP responses 

Müller cell Ca2+ responses evoked by ATP were measured in eyecups labeled with 

the Ca2+ indicator dye Fluo-4 AM. Eyecups were incubated in 60 µM Fluo-4 AM in 

DMSO (ThermoFisher, Grand Island, NY, F14201) and 200 µM pluronic in DMSO 

(ThermoFisher P6867) for 40 min. Labeled eyecups were perfused at room temperature 

with 32 mM bicarbonate buffer bubbled with 95% O2, 5% CO2. ATP was perfused onto 
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the preparation (10 µM) and Müller cell Ca2+ signals were imaged in the inner plexiform 

layer. 

 

Electrophysiology 

Flicker ERGs were recorded with extracellular electrodes on the vitreal and scleral 

sides of the eyecup and bandpass-filtered at 1-100 Hz. Retinal ganglion cell spike activity 

was recorded with glass micropipettes (tip diameter of ~1.5 µm, filled with bicarbonate 

buffer), bandpass-filtered at 300 Hz – 1.8 kHz. 

 

Solutions 

For Ca2+ imaging, eyecups were superfused with 32 mM bicarbonate buffer 

containing 111 mM NaCl, 3 mM KCl, 2 mM CaCl2, 1 mM MgSO4, 0.5 mM NaH2PO4, 

15 mM dextrose, and 32 mM NaHCO3, bubbled with 95% O2, 5% CO2 (pH 7.4) and 

heated to ~33 °C. To maintain vascular health while imaging capillaries or arterioles, 

eyecups were superfused with a similar 26 mM bicarbonate buffer bubbled with 55% N2, 

40% O2, and 5% CO2 (pH 7.4) and heated to ~33 °C. 

 

In vivo preparation 

Mice were anesthetized with 2% isoflurane and the femoral artery cannulated for 

continuous blood pressure monitoring and delivery of anesthetics. Mice were 

tracheotomized for mechanical ventilation and monitoring of end expiratory CO2 and 

placed in a custom stereotaxic holder (Srienc et al., 2012). Atropine sulfate (Falcon 

Pharmaceuticals, Ft. Worth, TX; 61314-303-02) was applied to the eye to dilate the pupil 

and a contact lens placed over the cornea. A heating blanket maintained the animal’s 

body temperature at 37°C. Following surgery, mice were anesthetized with 0.6 mg/ml α-

chloralose (Sigma C8849; 0.1-0.3 mL bolus; 0.30-0.40 mL/hr infusion) and the paralytic 

gallamine triethiodide (Sigma G8124; 20 mg/kg bolus approximately every hour) was 

administered to reduce eye movements and facilitate mechanical ventilation. Mice were 

ventilated (SAR-1000; CWE) with 30% O2 / 70% N2 at 105 breaths/min with a tidal 

volume of ~0.12 mL, a 1:2 inspiration/expiration fraction, and a 2 mmHg positive end-
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expiratory pressure. Arterial O2 saturation (MouseOx; Starr Life Sciences, Oakmont, PA) 

and end-tidal CO2 (microCapStar; CWE Inc, Ardmore, PA) were monitored continuously 

and ventilation parameters adjusted to maintain O2 saturation and expired CO2 within 

normal limits (sO2: 96.7 ± 0.5%, end-tidal CO2 37.9 ± 2.2 mmHg). Large tidal volume 

breaths were given every 15-30 min to maintain lung ventilation. The retina was imaged 

with confocal microscopy (Olympus FV1000) through the contact lens and a 4X dry 0.16 

NA objective. Mice were sacrificed at the end of experimentation with intra-arterial 

injection of potassium chloride (2mEq/kg). A 5 Hz, diffuse white flickering light with an 

intensity of ~30 klux at the surface of the globe was used to stimulate the retina. Vessels 

were labeled by femoral artery injection of FITC-dextran (1.5%, 0.15 mL). Vessel 

imaging and analysis were performed as described for the eyecup preparation. 

 

Immunohistochemistry 

Retinas were fixed for 1 hour in 4% paraformaldehyde in PBS at 4 °C, washed in 

PBS and stored at 4°C. Retinas were blocked in 10% donkey serum (Jackson 

ImmunoResearch, West Grove, PA) and 1% triton-X for 2 hours at 4 °C and incubated in 

primary antibodies at 4°C for three days (mouse-CRALBP, 1:500, Novus Biologicals, 

Littleton, CO, Cat# NB100-74392, RRID:AB_2253681; chicken-GFP, 1:1000 Life 

Technologies, Carlsbad, CA, Cat# A10262, RRID:AB_2534023; goat-GFAP, 1:250 

Santa Cruz, Dallas, TX, Cat# sc-6170, RRID:AB_641021; rabbit–NG2, 1:500 Millipore, 

Billerica, MA, AB5320, RRID:AB_91789). After 6 PBS washes, retinas were incubated 

in secondary antibodies at 4°C (isolectin GS-IB4-647, 1:75, Invitrogen, Carlsbad, CA, 

Cat# I32450, RRID:SCR_014365; goat anti-mouse subclass 1 specific-647, 1:200  

Jackson Immuno Research Cat# 115-605-205, RRID:AB_2338916; goat anti-chicken-

488, 1:1000 Life Technologies Cat# A11039, RRID:AB_142924; donkey anti-goat-

647,1:1000  Life Technologies Cat# A21447, RRID:AB_141844) for two days. Retinas 

were then mounted, sealed with Vectashield Mounting Media (Vector Laboratories, 

Burlingame, CA, H-1000 or with DAPI 1.5 µg/ml, Vector Laboratories H-1200) and 

imaged with confocal microscopy. 
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Statistics 

Data reported in the text and error bars in the figures are expressed as mean ± SEM. P 

values are from two-sided t-tests or paired t-tests for parametric data and Mann-Whitney 

U tests or Wilcoxon Matched Pairs Signed-Rank tests for nonparametric data. Two-way 

ANOVAs were performed for multiple comparisons followed by post hoc Bonferroni’s 

tests. Each data set was tested for normal distribution using the Shapiro Wilks test. 

Significance was defined as p<0.05. Samples sizes were based on effect size and signal-

to-noise ratio in preliminary experiments. All analyses were performed in MATLAB 

R2013b (RRID: SCR_001622) or GraphPad Prism 5 (RRID: SCR_002798). 
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Chapter 3: Glial Cell Calcium Signaling Mediates Capillary Regulation 

of Blood Flow 
 

Adapted from Biesecker et al, 2016. 

 

Summary 

The brain is critically dependent on the regulation of blood flow to nourish active 

neurons. One widely held hypothesis of blood flow regulation holds that active neurons 

stimulate Ca2+ increases in glial cells, triggering glial release of vasodilating agents. This 

hypothesis has been challenged, as arteriole dilation can occur in the absence of glial 

Ca2+ signaling. We address this controversy by imaging glial Ca2+ signaling and vessel 

dilation in the mouse retina. We find that sensory stimulation results in Ca2+ increases in 

the glial endfeet contacting capillaries, but not arterioles, and that capillary dilations often 

follow spontaneous Ca2+ signaling. In IP3R2-/- mice, where glial Ca2+ signaling is 

reduced, light-evoked capillary, but not arteriole, dilation is abolished. The results show 

that, independent of arterioles, capillaries actively dilate and regulate blood flow. 

Furthermore, the results demonstrate that glial Ca2+ signaling regulates capillary but not 

arteriole blood flow. 

