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ABSTRACT 

Functional hyperemia is an endogenous regulatory process coupling synaptic activity 

and elevated neuronal energy demand with increased local blood flow.  This involves 

signalling between neurons, astrocytes and blood vessels, comprising the neurovascular 

unit.  Astrocyte processes ensheath both synapses and blood vessels, permitting multi-

modal responses to synaptic activity, where astrocyte cytoplasmic Ca
2+

 is elevated, 

triggering endfeet processes to release vasoactive molecules, such as arachidonic acid 

(AA) metabolites and gliotransmitters, such as D-serine. D-Serine is a co-agonist of the 

glycine regulatory site at N-methyl-D-aspartate (NMDA)-type glutamate receptors, and 

NMDA receptors play a role in functional hyperemia in vivo.  Thus, our aim was to 

examine the role of astrocyte D-serine in NMDA receptor-mediated vasodilation.  Using 

isolated pressurized mouse middle cerebral arteries (MCAs), we determined that co-

application of glutamate and D-serine induced dose-dependent dilation which was 

mediated by NMDA receptors and endothelial nitric oxide synthase (eNOS) in an 

endothelial-dependent mechanism.  This is the first evidence of direct vascular effects of 

D-serine and glutamate and suggests a possible role for endothelial NMDA receptor 

activation.  Several studies indicate vascular endothelial cells express NMDA receptor 

subunits.  However, expression in mouse endothelial cells has not been well 

characterized, so we identified NR1 and NR2C/2D subunit expression in primary brain 

endothelial cultures by PCR and immunocytochemistry, and further confirmed 

endothelial NR2C/2D expression in situ by immunohistochemistry.  To further 

investigate astrocyte D-serine release and NMDA receptor-mediated functional 

hyperemia within the neurovascular unit, we used an acute cortical brain slice model 
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where stimulation of astrocyte cytoplasmic Ca
2+

 induced vasodilation of nearby 

arterioles.  Pharmacologically, D-serine release and NMDA receptor activation were 

implicated in this vasodilation.  Endothelial-derived nitric oxide was also determined to 

induce dilation by inhibiting the production of an AA metabolite, 20-

hydroxyeicostetranoic acid (20-HETE), a vasoconstrictor.   This suggests an interaction 

between astrocyte vasoactive molecules, nitric oxide and D-serine, which warrants 

further investigation.  Overall, our results provide evidence of modulation of NMDA 

receptor-mediated neurovascular coupling by astrocytic D-serine.   
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CHAPTER 1: Introduction 

1.  Astrocytes influence synaptic environments and metabolism 

Historically, glia were considered to be the “glue” of the brain, but recent 

evidence suggests they are critical for normal brain function.  There are three major types 

of glia: oligodendrocytes, which produce myelin, microglia, which act as resident brain 

macrophages, and astrocytes.  Astrocytes are further classified into two main subtypes: 

fibrous and protoplasmic.  Fibrous astrocytes are located in white matter and have several 

long, straight, fiber-like processes, which overlap with processes from neighbouring 

astrocytes (Butt et al. 1994; Oberheim et al. 2006).  This thesis will deal with 

protoplasmic astrocytes, which are found in grey matter and have numerous branching 

processes that dictate a uniform shape.  Protoplasmic astrocytes are highly organized into 

domains, where each cell occupies a relatively homogeneous three dimensional space 

(Oberheim et al. 2006), and there is limited regional overlap between glia- only 4.6% of 

the total cell volume in mouse hippocampus (Ogata and Kosaka 2002).  Processes within 

each domain ensheath nearby synapses (Oberheim et al. 2006; Ventura and Harris 1999), 

permitting astrocytes to sense and modulate neuronal activity.  Domain organizations 

appear to be important for astrocyte function, since domains are most distinct in areas of 

high synaptic density, such as the cortex and hippocampus.  This translates to prominent 

astrocyte ensheathment of these synapses, like in the stratum radiatum where 80% of 

synapses are surrounded by astrocytic processes (Ventura and Harris 1999).    

Astrocyte processes also extend and completely envelop blood vessels with end-

feet (Oberheim et al. 2006), which are in continuous contact with the basal lamina 
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(Simard et al. 2003), and express surface proteins, such as glucose transporters, for 

uptake of energy substrates from the endothelium (Kacem et al. 1998).  Therefore, a 

single cortical astrocyte is in contact with different blood vessels, neuronal cell bodies 

and up to 140,000 synapses  in rodent brain, as estimated in the hippocampus (Bushong 

et al. 2002).  This provides specific spatial orientation for monitoring changes in neuronal 

activity and altering blood flow as required by neurons (Iadecola 2004).  This 

arrangement of neurons, astrocytes, and blood vessels is known as the “neurovascular 

unit”.    