 

Introduction 

One widely held hypothesis of functional hyperemia holds that signaling from active 

neurons to blood vessels is mediated by astroglial Ca2+ signaling (Iadecola and 

Nedergaard, 2007; Attwell et al., 2010). In support of this hypothesis, several groups 

have observed that astroglial Ca2+ increases precede vessel dilation (Wang et al., 2006; 

Lind et al., 2013; Otsu et al., 2015) and that raising astroglial Ca2+ evokes vasodilatations 

(Metea and Newman, 2006; Takano et al., 2006; Gordon et al., 2008). However, this 

hypothesis has been challenged by others who have found that arterioles dilate in the 

absence of astroglial Ca2+ increases (Nizar et al., 2013; Bonder and McCarthy, 2014) and 
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that arteriole dilations remain intact in IP3R2−/− transgenic mice, where astroglial 

Ca2+ signaling is reduced (Nizar et al., 2013; Bonder and McCarthy, 2014). 

 
A second key question related to functional hyperemia is whether capillaries actively 

regulate blood flow (Hamilton et al., 2010). Although previous studies have shown 

pericytes to be contractile (Schonfelder et al., 1998; Peppiatt et al., 2006) and to actively 

regulate capillary diameter (Chaigneau et al., 2003; Hall et al., 2014), the role of 

pericytes in regulating blood flow has been challenged (Fernandez-Klett et al., 2010; Hill 

et al., 2015). Specifically, a recent study concluded that capillary pericytes do not express 

α-smooth muscle actin, the structural protein required for constriction and relaxation, and 

cannot actively regulate capillary diameter (Hill et al., 2015). 

 
We now address these two key questions central to functional hyperemia: whether 

neurovascular coupling is mediated by a Ca2+-dependent astroglial signaling mechanism 

and whether capillaries actively regulate blood flow. Experiments were conducted on the 

retina, an integral part of the CNS where functional hyperemia is well developed (Riva et 

al., 2005; Kornfield and Newman, 2014). Astroglial Ca2+ signaling and blood vessel 

diameter were monitored in response to increased neuronal activity induced by photic 

stimulation. Our results demonstrate that capillaries actively dilate in response to 

stimulation and that astroglial Ca2+ signaling is both necessary and sufficient to dilate 

capillaries. However, arteriole dilation is not dependent on astroglia Ca2+ signaling. 

 

GCaMP3 expression in Müller cells 

We monitored Ca2+ signaling within Müller cells, the principal astroglial cells of the 

retina (Newman and Reichenbach, 1996) using the genetically encoded calcium indicator 

GCaMP3. Recordings were made from the ex vivo eyecup preparation (Newman and 

Bartosch, 1999) where Ca2+ signaling can be monitored at high spatial resolution with 

confocal microscopy. GCaMP3 was expressed selectively in Müller cells using the 

transgenic mouse line GLAST-CreER;R26-lsl-GCaMP3 7829 (Shigetomi et al., 2013a; 

Paukert et al., 2014; Rosa et al., 2015), which drives tamoxifen-dependent expression of 
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GCaMP3 under the GLAST promoter. Müller cells are radial astroglial cells which 

extend from the vitreal surface at the inner border of the retina to the photoreceptors in 

the outer retina (Newman and Reichenbach, 1996). Like astrocytes in the brain, Müller 

cells have fine processes that surround neuronal synapses in plexiform (synaptic) layers 

of the retina and endfeet that contact arterioles, venules and capillaries (Newman and 

Reichenbach, 1996) (Fig. 3.1A). After tamoxifen induction, the transgenic mice 

expressed GCaMP3 in 93.6 ± 2% (n = 4 eyecups) of Müller cells. No expression was 

observed in astrocytes in the nerve fiber layer (Fig. 3.1D), which do not express the 

GLAST transporter (Harada et al., 1998), or in neurons in the ganglion cell or nuclear 

layers (Fig. 3.1B, F). It is unlikely that GCaMP3 is expressed in neuronal somata or 

processes for several reasons. (i) The GCaMP3 labeling we observed was precisely 

colocalized with the Müller cell marker CRALBP (Fig. 3.1B & F) and closely matched 

Müller cell morphology, including the endfoot processes surrounding blood vessels (Fig. 

3.5B, Fig. 3.6B). (ii) The GCaMP3 Ca2+ transients we observed closely resemble glial 

Ca2+ transients reported in prior work (Shigetomi et al., 2013a; Srinivasan et al., 2015) 

(See Fig. 3.3B, F, Fig. 3.4B, C). (iii) The Ca2+ responses we observed to light stimulation 

have latencies that are several hundred ms slower than the latencies of neuronal 

Ca2+ responses in the retina, which are <200 ms (Borghuis et al., 2011). 
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Fig 3.1 - GCaMP3 is exclusively expressed in Müller cells. A, Müller glial cells extend 
fine processes in the inner plexiform layer (IPL) and the outer plexiform layer (OPL) and 
endfeet that surround arterioles and capillaries in the three capillary layers: superficial 
(Sup), intermediate (Int), and deep (Deep). GCL, Ganglion cell layer; INL, inner nuclear 
layer; ONL, outer nuclear layer. B, Colocalization of GCaMP3 (detected with anti-GFP) 
and cellular retinaldihyde binding protein (CRALBP), a Müller cell marker, demonstrates 
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that GCaMP3 is exclusively expressed in Müller cells. Similar results were obtained from 
retinas from four mice. C, Schematic of the retina. D, Colocalization of GCaMP3 with 
cell markers for vascular cells (Isolectin B4), pericytes (anti-NG2), and astrocytes (anti-
GFAP) reveal no GCaMP3 expression in these cell types. Similar results were obtained 
from 2 other retinas for each cell type. Scale bars, 20 µm. E, Schematic of the retina. F, 
Neuronal cell bodies in the ganglion cell layer and the outer nuclear layer show no 
GCaMP3 expression. Müller cell stalks, identified by CRALBP labeling, lie between the 
neuronal cell bodies. Similar results were obtained from three other retinas. 

 

Calcium signaling in Müller cell fine processes 

We monitored Ca2+ signaling in the fine processes of Müller cells in the inner 

plexiform (synaptic) layer with a 488 nm imaging laser to measure GCaMP3 intensity. 

The intensity, frame rate, and imaging area of the confocal laser were optimized so that 

the laser illumination only transiently activated retinal neurons when first turned on. 

Neuronal activity returned to baseline within several seconds as the imaging laser 

remained on, allowing us to measure Ca2+ signaling while the laser had minimal effect on 

retinal activity (Fig. 3.2).  

 

 
Fig 3.2 - Retinal neurons respond strongly to flicker stimulation. A, Single-unit 
recordings from RGCs reveal a transient increase in firing rate when the confocal 
imaging laser is turned on (filled rectangle at bottom), and a sustained increase in firing 
during flicker stimulation (open rectangle; mean of 19 cells, 5 eyecups). B, ERG 
recording shows no response when the confocal imaging laser is turned on (filled 
rectangle at bottom) and a large response to flicker stimulation (open rectangle). 
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Localized Ca2+ increases (which we refer to as transients) were generated in the 

absence of flicker light stimulation in Müller cell fine processes. These spontaneous 

transients had a mean duration of ~1.2 s (Fig. 3.3B), a peak amplitude of 34.5 ± 2.3% 

ΔF/F (Fig. 3.3C), and covered an area of 25 ± 2 µm2 (Fig. 3.3D). The transients remained 

localized to the region of generation. They did not propagate into the somata or stalks 

(the large radial processes) of the Müller cells. 

 

 
Fig 3.3 – The intensity and area of Ca2+ transients do not change in response to 
stimulation. (A - D) In Müller cell fine processes in the inner plexiform layer, the 
intensity and area of spontaneous Ca2+ transients (pre-stim) are equal to those of 
stimulus-evoked transients (n = 42 transients from 4 eyecups per group for C, Mann-
Whitney U test, p = 0 .18, 34.3 ± 2.3 pre-stim, 30.8 ± 2.7 stim % ΔF/F; n = 40 transients 
from 4 eyecups per group for D, Mann-Whitney U test, p = 0.73, 25.2 ± 2.1 pre-stim, 
23.7 ± 1.8 stim event size (µm2)) (E - H) Similarly, in Müller cell endfeet terminating on 
intermediate layer capillaries, the intensity and area of spontaneous Ca2+ transients (pre-
stim) are equal to those of stimulus-evoked transients (n = 19 transients from 9 eyecups 
pre-stim, n = 29 transients from 9 eyecups for G, unpaired t-test, p = 0.29, 14.9 ± 1.7 pre-
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stim, 18.4 ± 2.4 stim % ΔF/F; n = 13 transients from 7 eyecups pre-stim; n = 29 transients 
from 9 eyecups stim for H, Mann-Whitney U test, p = 0.65, 15.7 ± 2.8 pre-stim, 15.2 ± 
1.3 stim event size (µm2)). 
 

If functional hyperemia is mediated by a Ca2+-dependent astroglial neurovascular 

coupling mechanism, neuronal activity must evoke rapid Ca2+ signaling in astroglial 

cells. However, several recent studies have questioned whether such signaling occurs 

(Nizar et al., 2013; Bonder and McCarthy, 2014). We assessed Müller cell Ca2+ responses 

to neuronal activity by stimulating eyecups with a 5 Hz diffuse flickering light, which 

effectively activates neurons in the inner retina (Fig. 2.2). The frequency of Ca2+ 

transients in the Müller cell fine processes increased by 49.4 ± 15.0% over the baseline 

rate in response to this stimulus (Fig. 3.4B-D). However, the amplitude and area of the 

Ca2+ transients remained unchanged (Fig. 3.3B-D). The onset of the stimulus-evoked 

Ca2+ signaling, assessed by averaging the GCaMP3 intensity from all Müller cell fine 

processes in the imaged frames, had a latency of <600 ms (mean of 8 eyecups; Fig. 3.4E), 

faster than stimulus-evoked vessel dilation (Kornfield and Newman, 2014) (see Fig. 3.9). 

Due to the relatively low signal-to-noise ratio of the Ca2+ signals, it was not possible to 

determine an exact latency of the Ca2+ response. As the Ca2+ transients only last ~1.2 s 

(Fig. 3.3B), the averaged GCaMP3 intensity response consisted of many transients 

starting and ending during the 5 s flicker stimulus. While most of the transients did not 

start immediately after the onset of the flicker stimulus, some did, as exemplified by the 

middle trace in Fig. 3.6C. 

 

The IP3R2 receptor, which is expressed exclusively in glial cells (Sharp et al., 1999), 

was knocked out by crossing GLAST-CreER;R26-lsl-GCaMP3 mice with IP3R2-/- mice 

(Li et al., 2005). This knockout eliminated Ca2+ release from internal stores in Müller 

cells, as assessed by monitoring Ca2+ responses to bath application of 10 µm ATP (Fig. 

3.4G, H) (Lipp et al., 2009). Knockout of IP3R2 greatly reduced stimulus-evoked Ca2+ 

signaling in the fine processes of Müller cells (Fig. 3.4D-F). However, a low level of 

spontaneous Ca2+ signaling remained in the IP3R2-/- mice (Fig. 3.4D). This is consistent 
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with recent reports, showing that a low level of astrocyte Ca2+ signaling remains in 

IP3R2-/- mice, particularly in the cell processes (Srinivasan et al., 2015). 

 

 
Fig 3.4 - Calcium signaling in the fine processes of Müller cells. A, Calcium signaling 
was monitored in the fine processes of Müller cells in the inner plexiform layer (IPL). 
GCL, Ganglion cell layer; INL, inner nuclear layer; OPL, outer plexiform layer. B, 
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Examples of Ca2+ transients in the fine processes of Müller cells. The Ca2+ transients 
(yellow; where GCaMP3 fluorescence exceeded a threshold) are overlaid on images of 
GCaMP3-labeled Müller cells (green). Similar images were obtained for 85 
Ca2+ transients from eight eyecups. C, Traces of the Ca2+ transients in B. Open rectangles 
in this and other figures show the time course of the stimulus. D, The frequency of 
Ca2+ transients increased during stimulation (Stim) in control mice (Ctrl, p = 0.0065). 
Both spontaneous (Pre-stim, p = 3.6 × 10−7) and stimulus-evoked transient frequencies 
(p = 1.0 × 10−5) were reduced in IP3R2−/− mice (n = 8 control eyecups, 6 
IP3R2−/− eyecups; two-way ANOVA with Bonferroni posttest; control pre-stim, 14.2 ± 
1.0 Ca2+ transients/100 µm3 · s; control stim, 21.1 ± 2.1 Ca2+ transients/100 µm3 · s; 
IP3R2−/− pre-stim, 1.5 ± 0.48 Ca2+ transients/100 µm3 · s; stim, IP3R2−/−, 2.4 ± 0.79 
Ca2+ transients/100 µm3 · s). E, Mean stimulus-evoked Ca2+ activity across all fine 
processes in control and IP3R2−/− mice. F, Amplitude of stimulus-evoked Ca2+ responses 
in E (n = 8 control eyecups, 6 IP3R2−/− eyecups; Mann–Whitney U test, p = 0.0024; 
control, 0.23 ± 0.036% ΔF/F; IP3R2−/−, 0.036 ± 0.026% ΔF/F). G, Representative Ca2+ 
responses to bath application of 10 µm ATP onto eyecups from control and 
IP3R2−/− littermate mice. H, Mean Ca2+ response amplitude to 10 µm ATP, measured in 
the IPL (n = 4 eyecups per group; unpaired t test, p = 0.0058; Ca2+ response amplitude, 
control, 60.9 ± 8.7% ΔF/F; IP3R2−/−, 0.5 ± 0.9% ΔF/F). **p < 0.01; ***p < 0.001. 
 

Calcium signaling in Müller cell endfeet 

If Müller cell Ca2+ increases regulate blood flow, neuronal activity should also evoke 

Ca2+ signaling in Müller cell endfeet, which directly contact blood vessels. The 

vasculature of the retina is stratified (Paques et al., 2003; Kornfield and Newman, 2014). 

Arterioles and venules lie at the vitreal surface of the retina while capillaries ramify in 

three layers, the deep, intermediate, and superficial capillary layers (Fig. 3.1A). The 

endfeet of Müller cells contact all of these vessels. We have previously shown that photic 

stimulation evokes active dilation, independent of passive stretch due to perfusion 

pressure increases, of retinal arterioles as well as capillaries in the intermediate capillary 

layer. However, capillaries in the deep and superficial layers do not actively dilate during 

photic stimulation (Kornfield and Newman, 2014). 