Protoplasmic astrocytes form a functional syncytium, where distal processes are 

connected by connexin gap junctions permitting diffusion of ions and metabolites 

between neighbouring astrocytes (Giaume and McCarthy 1996; Scemes et al. 1998; 

Tabernero et al. 2006).  This creates a conduit for intercellular communication, but also 

allows intracellular communication through autocellular junctions between processes of 

the same cell (Rouach et al. 2002; Wolff et al. 1998).  Connexin proteins also form 

hemichannels, which do not connect to another cell, but allow release of small molecules 

from the cytoplasm into the extracellular space (Contreras et al. 2002; Rouach et al. 2002; 

Ye et al. 2003).  This network of gap junctions is central to astrocyte function, facilitating 

communication, information processing and coordinating activity within and around 

astrocyte domains.   

Astrocyte size and complexity increases with evolved cognitive abilities 

(Oberheim et al. 2009; Oberheim et al. 2006).  For example, rodent cortical astrocytes 

typically have three or four main processes and non-symmetrical domains compared to 
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human protoplasmic astrocytes which have a larger volume (27-fold greater), up to 40 

main processes and symmetrical domains (Oberheim et al. 2009; Oberheim et al. 2006)  

This suggests that increased astrocyte size and complexity may facilitate greater 

information processing and cognitive function. 

Based on spatial orientation, gap junction connections, and complexity, astrocytes 

are well situated to influence synaptic environments and function as “gatekeepers” of 

neuronal metabolism and blood flow coupling.  Astrocytes modulate the synaptic space 

by a complex multi-modal response.  First, they express numerous neurotransmitter 

receptors, which activate a wide array of signalling cascades and intracellular second 

messenger pathways that process information in parallel to neurons (Hamilton and 

Attwell 2010).  Second, astrocytes contain machinery for uptake and recycling 

neurotransmitters, such as glutamate (Anderson and Swanson 2000). Third, astrocytes 

can also release gliotransmitters, such as glutamate (Bezzi et al. 1998; Parpura et al. 

1994), ATP (Newman 2001; Pryazhnikov and Khiroug 2008), and D-serine (Martineau et 

al. 2008; Mothet et al. 2005), thereby modulating neuronal excitability and synaptic 

plasticity.  Fourth, astrocytes maintain synaptic homeostasis through buffering of 

extracellular ions.  Fifth, astrocytes sustain cerebral bioenergetics by directly supplying 

neurons with substrates for oxidative phosphorylation (Pellerin et al. 1998).  Finally, 

astrocytes also couple neuronal energy demand with local arteriole blood flow (Gordon et 

al. 2008; Metea and Newman 2006; Mulligan and MacVicar 2004; Takano et al. 2006; 

Zonta et al. 2003).   
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1.1 Astrocytes recycle synaptic glutamate  

Glutamate is an abundant central nervous system (CNS) neurotransmitter 

(Fonnum 1984).  High synaptic concentrations of glutamate can cause extreme neuronal 

excitation and ultimately, cell damage, which contributes to neuronal death in multiple 

diseases  (Dong et al. 2009).  Therefore, regulation of synaptic glutamate levels is crucial 

for neuronal survival.  Under normal conditions, glutamate balance in the neuropil is 

tightly controlled by astrocytes.  Astrocytic processes enveloping glutamatergic synapses 

express various amino acid transporters, which are the main route of extracellular 

glutamate removal (Danbolt 2001; Rothstein et al. 1994).  The primary glutamate 

transporters are Na
+
/glutamate co-transporters of the SLC gene family, termed excitatory 

amino acid transporter 1 and 2 in human tissue (Shashidharan et al. 1994) or glutamate 

transporter-1 and L-glutamate/L-aspartate transporter in rodents (Pines et al. 1992; Storck 

et al. 1992).  These proteins co-transport glutamate and three Na
+ 

ions using the Na
+
 

electrochemical gradient, maintained by Na
+
/K

+
 ATPase activity, to drive the removal of 

glutamate from extracellular spaces (Fig. 1).  Therefore, glutamate uptake is energetically 

expensive as it is coupled to ATP consumption by Na
+
/K

+
 ATPases.  Another Na

+
-

independent, glutamate/cysteine antiporter, is expressed by astrocytes but these conduct 

cysteine more than glutamate and are considered a secondary mechanism of glutamate 

uptake (Cho and Bannai 1990).  Neurons may also take up glutamate through excitatory 

amino acid transporter 3, although this transporter may be predominately used for 

cysteine uptake (Chen and Swanson 2003).  
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Figure 1: Astrocytes modulate synaptic environments and neuronal metabolism.   