 

Rapid Ca2+ transients having a mean duration of ~0.95 ms (Fig. 3.3F), an amplitude 

of 14.9 ± 1.7% ΔF/F (Fig. 3.3G) and an area of 16 ± 3 µm2 (Fig. 3.3H) were observed in 
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Müller cell endfeet in the absence of stimulation. Photic stimulation did not alter the 

frequency of these Ca2+ transients in the endfeet contacting arterioles (Fig. 3.5B-D). 

Averaging GCaMP3 intensity from all imaged endfeet along arterioles revealed that there 

was no Ca2+ response to stimulation (Fig. 3.5E). In contrast, stimulation increased the 

frequency of Ca2+ transients by 285 ± 72% (n = 9 eyecups) in the endfeet contacting 

capillaries in the intermediate capillary layer (Fig. 3.6B-D). The amplitude and area of 

the endfoot Ca2+ transients during stimulation did not differ from those prior to 

stimulation (Fig. 3.3F-H). Averaging GCaMP3 intensity across all intermediate capillary 

endfeet revealed that stimulus-evoked Ca2+ increases had a latency of <600 ms (Fig. 

3.6E). This is shorter than the latency of stimulus-evoked dilation of intermediate layer 

capillaries (Kornfield and Newman, 2014) (see Fig. 3.9). Knockout of IP3R2 greatly 

reduced the stimulus-evoked increase in Ca2+ transient frequency (Fig. 3.6D), as well as 

the rapid change in GCaMP3 intensity in the endfeet contacting capillaries in the 

intermediate capillary layer (Fig. 3.6E, F). 

 

 
Fig 3.5 - Stimulus-evoked Ca2+ signaling is absent in Müller cell endfeet contacting 
arterioles. A, Calcium signaling was monitored in Müller cell endfeet contacting 
arterioles. GCL, Ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; 
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OPL, outer plexiform layer. B, Example of a spontaneous endfoot Ca2+ transient along an 
arteriole. Similar images were obtained for 12 other Ca2+ transients from nine eyecups. 
The locations of the Ca2+ transients (yellow) are overlaid on images of GCaMP3-labeled 
Müller cells (green) and rhodamine-filled capillaries (red). C, Trace of the Ca2+ transient 
in B. D, Endfoot transients along arterioles occur at a low spontaneous rate (transients per 
millimeter of arteriole length per s) and do not increase during stimulation (n = 9 
eyecups; Wilcoxon matched pairs signed rank test, p = 0.92; pre-stim, 0.55 ± 0.19 
Ca2+ transients/mm · s; stim, 0.45 ± 0.19 Ca2+ transients/mm · s). E, Mean Ca2+ signaling 
across endfeet contacting arterioles shows no stimulus-evoked Ca2+ increase (n = 9 
eyecups; paired t test, p = 0.32; pre-stim, 0.069 ± 0.045% ΔF/F; stim, −0.036 ± 0.088% 
ΔF/F). 
 

Although Ca2+ transients were observed in the Müller cell endfeet contacting deep 

and superficial layer capillaries in the absence of stimulation, the frequency of these Ca2+ 

transients did not change in response to stimulation (Fig. 3.7B, F). Averaging GCaMP3 

intensity from endfeet contacting the deep layer capillaries (Fig. 3.7C) confirmed that 

there was no Ca2+ response to stimulation. Surprisingly, averaging GCaMP3 intensity 

from the endfeet contacting the superficial layer capillaries revealed an intensity drop 

during stimulation (Fig. 3.7G). The origin of this Ca2+ decrease is unclear but could be 

due to the activation of Ca2+ exchangers or ATPases which would lower Ca2+ in the 

cytosol of the endfeet (Verkhratsky and Kettenmann, 1996). To the best of our 

knowledge, this is the first report of a neuronally-evoked Ca2+ decrease in astroglial cells. 
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Fig 3.6 - Stimulus-evoked Ca2+ signaling occurs in Müller cell endfeet contacting 
intermediate layer capillaries. A, Calcium signaling was monitored in Müller cell 
endfeet contacting intermediate layer capillaries. GCL, Ganglion cell layer; INL, inner 
nuclear layer; IPL, inner plexiform layer; OPL, outer plexiform layer. B, Examples of 
endfoot Ca2+ transients along intermediate layer capillaries. Imaging is the same as 
in Figure 3B. Similar images were obtained for 45 Ca2+ transients from nine eyecups. C, 
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Traces of the Ca2+ transients in B. D, The frequency of endfoot Ca2+ transients (transients 
per millimeter of capillary length per s) increased during stimulation in control mice 
(Ctrl, p = 0.0046). Stimulus-evoked (stim; p = 0.0044) transient frequency was reduced in 
IP3R2−/− mice (n = 9 control eyecups, 5 IP3R2−/− eyecups; two-way ANOVA with 
Bonferroni posttest; control pre-stim, 0.91 ± 0.29 Ca2+ transients/mm · s; control stim, 3.5 
± 0.65 Ca2+ transients/mm · s; IP3R2−/− pre-stim, 0.32 ± 0.065 Ca2+ transients/mm · s; 
IP3R2−/− stim, 0.34 ± 0.069 Ca2+ transients/mm · s). E, Mean stimulus-evoked 
Ca2+ activity across all endfeet in control and IP3R2−/−mice. F, Amplitude of stimulus-
evoked Ca2+ responses in E (n = 9 control eyecups, 4 IP3R2−/− eyecups; Mann–
Whitney U test, p = 0.0028; control, 0.36 ± 0.070% ΔF/F; IP3R2−/−, 0.092 ± 0.035% 
ΔF/F). **p < 0.01. 
 

We have previously shown that flicker stimulation evokes dilation of intermediate 

layer capillaries, but not deep or superficial layer capillaries in vivo in rats (Kornfield and 

Newman, 2014). In order to confirm that similar vascular responses were evoked in our 

mouse eyecup preparation, we monitored capillary dilation to stimulation by labeling 

vessel lumens with rhodamine-dextran and measuring their diameters with confocal 

microscopy. In agreement with previous findings (Kornfield and Newman, 2014), 

capillaries in the intermediate capillary layer dilated in response to stimulation (see Fig. 

3.9B). This contrasts with capillaries in the deep and superficial capillary layers, which 

did not dilate (Fig. 3.7D, H). Thus, the intermediate capillary layer, the only vascular 

layer where stimulation generates endfoot Ca2+ responses, is the only layer where 

capillaries dilate. 
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Fig 3.7 - Stimulation does not increase Ca2+ signaling in Müller cell endfeet 
terminating on deep or superficial layer capillaries. A, Calcium signaling was 
monitored in Müller cell endfeet contacting deep layer capillaries. GCL, Ganglion cell 
layer; INL, inner nuclear layer; IPL, inner plexiform layer; OPL, outer plexiform 
layer. B, Stimulation does not increase Ca2+ transient frequency in endfeet contacting 
deep layer capillaries (n = 9 eyecups; Wilcoxon matched pairs signed rank test, p = 0.33; 
pre-stim, 0.58 ± 0.20 Ca2+ events/mm · s; stim, 0.19 ± 0.19 Ca2+ events/mm · s). C, Mean 
stimulus-evoked Ca2+ activity across all imaged endfeet contacting deep layer capillaries 
(n = 9 eyecups; paired t test, p = 0.064; pre-stim, 0.023 ± 0.038% ΔF/F; stim, −0.097 ± 
0.053% ΔF/F). D, Mean stimulus-evoked change in diameter of deep layer capillaries 
(n = 12 vessels from 3 eyecups; paired t test, p = 0.59; pre-stim, 0.0 ± 6.4% change in 
diameter; stim, −0.7 ± 1.3% change in diameter). E, Calcium signaling was monitored in 
Müller cell endfeet contacting superficial layer capillaries. F, Stimulation does not 
increase Ca2+ transient frequency in endfeet contacting superficial layer capillaries (n = 9 
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eyecups; Wilcoxon matched pairs signed rank test, p = 1; pre-stim, 1.0 ± 0.4 
Ca2+ events/mm · s; stim, 1.2 ± 0.6 Ca2+ events/mm · s). G, Mean stimulus-evoked 
Ca2+ activity across all imaged endfeet contacting superficial layer capillaries shows a 
decrease in Ca2+ intensity during stimulation (n = 9 eyecups; paired t test, p = 0.019; pre-
stim, 0.025 ± 0.048% ΔF/F; stim, −0.34 ± 0.10% ΔF/F). H, Mean stimulus-evoked 
change in diameter of superficial layer capillaries (n = 11 vessels from 3 eyecups; 
paired t test, p = 0.94; pre-stim, 0.1 ± 5.9% change in diameter; stim, −0.1 ± 7.22% 
change in diameter). 
 

Müller cell Ca2+ increases evoke capillary dilation 

We monitored spontaneous endfoot Ca2+ transients and the diameter of capillaries in 

the intermediate capillary layer simultaneously, in the absence of stimulation, to 

determine whether Ca2+ signaling is sufficient to generate capillary dilation. We found 

that capillaries often dilated after spontaneous Ca2+ transients were generated in nearby 

Müller cell endfeet (Fig. 3.8B, C). The correlation between the Ca2+ transients and the 

subsequent capillary dilations was determined by synchronizing all trials to the rising 

phase of the Ca2+ transients (Fig. 3.8D). The mean spontaneous Ca2+ transient had an 

amplitude of 8.8 ± 0.33% ΔF/F (n = 208 transients, 5 eyecups) while the resulting mean 

capillary dilation had an amplitude of 0.95 ± 0.8% (p < 0.001). The capillary dilations 

that followed the Ca2+ transients were slow in developing, having a mean latency of ~4.0 

s following the onset of the Ca2+ transient and peaking at >10 s. 

 

In a second test of the effect of Müller cell Ca2+ signaling on capillary diameter, we 

evoked large, intercellular Müller cell Ca2+ waves (Newman, 2001) in eyecups by 

electrical stimulation of Müller cells in the inner plexiform layer while monitoring the 

diameter of intermediate layer capillaries (Fig. 3.8E-G). When a Ca2+ wave reached an 

intermediate layer capillary, the capillary dilated (Fig. 3.8G). When a wave died out 

before reaching the capillary, or when the stimulus failed to evoked a wave, the capillary 

did not dilate (Fig. 3.8G). Together, these findings indicate that Ca2+ signaling in Müller 

cells is sufficient to generate capillary dilation. 
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Fig 3.8 - Calcium signaling in Müller cell endfeet is sufficient to evoke capillary 
dilation. A, Müller cell Ca2+ signaling and capillary diameter were monitored in the 
intermediate capillary layer. GCL, Ganglion cell layer; INL, inner nuclear layer; IPL, 
inner plexiform layer; OPL, outer plexiform layer. B, Example of a spontaneous endfoot 
Ca2+ transient along an intermediate layer capillary. Labeling is the same as in Figure 3B. 
Similar images were obtained for 207 Ca2+transients from five eyecups. C, Trace of the 
Ca2+ transient in B (top), along with the resulting change in capillary diameter (bottom; 
measured at the white line in B). The onset of the Ca2+ transient is indicated by the dotted 
line. D, Mean intensity of spontaneous Ca2+ transients along with the mean change in 
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capillary diameter. Capillary diameter increased following Ca2+ transients (n = 208 
transients from 5 eyecups; Wilcoxon matched pairs signed rank test, p < 0.001; pre-
transient, −0.1 ± 0.8% change in diameter; post-transient, 0.8 ± 0.8% change in 
diameter). Traces were synchronized to the rising phase of the Ca2+ transients (dotted 
line). E, Example of a Müller cell Ca2+ wave (yellow), generated by a brief negative 
current pulse from a glass pipette, propagated in the direction indicated by the arrow. 
Similar images were obtained for 14 Ca2+ waves from four eyecups. F, Endfoot 
Ca2+ signaling (top) and capillary diameter (bottom) as the Ca2+ wave in E propagated 
past the capillary. Endfoot Ca2+ and vessel diameter were measured at the black line 
in E. G, Mean change in capillary diameter when a Ca2+ wave reached a capillary and 
when the Ca2+ wave failed to reach the capillary (n = 15 Ca2+ waves and n = 21 trials 
without Ca2+ waves from 4 eyecups; unpaired t test, p = 0.0095; with Ca2+ wave, 2.8 ± 
0.90% vessel dilation; without Ca2+ wave, 0.19 ± 0.50% vessel dilation). *p < 0.05. 
 

Müller cell Ca2+ signaling is necessary for capillary but not arteriole dilation 

Previous studies have demonstrated that arteriole dilations evoked by neuronal 

activity are not diminished in IP3R2-/- mice, where Müller cell Ca2+ signaling is reduced 

(Nizar et al., 2013; Bonder and McCarthy, 2014). We tested whether stimulus-evoked 

dilations of capillaries and arterioles were reduced in IP3R2-/- mice. We confirmed that 

our IP3R2-/- mice did not generate Ca2+ responses to bath-applied ATP (Fig. 3.4G, H) and 

that Ca2+ responses to photic stimulation were greatly reduced (Fig. 3.4D-F, 3.6D-F). In 

the eyecup, stimulus-evoked dilations of intermediate layer capillaries, which were 

present in control littermates, were abolished in IP3R2-/- mice (Fig. 3.9B, C). In contrast, 

stimulus-evoked dilations of arterioles were undiminished in IP3R2-/- mice (Fig. 3.9E, F).  

 

Similar findings were obtained in vivo, where the retinal vasculature was monitored 

with confocal microscopy. Stimulus-evoked dilations of intermediate layer capillaries, 

present in control littermates, were abolished in IP3R2-/- mice (Fig. 3.9G, H). However, 

stimulus-evoked arteriole dilations were unaffected in IP3R2-/- mice (Fig. 3.9I, J). These 

ex vivo and in vivo findings demonstrate that Müller cell Ca2+ signaling is necessary for 