(1) Astrocytes take up synaptic glutamate (Glu) through excitatory amino acid transporters 

(EAATs), which co-transport glutamate and Na+.  Glutamate is metabolized into tricarboxylic 

acid (TCA) cycle intermediates or glutamine (Gln) to be shuttled to neurons for conversion 

back to glutamate.  (2) When intracellular Ca2+ increases in response to mGluR activation, 

astrocytes release vesicles of gliotransmitters, such as glutamate, ATP, and D-serine (D-ser), 

which can modulate synaptic activity.  (3) Astrocytes take up K+ through K+ channels, which 

can cause cell swelling by osmosis.  K+ is siphoned through astrocytes (possibly through 

connexin gap junctions) from high concentrations to regions of low concentrations.  (4) 

Astrocytes produce lactate in response to glutamate uptake and increased intracellular Na+ 

and Ca2+.  Lactate is shuttled to neurons through MCTs for oxidative phosphorylation.  (5) 

Energy is stored long-term in astrocytes as glycogen, which can be converted to lactate for 

neuronal consumption. 
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Once synaptic glutamate enters astrocytes, one-third is used as a substrate for 

oxidative metabolism (Hertz et al. 2007; Hertz and Zielke 2004).  Astrocytes convert 

glutamate to α-ketoglutarate by glutamate dehydrogenase or aspartate aminotransferase to 

replenish components of the tricarboxylic acid cycle (Faff-Michalak and Albrecht 1993; 

McKenna et al. 2006).  A portion of salvaged glutamate is recycled for neurotransmission 

through a process known as the glutamate-glutamine shuttle (Fig. 1), involving 

conversion of glutamate to glutamine by glutamine synthase within astrocytes (McKenna 

2007). Glutamine is transferred to neurons were it is converted back to glutamate by 

phosphate-activated glutaminase (McKenna 2007).  Glutamate is repackaged into vesicles 

for synaptic release upon further stimulation.  This shuttle process is vital because 

neurons do not express enzymes for de novo synthesis of glutamate, so neuronal 

glutamate is entirely derived from astrocyte glutamine or α-ketoglutarate (Shank et al. 

1985; Yu et al. 1983).    

Astrocytes play a critical role in synaptic management, taking up glutamate and 

shuttling it back to neurons as glutamine.  However, extracellular glutamate also acts as a 

messenger that stimulates astrocyte metabolism (Charles 2005) and release of signalling 

molecules, which can activate neighbouring astrocytes (Scemes and Giaume 2006), alter 

neurotransmission (Bezzi et al. 1998), or influence vascular tone of blood vessels 

(Gordon et al. 2008; Metea and Newman 2006; Mulligan and MacVicar 2004; Takano et 

al. 2006; Zonta et al. 2003).  This multi-modal astrocytic response to glutamate is central 

to astrocyte information processing and will be discussed in more detail below. 
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1.2 Astrocyte Ca
2+

 and release of gliotransmitters 

Astrocytes express neurotransmitter receptors that facilitate changes in membrane 

potential and/or increases in cytosolic Ca
2+

 in response to synaptic transmission (Bezzi et 

al. 1998; Guthrie et al. 1999).  Glutamate and ATP stimulate increases in astrocytic Ca
2+

 

mainly through metabotropic glutamate receptors (mGluRs) and purinergic receptors, 

P2Y1 and P2Y2, respectively (Cornell-Bell et al. 1990; Guthrie et al. 1999).  These 

receptor types are G-protein coupled receptors, which activate phospholipase C, 

stimulating inositol-3-phosphate production and release of Ca
2+

 into the cytoplasm from 

the endoplasmic reticulum (Idestrup and Salter 1998; Sheppard et al. 1997).  Through 

mGluR and P2Y receptors, astrocytes can sense synaptic transmission as elevated 

cytosolic Ca
2+

, which is essential to astrocyte communication and processing.  Part of this 

communication involves propagation of astrocyte Ca
2+

 waves to other neighbouring 

astrocytes through connexin gap junctions (Blomstrand et al. 1999; Scemes et al. 1998), 

as fast, long-distance intercellular communication between glia (Scemes and Giaume 

2006).   

Increased intracellular Ca
2+

 also triggers astrocytes to release gliotransmitters, 

which act on nearby neurons to affect synaptic activity (Fossat et al. 2011; Nedergaard 

1994; Parpura et al. 1994), contribute to Ca
2+

 wave propagation in other astrocytes 

(Guthrie et al. 1999; Hassinger et al. 1996), have an autocrine effect to amplify Ca
2+

 

signals (Suadicani et al. 2006), or influence blood vessel diameter (Simard et al. 2003; 

Zonta et al. 2003).  Many gliotransmitters, including glutamate, ATP, and D-serine, are 

believed to be packaged in vesicles and stored in astrocyte endfeet.  Small vesicles 

similar to those at neuronal synapses have been detected in hippocampal astrocytes 
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(Bezzi et al. 2004; Jourdain et al. 2007) and contain vesicular glutamate transporter 1 and 

2 for accumulating glutamate (Bezzi et al. 2004).  Inhibition of vacuolar (H
+
) ATPase, 

which generates a pH gradient across vesicle membranes for driving gliotransmitter 

accumulation, reduces the release of glutamate (Araque et al. 2000), ATP (Coco et al. 

2003), and D-serine (Mothet et al. 2005) suggesting these gliotransmitters are collected 

within astrocyte vesicles.  Vesicles are released by Ca
2+

 and soluble N-ethylmaleimide 

sensitive fusion protein attachment protein receptor (SNARE) dependent exocytosis.  