capillary but not for arteriole dilation. 
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Fig 3.9 - Calcium signaling in Müller cells is necessary to evoke capillary but not 
arteriole dilation. A, The diameter of intermediate layer capillaries was monitored. 
GCL, Ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; OPL, 
outer plexiform layer. B, C, In eyecups, mean responses from intermediate layer 
capillaries show that stimulation evoked dilations in control mice (Ctrl) but not in 
IP3R2−/− littermates (n = 13 vessels from 4 control eyecups, n = 15 vessels from 4 
IP3R2−/− eyecups; unpaired t test, p = 0.015; control, 7.6 ± 3.0% vessel dilation; IP3R2−/−, 
−0.37 ± 1.1% vessel dilation). D, The diameter of arterioles was monitored. E, F, 
Stimulation also evoked arteriole dilation in control mice. This dilation was not 
diminished in IP3R2−/− littermates (n = 6 vessels from 3 control eyecups, n = 7 vessels 
from 3 IP3R2−/− eyecups; unpaired t test, p = 0.72; control, 6.0 ± 1.2% vessel dilation; 
IP3R2−/−, 6.7 ± 1.2% vessel dilation). G, H, Similar responses were observed in vivo. 
Mean responses from intermediate layer capillaries show stimulus-evoked dilations in 
control mice but not in IP3R2−/− littermates (n = 14 vessels from 5 control mice, n = 14 
vessels from 5 IP3R2−/− mice; unpaired t test, p = 0.0092; control, 1.1 ± 0.39% vessel 
dilation; IP3R2−/−, −0.25 ± 0.29% vessel dilation). I, J, Stimulus-evoked arteriole dilation 
in arterioles of control mice was not diminished in IP3R2−/− littermates (n = 5 vessels 
from 5 control mice, n = 5 vessels from 5 IP3R2−/− mice; unpaired t test, p = 0.41; 
control, 6.2 ± 1.9% vessel dilation; IP3R2−/−, 8.1 ± 1.0% vessel dilation). *p < 0.05; 
**p < 0.01. 
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Chapter 4: Conclusions 
 

Mechanism for capillary neurovascular coupling 

 Glial Ca2+ signaling is both necessary and sufficient for capillary dilations in 

functional hyperemia responses. We show that glial Ca2+ signaling precedes, and 

correlates with, capillary dilations. Experimentally induced Ca2+ increases in glia 

generates Ca2+ dilations, demonstrating sufficiency. Reducing glial Ca2+ in the IP3R2-/- 

mice blocks capillary, but not arteriole dilations, demonstrating necessity.  

 

 The results presented here, in combination with previous publications, suggest a 

glial Ca2+-dependent, AA neurovascular coupling mechanism onto capillaries. I propose 

that when light stimuli increase neuronal activity in the retina, there is increased neuronal 

release of ATP at synapses in the IPL. ATP binds to P2Y receptors on fine processes on 

Muller cells, which activates intracellular signaling cascades which activate PLC. PLC 

increases levels of IP3 in the Muller cells, which binds to IP3R2 on the endoplasmic 

reticulum and leads to a local, rapid release of Ca2+ into the cytosol. Because the ATP 

released by neurons does not spread far within the retina, these glial Ca2+ transients only 

occur in the fine processes and endfeet near the IPL. The increased Ca2+ activates PLA2 

which increases levels of AA within the Muller cell. AA is broken down into both EETs 

and PGEs which diffuse to nearby pericytes on intermediate capillaries. These molecules 

lead to the opening of Kir channels which hyperpolarize pericytes, leading to relaxations 

and capillary dilations (Gebremedhin et al., 1992; Serebryakov et al., 1994) . 

 

A recent publication by Mishra et al. (2016) explored the mechanisms of capillary 

dilation in the cortex. This work replicated much of the findings summarized in here, and 

argued that glial Ca2+ signaling plays a key role in capillary, but not arteriole dilations. 

However, the Ca2+ events characterized in Mishra et al. (2016) were dependent on 

extracellular Ca2+ entering the astrocytes through P2X receptors. This conflicts with our 

findings that glial Ca2+ signaling for neurovascular coupling is dependent on Ca2+ release 

from internal stores via IP3R2. One possible explanation for this inconsistency is that 
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P2X-dependent glial Ca2+ signaling cascades are important in the cortex while IP3R2-

dependent Ca2+ signaling cascades are important in the retina. It is also possible that the 

results from either study are an artifact. For example, the P2X inhibitors could have some 

off-target effects, or may have blocked P2X receptors on non-glial cells, leading to 

indirect changes in neuronal-glial signaling. Alternatively, IP3R2-/- mice are constitutive 

knockouts, and it is possible that the changes observed in our work are indirect 

consequences of altered development. Work by Mishra et al. (2016) also demonstrated 

that PLD, rather than PLA2 was the key enzyme synthesizing AA in neurovascular 

coupling. This finding does not dramatically alter the proposed signaling cascade for 

capillary blood flow regulation, as both are Ca2+ sensitive and lead to an increase in AA. 

However, future experiments will need to tease apart the importance of intracellular 

versus extracellular Ca2+ sources, as well as the importance of PLA2 versus PLD. 

 

Mechanisms for arteriole neurovascular coupling 

 Our findings demonstrate that capillary and arteriole dilations are regulated by 

separate signaling mechanisms. Specifically, glial Ca2+ signaling is not necessary for 

arteriole dilations in functional hyperemia responses. These results are in agreement with 

findings by Nizar et al. (2013) and Bonder and McCarthy (2014), who show that blocking 

glial Ca2+ signaling does not alter arteriole dilations. However, it remains unclear why 

some findings support the role of glial Ca2+ signaling in arteriole dilations (Attwell et al., 

2010). I propose that glial Ca2+ signaling is able to generate arteriole dilations, but in the 

healthy CNS, glial Ca2+ increases do not occur near glial endfeet along arterioles. This 

would explain why increasing glial Ca2+ signaling is able to generate arteriole dilations, 

but blocking glial Ca2+ signaling does not alter functional hyperemia responses from 

arterioles. In agreement with this theory, recent results from us and others have shown 

that neuronal activity does not generate Ca2+ responses in glia endfeet along arterioles 

(Nizar et al., 2013; Bonder and McCarthy, 2014; Biesecker et al., 2016), but it does 

generate Ca2+ responses in endfeet along capillaries (Otsu et al., 2015; Biesecker et al., 

2016; Mishra et al., 2016). The arteriole dilations generated by Ca2+ uncagaing (Metea 

and Newman, 2006; Takano et al., 2006) could be caused by activation of the molecular 
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mechanisms in glia designed to regulate capillary diameter. Alternatively, glial Ca2+ 

signaling may regulate arteriole diameter only within specific contexts. Paukert et al., 

(2014) show that Ca2+ signaling changes dramatically in astrocytes when the mouse is 

walking or not. In disease states where glial Ca2+ signaling is increased, glial cells could 

actively regulate arteriole diameter as a mechanism to support proper blood flow 

regulation in diseases or could also create pathological blood vessel changes, as seen in 

spreading depolarization. 

 

If glial Ca2+ signaling does not play a key role in arteriole dilations during 

functional hyperemia, then what is the mechanism? Mishra et al. (2016) proposed a NO-

dependent neurovascular coupling signaling cascade for arterioles that is glial 

independent. They demonstrate that arteriole dilations are dependent on NMDA receptors 

on neurons and that inhibition of nNOS activity blocks arteriole dilations. They proposed 

that when neuronal activity increases, NMDA receptors permit a Ca2+ influx into neurons 

which activates nNOS. The increased NO produced by nNOS could then diffuse to 

arterioles to trigger dilations. However, it is unlikely this is the primary mechanism for 

arteriole neurovascular coupling in the cortex. Previous work has shown that when NOS 

activity is blocked arteriole dilations are abolished (Ma et al., 1996; Lindauer et al., 1999; 

Yang et al., 2003). However, these dilations are rescued by the presence of NO donors 

that supply a steady level of NO, while NOS activity is still inhibited (Lindauer et al., 

1999). Preliminary work from our lab has found similar results (not shown). This 

suggests that increases in NO concentration is not a key dilatory signal, but rather a 

certain level of NO is required for dilations to occur.  

 

One alternate signaling pathway is that neurons mediate neurovascular coupling 

to arterioles by directly synthesizing AA (Fig. 4.1). Inhibiting EETs or PGEs 

significantly reduces arteriole dilations in the cortex (Peng et al., 2002; Zonta et al., 2003; 

Peng et al., 2004; Takano et al., 2006) and retina (Metea and Newman, 2006; Mishra et 

al., 2011). Thus, AA signaling cascades are likely to be a key component of 

neurovascular coupling onto arterioles. However, as glial Ca2+ signaling is not necessary 
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for neurovascular coupling to arterioles, it is unlikely that glia synthesize AA to initiate 

signaling cascades. Neurons express PLA2 (Sun et al., 2004) and PLD (Klein, 2005; 

Mishra et al., 2016) and can synthesize AA. Additionally, neurons increase Ca2+ levels 

when stimulated via intracellular Ca2+ release as well as Ca2+ influx through channels on 

the cell membrane. This Ca2+ increase during neuronal activity could activate neuronal 

PLA2/PLD and increase AA levels to trigger vessel dilations during functional 

hyperemia. In vitro work suggests that neurons are able to release AA when stimulated 

(Tence et al., 1994; Williams and Glowinski, 1996; Marin et al., 1997; Navamani et al., 

1997; Taylor and Hewett, 2002). However, the generalizability of these results are 

unclear, as cultured neurons may have non-physiological expression of key proteins. 

Additionally, although some aspects of the findings suggest that neurons are the cells 

releasing the AA, astrocytes are also present in these cultures. It is impossible to know 

with certainty which cell type is releasing the AA in these experiments. Some of the key 

enzymes for neurovascular coupling such as COX2 (Lecrux et al., 2011), PGE synthase 

(Vazquez-Tello et al., 2004), and expoxygenases (Conroy et al., 2010) are present in 

neurons, and some of the AA could be broken down into dilatory signals within neurons. 

Alternatively, AA is lipophilic and able to diffuse through tissue. Because glial endfeet 

coat the majority of the vasculature, most AA will pass through glial cell structures 

before reaching arterioles. It is possible that neuronal AA could be converted into PGs 

and EETs as it diffuses through glial structures, which then diffuse onto arteriole smooth 

muscle cells to trigger dilations. While this theory is based on findings from several 

papers, it needs to be tested directly. If true, this hypothesis would explain much of the 

past 30 years of findings on the pharmacology of neurovascular coupling. 
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Fig 4.1 – Signaling cascades that control functional hyperemia. Arteriole dilations 
may be driven by AA synthesis in neurons. AA can be broken down into PGE2 in the 
neurons, or into PGE2 and EETs in astrocyte endfeet. NO acts as a permissive signal to 
permit this dilation in the cortex, but likely acts as a dilatory signal in the cerebellum. 
Capillary dilations are likely driven by AA synthesis in astrocytes, as glial Ca2+ signals 
are necessary for the dilation of capillaries, but not arterioles. The role of K+ siphoning 
and BK channels remain largely unexplored, and the Ca2+ sources for both neurons and 
glia require further research.  
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Importance of capillaries versus arterioles in blood flow regulation 

These experiments are the first published work that shows capillaries actively 

dilate in response to sensory stimuli, without arteriole contribution. The finding that 

IP3R2-/- mice selectively lose capillary dilations in vivo, without altering arteriole 

dilations, also strongly argues that capillaries actively dilate during functional hyperemia 

responses. Previous work using ex vivo preparations have used electrical or 

pharmacological stimulation, and the results cannot be generalized to an intact system 

(Peppiatt et al., 2006). Previous working using in vivo preparations suggest a capillary 

contribution but are difficult to interpret due to upstream pressure changes caused by 

arteriole dilations (Hall et al., 2014; Kornfield and Newman, 2014). Our findings are in 

line with work by Hall et al. (2014) and recent work by Mishra et al. (2016) which found 

similar mechanisms for capillary dilations in the cortex of mice. However, our work 

disagrees with work by Hill et al., (2015) which argues that capillaries cannot dilate. It is 

likely these differences are caused by different capillary definitions. We did not assess 

the pericyte morphology or SMA expression at our imaging sites, and it is possible we 

imaging at sites similar to what Hill et al. (2015) considered pre-capillary arterioles. 

 

Small dilations of capillaries could generate large changes in blood flow due to 

three phenomena. i) Capillaries have high vascular resistance due to their narrow 

diameters. Because of this high resistance, pericytes could exert a significant amount of 

control on the magnitude of blood flow response relative to arterioles. ii) In the absence 

of stimulation, many capillaries in vivo hold a narrow resting diameter that is too small 

for red blood cells to easily pass through. Even small increases in diameter could then 

allow red blood cells to deform and squeeze through the capillaries, permitting blood 

flow in areas that previously had low flux. This phenomenon has been referred to as 

capillary recruitment or functional recruitment (Kuschinsky and Paulson, 1992). 

Although some observations suggest capillary recruitment occurs during functional 

hyperemia (Akgoren and Lauritzen, 1999), the contribution of capillary recruitment to 

blood flow regulation is not yet clear (Gobel et al., 1989; Chen et al., 1994). iii) 

Similarly, capillaries have a thin fluid layer between the red blood cells and endothelial 
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cells which is crucial for lowering resistance of red blood cell flux through the capillary 

(Pries et al., 1994). Small dilations could permit the existence of this fluid layer and 

dramatically increase blood flow. 

 

According to our findings, retinal capillary dilate approximately 1.1% in response 

to sensory stimuli in vivo. The Atwell lab found average capillary dilations of 6.7% in the 

cortex in response to whisker pad stimulation (Hall et al., 2014). This inconsistency in 

dilation sizes could be caused by different techniques, CNS regions, stimulus strength, or 

vessel definitions. Using data on capillary density and their capillary dilations, the 

Attwell lab calculated that pericyte-controlled capillary dilations generate 84% of the 

functional hyperemia response (Hall et al., 2014). The 1.1% capillary dilations observed 

here would argue that the contribution is far less than 84%, but likely still an important 

minority of the blood flow response.  

 

In contrast with the theories discussed above, experimental data suggests that 

capillary dilations are not important for CNS function and health. Many papers have 

characterized IP3R2-/- mice to search for phenotypic deficits caused by the reduction of 

glial Ca2+ signaling. Assessments of learning and memory, navigation, motor 

performance, and depression reveal no behavioral or cognitive deficits (Li et al., 2005; 

Petravicz et al., 2014; Li et al., 2015). Additionally, BOLD-fMRI signals in IP3R2-/- mice 

do not significantly differ from wildtype controls, suggesting no overt deficits to cortical 

functional hyperemia (Jego et al., 2014). One possible explanation is that cortical 

capillary blood flow regulation is not dependent on Ca2+ signaling from IP3R2 and 

instead relies on glial Ca2+ signals generated by influx of extracellular Ca2+ through 

inotropic receptors (Mishra et al., 2016). If this is the case, the IP3R2-/- mice may have 

normal capillary blood flow regulation in the cortex and disrupted capillary blood flow 

regulation in the retina. However, this does not explain why IP3R2-/- mice have no 

obvious deficits in visual function or retinal morphology. If capillary blood flow 

regulation was important for retinal function, we would expect functional deficits or poor 

neuronal health in the retinas of IP3R2-/- mice. It is possible that compensatory 
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mechanisms enhance other aspects of blood flow regulation to counter the loss of 

capillary dilations, but arteriole dilations remain unchanged, making this explanation 

unlikely. The most likely explanations are 1) increases in capillary blood flow is not 

needed for healthy retinal function 2) assessments have not looked carefully for subtle 

deficits 3) normal functional hyperemia responses are beyond what is necessary (see 

discussion of ‘safety margin’ in introduction) and the minor reduction in blood flow does 

not impair basal function. If this third possibility is correct, the retinas of IP3R2-/- mice 

may be more susceptible to pathological blood flow complications. 