Cultured astrocytes express SNARE proteins including synaptobrevin II, cellubrevin, 

syntaxin, and either synaptosomal-associated protein 23 or 25 (Hepp et al. 1999; 

Maienschein et al. 1999; Parpura et al. 1995).  Synaptobrevin II or cellubrevin have been 

shown to associate with D-serine, glutamate or ATP vesicles in astrocyte culture and in 

situ (Bezzi et al. 2004; Maienschein et al. 1999; Martineau et al. 2008).  As indicated by 

Figure 1, Ca
2+

-dependent gliotransmitter release is key for propagating extracellular 

signals within the glia network, but also for modulating neurotransmission (Fossat et al. 

2011; Guthrie et al. 1999). 

Astrocyte Ca
2+

 signals vary in strength, duration, and location (soma vs. 

processes) (Gordon et al. 2009; Shigetomi et al. 2010), which correlates with synaptic 

transmission (Di Castro et al. 2011).  Recent characterization of Ca
2+

 signals in astrocyte 

processes suggest there are two types of signals stimulated by neurotransmission.  

Expanded Ca
2+

 signals are long-lasting and may spread to the soma in response to 

neuronal action potentials (Di Castro et al. 2011), while focal microdomain responses 

(Shigetomi et al. 2010) are short, frequent Ca
2+

 transients in astrocyte processes, which 

correlate with spontaneous synaptic activity (Di Castro et al. 2011).  Expanded Ca
2+
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events trigger astrocyte activity, gliotransmission, etc., which help potentiate synaptic 

transmission, but the physiologic role of focal Ca
2+

 transients remains unclear (Di Castro 

et al. 2011).  Astrocyte Ca
2+

 signalling is key for astrocyte neuromodulation via release of 

gliotransmitters, signal propagation to other glia, and neurovascular coupling, however, 

more work is required to understand the heterogeneity of Ca
2+

 signals and how they 

affect astrocyte processing.   

1.3 Astrocytes buffer the extracellular ionic environment 

Astrocytes regulate the synaptic environment to optimize neurotransmission.  During 

action potentials, K
+
 ions enter the extracellular space, where they can alter membrane 

potential, and astrocytes buffer [K
+
]o (extracellular K

+
) through uptake mechanisms 

(Kofuji and Newman 2004).  K
+
 uptake involves influx of K

+
 through transporters or 

channels, which requires Cl
-
 influx or Na

+
 efflux to maintain membrane potential, and 

results in swelling due to osmotic forces (Amedee et al. 1997).  Astrocytes are capable of 

“siphoning” K
+
 from regions of high concentration to low concentration.  The driving 

force for this spatial buffering is astrocyte membrane potential, as astrocytes are highly 

permeable to K
+
 and hyperpolarized.  Passive K

+
 uptake from the synapse (regions of 

high [K
+
]o) depolarizes astrocytes, which is propagated throughout the glial network and 

triggers a net driving force for K
+
 to leave glia (Fig. 1) in regions of lower [K

+
]o (Amedee 

et al. 1997; Kofuji and Newman 2004).  Spatial K
+
 buffering is likely mediated by 

astrocyte inward rectifying K
+
 (Kir) channels, which are open at resting membrane 

potential and maintain hyperpolarization (Butt and Kalsi 2006; Sontheimer 1994).  Kir 

channels co-localize with astrocyte water channel, aquaporin 4 (Nielsen et al. 1997), and 

K
+
 transport is coupled to water transfer and swelling.  Therefore, through the uptake of 
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K
+ 

and other ions, astrocytes optimize the synaptic environment including extracellular 

volume for proper neuronal function.  Spatial buffering of K
+
 may also play a role in 

neurovascular coupling, as discussed below.   

1.4 Astrocytes mediate neuronal metabolism 

The human brain receives 10% of cardiac output and utilizes 20% of total blood 

glucose and oxygen during cerebral activity, even though it only makes up 2% of total 

body mass (Attwell et al. 2010). Maintenance of adequate energy substrates and oxygen 

supply is essential for restoring ion gradients after action potential conduction 

(Magistretti 2006; Magistretti and Pellerin 1999).  Perisynaptic astrocytes that extend 

process endfeet to local arterioles create a conduit for flow of energy substrates from 

blood to neurons.  These energy metabolites also spread long distances through the glial 

network (Giaume and McCarthy 1996), which may greatly influence brain metabolism 

(Rouach et al. 2008; Tsacopoulos and Magistretti 1996).  Astrocytes also store energy as 

glycogen, and supply neurons with lactate for oxidative phosphorylation (Brown and 

Ransom 2007; Pellerin et al. 1998).    