 

The high density of capillaries means that pericytes could theoretically regulate 

blood flow with fine spatial resolution. It would be feasible for a few neurons to generate 

the dilation of a nearby capillary, resulting in a blood flow increase that would only 

impact a few neurons. Both of these aspects of capillary blood flow remain untested but 

have major implications for functional hyperemia. If blood flow regulation has an 

extremely fine degree of spatial resolution, this means that BOLD-fMRI, with significant 

improvements to resolution, could localize blood flow changes corresponding to a small 

population of neurons. This would dramatically improve the utility of BOLD-fMRI. 

 

Müller Cell Ca2+ Signaling 

 Although several publications have used GCaMP to characterize microdomain 

signals in brain astrocyte, little work has been done to characterize microdomain signals 

in Müller glia. Previous work by Newman (2005) using Fluo-4AM shows large Ca2+ 

events that propagate through the Müller cell, lasting several seconds. These types of 

events were not observed using GCaMP3 unless the preparation was unhealthy or 

aggressively stimulated (results not shown here). Rather, we observed exclusively 

microdomain events that occurred in the fine processes and endfeet of the Müller glia. No 

events occurred in the stalks or cell body. The localized nature of these Ca2+ signals 

argues that Müller cells exert local control via Ca2+ signaling. This has important 

implications for glial control of neuronal activity. Müller glia can regulate neuronal 

activity via adenosine signaling via a Ca2+-dependent mechanism. If microdomains are 
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the primary type of glial Ca2+ signaling in healthy tissue, this suggests that glial 

regulation of neuronal activity is highly localized.  

 

The presence of rapid Ca2+ responses to flicker stimuli, as shown here, suggests 

glia can regulate various processes on a faster time scale than previously thought. This 

has important implications for various other functions that have been linked to glial Ca2+ 

signaling including regulation of neuronal activity, cell swelling, and neural plasticity. 

Although the work summarized here suggests the rapid increase in glial Ca2+ during 

flicker is caused by an increase the frequency of microdomain Ca2+, it is possible Müller 

glia have a rapid, diffuse increase in Ca2+ levels not localized to discrete regions. 

 

 The work here also contains, to the best of our knowledge, the first 

characterization of a significant Ca2+ decrease in glial cells in response to stimulation 

(Fig. 3.7G). If this is not an artifact, it could represent a novel type of Ca2+ signaling in 

glial cells. The finding that endfeet contacting arterioles, in a similar area of the retina, do 

not show Ca2+ decreases, suggests the finding is not an artifact (Fig. 3.5E). One 

possibility is that Ca2+ is being pumped into internal stores (Simpson and Russell, 1997) 

to replace the Ca2+ being used to generate the Ca2+ transients in the other regions of the 

Müller cell. Alternatively, cell swelling or water flux could occur in response to the 

various signals and extracellular ion concentration changes (Bringmann et al., 2006), 

effectively decreasing the Ca2+ concentration. 

 

Follow-up work that is needed 

A wide range of future experiments are needed to follow-up on the discoveries outlined 

here: 

 

1) In vivo physiology experiments to determine the importance of arteriole versus 

capillary contributions to blood flow regulation. The IP3R2-/- mouse line blocks 

capillary dilations without altering arteriole dilations, making an excellent tool to 

dissect the importance of capillary dilations. Experiments assessing the changes in 
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red blood cell flux and blood flow changes in vivo in the IP3R2-/- mice versus 

controls will reveal how blood flow is affected by capillary dilations. 

Additionally, the IP3R2-/- mice can also be exposed to various blood flow insults 

to determine if the lack of capillary blood flow changes the susceptibility of the 

mice to hypoxic conditions. However, these results will be difficult to interpret as 

blocking glial Ca2+ signaling may have other effects beyond blood flow changes. 

 

2) Comprehensive pharmacology and molecular biology experiments to determine 

which cell types contribute to the neurovascular signaling cascades for capillaries 

and arterioles. Specifically, transgenic mice or viral vectors to block specific 

expression of neuronal COX, astrocyte COX, and astroyte P450. Although PLA2 

and PLD are important targets to study, they are involved in a huge diversity of 

cellular functions. Inhibiting or blocking these molecules genetically would likely 

lead to a wide range of effects, making it difficult to interpret any potential 

changes to blood flow. 

 

3) Characterization of how glial Ca2+ signaling, arteriole dilations and capillary 

dilations all change during disease states. For the retina, some interesting 

pathologies to explore are diabetic retinopathy, hypertension and glaucoma. 

 

4) In vivo and ex vivo physiology experiments to determine if focal dilations of 

capillaries can occur without changes to arteriole diameter. If yes, this would be 

an important finding that blood flow regulation can occur on a precise spatial 

scale. Previous work has started to explore focal retinal dilations (Srienc et al., 

2010), but the results contained here suggest it is worth exploring further. 

 

5) Immunohistochemistry, pharmacology, and genetics to determine the importance 

of influx of Ca2+ through channels versus release of Ca2+ from internal stores in 

Ca2+ glial signaling. It will be important to determine if these different Ca2+ 
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sources have distinct functions, play different roles in different CNS regions, or if 

both are needed for glial functions.  

 

6) Exploration into the mechanisms of the flicker-evoked Ca2+ decreases in the 

Müller cell endfeet along superficial capillaries. Controls are also needed to 

determine if the Ca2+ decrease is an artifact. 

 

7) Characterization of the continuum of mural cells and blood vessels is needed to 

facilitate discussion on how to define the complex vasculature so that future 

studies can focus on data rather than semantics. 

 

8) Exploration into which retinal neurons drive functional hyperemia. Retinal 

ganglion cells are a likely target, however experiments are needed to see if other 

neuronal cell types could be driving the arteriole and capillary dilations. 

 

9) Experiments are also needed to determine why the intermediate capillary layer 

dilates, while the superficial and deep capillary layers do not. Although a 

preliminary discussion of this questions has been presented in Kornfield and 

Newman (2014), experiments are needed to explore the different possibilities, 

including: a lack of glial Ca2+ activity near these sites, different pericyte 

physiology, different neuronal populations/structures, etc. 

 

10) Characterization is needed of the differences in neurovascular coupling between 

the cortex, retina and cerebellum. Although some of these potential differences 

have been highlighted by review papers (Attwell et al., 2010), it would be optimal 

for one lab, with consistent approaches, to explore how neurovascular coupling 

differs between CNS regions. Useful questions to start with include: are there 

different sources of glial Ca2+ used by astrocytes in different regions? Does the 

importance of various signaling molecules change with CNS region? Are there 

differences in capillary dilation magnitudes and, if so, why?	 	
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