1.4.1 Astrocyte lactate fuels neuronal activity 

Astrocytes play an important role in brain metabolism by converting glucose to 

lactate in an activity-dependent and glutamate-mediated manner for delivery to neurons 

to satiate their energy requirements (Magistretti et al. 1999; Pellerin and Magistretti 

1994; Pellerin et al. 1998).  This is known as the astrocyte-neuron lactate shuttle 

hypothesis (ANLSH) and suggests lactate is an oxidative substrate for neurons, not a 

potentially damaging final metabolite of anaerobic glycolysis (Kasischke 2008).  In 
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rodent brain slices, inhibition of lactate transport and glycolysis during exposure to 

glutamate causes a permanent loss of neuronal function (Schurr et al. 1999), while 

addition of lactate maintains synaptic activity in the absence of glucose (Fowler 1993; 

Izumi et al. 1997; Schurr et al. 1988), preventing neurotoxicity (Cater et al. 2001; Maus 

et al. 1999; Schurr et al. 1997).   

Lactate metabolism is mediated by lactate dehydrogenase (LDH), which reversibly 

converts pyruvate to lactate with oxidation of NADH to NAD
+
 (Tsacopoulos and 

Magistretti 1996).  Neuronal glutamatergic transmission stimulates glucose utilization, 

glycolysis (Cholet et al. 2001; Pellerin and Magistretti 1994), and lactate production 

(Caesar et al. 2008; Schurr et al. 1999) by astrocytes (Cholet et al. 2001; Pellerin and 

Magistretti 1994; Voutsinos-Porche et al. 2003).  This increase in astrocyte metabolism 

occurs due to the energetic expense of glutamate uptake and balancing Na
+
 and Ca

2+ 

gradients, as intracellular Na
+
 is elevated through Na

+
 co-transport with glutamate and 

glutamate receptor stimulation increases intracellular Ca
2+

.  This also triggers 

intercellular Na
+
 and Ca

2+
 waves, elevating glucose uptake and metabolism in 

neighbouring astrocytes (Bernardinelli et al. 2004; Charles 2005).  Lactate is transported 

between the intracellular and extracellular spaces by monocarboxylate transporters 

(MCT).  MCT are symporters; co-transporting lactate anions with H
+
, suggesting lactate 

transport is mediated by pH (Barros and Deitmer 2009; Schneider et al. 1993).  Lactate is 

taken up rapidly by neurons through high affinity MCT2, which associates with post-

synaptic density proteins in dendritic spines (Bergersen et al. 2001).  Based on the 

ANSLH as outlined in Figure 1, lactate is transported out of astrocytes (through MCT1, 
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2, or 4), taken up by MCT2 into neurons, and converted to pyruvate for use in oxidative 

metabolism (Magistretti and Pellerin 1999).   

Extracellular lactate dynamics change during constant brain activity.  At rest, the 

extracellular space around neurons and astrocytes has a homogenous concentration of 

lactate and glucose (Barros and Deitmer 2009; Barros and Martinez 2007; Simpson et al. 

2007).  Brain lactate is produced locally, as blood lactate does not pass the blood-brain 

barrier as easily as glucose (Chih and Roberts Jr 2003).  Extracellular in vivo lactate 

decreases slightly during short periods of brain activation in vivo (Hu and Wilson 1997; 

Mangia et al. 2003), possibly because neurons are utilizing lactate for oxidative 

metabolism (Kasischke et al. 2004).  However, extracellular lactate rapidly rises as 

neuronal stimulation continues for longer periods (Mangia et al. 2007; Prichard et al. 

1991), and astrocyte glycolysis is elevated as indicated by increased cytoplasmic NADH 

(Kasischke et al. 2004).  Thus, astrocytes may replenish extracellular lactate pools for 

shuttling to neurons during prolonged activation (Bouzier-Sore et al. 2002; Magistretti 

and Pellerin 1999; Magistretti et al. 1999; Pellerin et al. 1998).   

Astrocyte lactate production may influence neuronal metabolism, but it also acts as a 

signalling molecule in other brain processes, including blood glucose sensing in the 

hypothalamus (Lam et al. 2007; Lam et al. 2005), and sodium sensing in the subfornical 

organ (Shimizu et al. 2007).  During blood glucose sensing and control, elevated blood 

glucose leads to increased glial lactate production in the hypothalamus (Lam et al. 2005).  

Lactate conversion to pyruvate in hypothalamic neurons is required to activate ATP-

sensitive K
+
 channels (KATP), which provide negative feedback to the liver, decreasing 
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liver gluconeogensis (Lam et al. 2005) and secretion of hepatic very-low density 

lipoprotein (Lam et al. 2007).  Astrocyte negative feedback on liver release of glucose 

and lipids is important to characterize, since metabolic syndromes, such as obesity and 

hepatic insulin resistance, could be related to dysfunction of this mechanism (Lam et al. 

2007).  Similarly, in the subfornical organ, lactate influences salt intake behaviour and 

blood Na
+
 sensing (Shimizu et al. 2007).  Glial cells of the subfornical organ express 

atypical sodium channels, which trigger anaerobic glucose metabolism and lactate 

production upon Na
+
 influx (Shimizu et al. 2007).  Release of astrocyte lactate stimulates 

inhibitory neurons in the subfornical organ by a MCT-dependent mechanism, reducing 

salt-intake behaviour (Shimizu et al. 2007).  These studies of the role of lactate in glucose 

and sodium sensing indicate an exciting new role for lactate as a signalling molecule.  

Lactate is also involved in brain blood flow regulation discussed below (Gordon et al. 

2008).    

1.4.2 Astrocyte glycogen as energy source 

Glycogen is the main mammalian storage depot of glucose, produced when 

glucose exceeds immediate energy requirements, and is metabolized when glucose levels 

cannot meet energy demands (Brown and Ransom 2007).  Glycogen is primarily 

produced in liver and muscle.  In the brain, astrocytes are the main glycogen repository.  

Astrocytes express both glycogen synthase (for glycogen formation) and glycogen 

phosphorylase (for glycogen degradation) (Pellegri et al. 1996).  Glycogen stores are 

primarily located in regions of high synaptic density, such as grey matter, (Phelps 1972; 

Sagar et al. 1987), and during hypoglycemia, astrocyte glycogen is critical for 

maintaining neuronal survival and synaptic activity in vitro (Swanson and Choi 1993), 
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and in vivo in cortex, hippocampus (Suh et al. 2007), and optic nerve (Wender et al. 

2000).   Glycogenolysis does not result in free glucose, since astrocytes do not express 

glucose-6-phosphatase, the enzyme necessary for free glucose production (Dringen and 

Hamprecht 1993).  Instead, glucose-6-phosphate from glycogenolysis is metabolized to 

lactate, as shown in cultured astrocytes (Dringen et al. 1993) and mouse optic nerves 

(Tekkok et al. 2005), linking glycogen utilization and the ANLSH.  Also, the astrocytic 

glycogen reservoir is influenced by glutamatergic transmission and uptake (Fig. 1).  

When astrocyte calcium rises due to glutamate release, glycogen phosphorylase is up-

regulated, triggering glycogenolysis (Shulman et al. 2001).  Concurrently, energy from 

glycogenolysis sustains the glutamate-glutamine cycle, since astrocyte glycogen 

breakdown is linked to glutamate uptake (Sickmann et al. 2009; Walls et al. 2009) and de 

novo synthesis of glutamate and glutamine (Gibbs et al. 2006; Gibbs et al. 2007).  While 

glycogen degradation is important for glutamate recycling, extracellular glutamate can 

elevate glycogen synthesis in astrocytes in vitro by encouraging glucose uptake and 

phosphorylation (Hamai et al. 1999).  This suggests a tight coupling exists between 

glutamate neurotransmission, glutamate uptake, glycogen reservoir dynamics, and the 

ANLSH.  

2. Control of Cerebral Blood Flow 

Cerebral blood supply stems from the circle of Willis at the base of the brain, which 

branches several times into smaller pial arteries on the cerebral surface (Iadecola and 

Nedergaard 2007).  Pial arteries are separated from brain cells by the Virchow-Robin 

space, but branch into arteries that penetrate the cortex and are in direct contact with 

astrocyte endfeet.  These arteries split into smaller cortical and subcortical arterioles and 
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capillaries (a single layer of endothelial cells) which are also in contact with astrocyte 

endfeet and small contractile cells known as pericytes (Peppiatt et al. 2006; Simard et al. 

2003).  Cerebral blood flow is regulated by two mechanisms: autoregulation and 

functional hyperemia.  Autoregulation maintains a constant flow of blood to the brain 

when systemic blood pressure is altered (Lassen 1959).  Functional hyperemia is rapid 

increases in local blood flow upon elevated neuronal activity, enhancing energy and 

oxygen supplies to meet brain energy demands (Iadecola 2004; Roy and Sherrington 

1890).  Neurons and glia consume large amounts of ATP restoring ion gradients after 

synaptic transmission, so energy balance is critical for neuronal function and survival 

(Attwell and Laughlin 2001).   

Functional hyperemia is a complex, multi-modal response involving numerous 

signalling pathways, which results in dilation of penetrating arterioles upstream of areas 

of activity and constriction in regions with abundant substrate supply and lower activity 

(Devor et al. 2007).  Historically, increased blood flow was believed to be linked to 

elevated neuronal metabolic by-products (Roy and Sherrington 1890), such as CO2, H
+
, 

lactate, K
+
, and adenosine.  It was expected that increased CO2 (by bicarbonate buffering) 

and H
+
 would acidify the extracellular environment, triggering dilation of neighbouring 

blood vessels (Tian et al. 1995).  In contrast, recent studies have shown that the 

extracellular space becomes alkaline shortly after neurotransmission, due to action of the 

Ca
2+

/H
+
 ATPase to restore neuronal intracellular Ca

2+
 levels.  This indicates CO2 and H

+
 

may not act as metabolic dilators (Astrup et al 1978, Makani Chesler 2010).  Lactate is 

produced via increased glycolysis during neuronal activity, and can elevate local blood 

flow (Ido et al. 2001), likely through modulation of prostaglandin levels, discussed in the 
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next section (Gordon et al. 2008).   

Extracellular K
+
 ([K

+
]o), released during metabolism, neuronal depolarization and 

astrocyte activity can alter diameter of neighbouring arterioles during functional 

hyperemia (Edwards et al. 1988; Kuschinsky et al. 1972; McCarron and Halpern 1990).  

The type of vascular response is determined by K
+
 concentration- [K

+
]o less than 20 mM 

causes vasodilation and [K
+
]o greater than 20 mM triggers vasoconstriction (Girouard et 

al. 2010; Knot et al. 1996).  K
+
 controls vascular tone through vascular smooth muscle 

voltage-gated Ca
2+

 channels (VGCC), which are very sensitive to changes in membrane 

potential (Nelson et al. 1990; Rubart et al. 1996).  Polarity in smooth muscle responses to 

extracelluar K
+
 exists because at 3-20 mM [K

+
]o , conductance of smooth muscle inward 

rectifying Kir2.1 K
+
 channels (Bradley et al. 1999) is increased causing hyperpolarization, 

reduced VGCC activity, and less smooth muscle contraction (Girouard et al. 2010).  At 

larger [K
+
]o concentrations, smooth muscle cells depolarize, increasing conductance of 

VGCC and causing constriction (Knot and Nelson 1998; Knot et al. 1996).  Na
+
/K

+
 

ATPase and other K
+
 transporters likely terminate the extracellular signal by taking up 

perivascular K
+ 

(Girouard et al. 2010).  Smooth muscle also expresses ATP- sensitive K
+
 

(KATP) channels, which can dilate arterioles when activated (Sun and Hu 2010), however 

the role of these channels in functional hyperemia is uncertain.   

Adenosine is also considered a neuro-metabolic signal, as it is the end-product of 

ATP degradation, produced during neuronal energy consumption and synaptic release 

(Ko, Ngai, Winn 1990).  Adenosine is an important inhibitory neuromodulator, but it is 

also involved in neurovascular coupling (Haglund et al. 2008; Sciotti et al. 1993).  
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Several studies have shown adenosine triggers vasodilation of arterioles in brain slices 

(Gordon et al. 2008), somatosensory cortical arterioles in vivo after whisker stimulation 

(Dirnagl et al. 1994; Shi et al. 2007) and somatosensory pial arteries in vivo after sciatic 

nerve stimulation (Ko et al. 1990; Meno et al. 2005).  Adenosine binds vascular smooth 

muscle A2 adenosine receptors (Miekisiak et al. 2008), triggering vasodilation by 

increasing cAMP and phosphorylation of K
+
 channels, which hyperpolarizes the cell and 

decreases Ca
2+

 entry through VGCC (Pelligrino et al. 2010).  There are two types of 

adenosine A2 receptors (A2A and A2B) and A2A has a greater affinity for adenosine 

(Hinschen et al. 2003).  Debate exists over the vascular receptor subtype involved in 

dilation, as an A2A antagonist inhibits pial arteriole dilation to sciatic nerve stimulation in 

vivo (Meno et al. 2001), while A2B inhibition reduces somatosensory functional 

hyperemia in vivo (Shi et al. 2007).  Also, A2A receptors appear to mediate hyperemia 

during hypoxia (Miekisiak et al. 2008).  Adenosine is released from neurons, but it can 

also be produced from ecto-nucleotidase metabolism of astrocyte ATP during 

gliotransmission (Pelligrino et al. 2011).   

Lactate, potassium, and adenosine are metabolites produced by neurons involved 

in functional hyperemia.  However, blood flow increases regardless of the time course of 

metabolite accumulation, suggesting other mechanisms exist (Pelligrino et al. 2011; 

Sandor 1999).  Recent studies show functional hyperemia involves specific neuronal 

signalling to blood vessels within the neurovascular unit, either through direct innervation 

and release of vasoactive neuromodulators (such as ATP, norepinephrine, acetylcholine, 

or nitric oxide (discussed in Section 3.4)) or metabolites (lactate, adenosine, K
+
), or 
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indirectly by stimulating astrocytes to release vasoactive molecules near blood vessels.   

2.1 Astrocytes modulate blood vessel diameter 

As previously mentioned, astrocyte spatial orientation permits relay of signals 

from neurons to blood vessels, since astrocyte processes contact both synapses and the 

vasculature.  As part of the multi-faceted response of astrocytes to increased neuronal 

activity, synaptic glutamate and/or ATP triggers elevated intracellular astrocyte Ca
2+

 

through mGluR5 (Zonta et al. 2003) and P2Y receptors (Simard et al. 2003).  Astrocyte 

cytosolic Ca
2+

 elevations (Filosa et al. 2004; Simard et al. 2003; Zonta et al. 2003), and 

inositol-3-phosphate signalling (Straub et al. 2006) are central to neurovascular coupling, 

stimulating release of vasoactive compounds (Fig. 2) that dilate or constrict neighbouring 

arterioles (Gordon et al. 2008; Metea and Newman 2006; Mulligan and MacVicar 2004; 

Takano et al. 2006; Zonta et al. 2003).  Multiple parallel pathways occur simultaneously 

to regulate blood flow.  Several of these mechanisms will be discussed below.   

2.1.1 Arachidonic Acid Metabolites 

ATP or glutamate increases intracellular Ca
2+

 in astrocytes, stimulating activity of 

phospholipase A2 (PLA2), which hydrolyzes phospholipids to produce arachidonic acid 

(AA) (Byrnes et al. 2009; Mulligan and MacVicar 2004; Sun et al. 2005).  AA 

metabolism by several enzymes produces different molecules with variable vascular 

effects (Fig. 2).  In brain slices and hyperemia in vivo, AA can be metabolized by 

astrocyte cyclooxygenase (COX) (Takano et al. 2006; Zonta et al. 2003) to  prostaglandin 

E2 (PGE2).  Treatment with a non-selective COX or COX-1 inhibitor in slices or in vivo 
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Figure 2: Astrocyte intracellular Ca2+ elevations trigger release of vasoactive molecules. 

(1) PLA2 is activated by Ca
2+

 and produces AA.  AA is metabolized in astrocyte endfeet 

to PGE2 or EET which dilate arterioles, or AA can diffuse to smooth muscle where it 

forms 20-HETE and causes constriction.  (2) K
+
 is released from astrocyte endfeet 

through BKCa, and the amount of K
+
 released is directly proportional to astrocyte Ca

2+
 

level.  K
+
 is taken up into smooth muscle through Kir and causes dilation at low 

concentrations and constriction at high concentrations.  (3) HO is activated by Ca
2+

 and 

produces CO, which diffuses to smooth muscle and triggers dilation.  (4) ATP released 

from astrocytes is metabolized to adenosine (Ado).  Ado binds to smooth muscle A2 

adenosine receptors causing arteriolar dilation. 
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blocks arteriolar vasodilation after astrocyte Ca
2+

 stimulations, suggesting it is PGE2-

mediated (Gordon et al. 2008; Takano et al. 2006; Zonta et al. 2003).  Also, in astrocytes 

and retinal glial cells, AA is metabolized by cytochrome P450 epoxygenase to 

epoxyeicosatrienoic acids (EETs), which cause vasodilation (Liu et al. 2011; Metea and 

Newman 2006; Peng et al. 2002).  Both PGE2 and EETs generate vasodilation by opening 

arteriole smooth muscle large conductance Ca
2+

-sensitive K
+
 (BKCa) channels, triggering 

hyperpolarization and decreased VGCC activity (Gebremedhin et al. 1992; Higashimori 

et al. 2010; Miura and Gutterman 1998).  EETs also indirectly stimulate BKCa channels 

by increasing Ca
2+

 sparks (Earley et al. 2005).  Conversely, AA can also diffuse to 

smooth muscle cells where it is rapidly metabolized by ω-hydroxylase (another 

cytochrome P450 enzyme) to produce the vasoconstrictor, 20-hydroxyeicosatetraenoic 

acid (20-HETE) (Mulligan and MacVicar 2004).  20-HETE causes smooth muscle 

contraction and vasoconstriction by inhibiting vascular BKCa K
+
 channels, leading to 

depolarization and increased Ca
2+

 entry through VGCC.  20-HETE is also implicated in 

vasoconstriction of the retina in response to light stimulation (Metea and Newman 2006).   

At first, these opposing effects of astrocyte AA metabolism on vaso-reactivity 

represented a confusing dichotomy in the field.  However, recent reports have begun to 

bring clarity by showing that the directional control of AA metabolism is finely 

controlled by metabolic need and nitric oxide. In brain slices and retinal preparations 

aerated with 95-100% oxygen (common oxygen concentrations used in 

electrophysiological recordings), elevated astrocyte Ca
2+

 leads to vasoconstriction 

mediated by 20-HETE production (Gordon et al. 2008; Mishra et al. 2011; Mulligan and 

MacVicar 2004).  However, in brain slices and retinal preparations treated with 
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20% oxygen, astrocyte Ca
2+

 elevations cause vasodilation induced by PGE2 produced by 

COX-1 (Gordon et al. 2008; Mishra et al. 2011), similar to in vivo studies (Takano et al. 

2006).  At 20% oxygen, astrocytes display heightened glycolysis and lactate production 

(Gordon et al. 2008), similar to studies of the ANLSH (Magistretti and Pellerin 1999).  

Also, astrocyte endfeet express a prostaglandin-lactate transporter, known to exchange 

intracellular lactate for extracellular PGE2 (Chan et al. 2002). Thus, at 20% oxygen, as 

represented in Figure 3, increased extracellular lactate from astrocyte glycolysis inhibits 

the prostaglandin-lactate transporter, resulting in elevated extracellular PGE2 and 

vasodilation (Gordon et al. 2008).  Current consensus suggests astrocytes maintain 

vascular tone equilibrium (between vasodilation and vasoconstriction) under 

physiological conditions.  When synaptic activity is low and oxygen is not being 

consumed, vasoconstriction by 20-HETE is favoured because PGE2 is taken up rapidly 

through prostaglandin-lactate transporters.  During periods of greater brain activity, 

oxygen is depleted and lactate is released from astrocytes following glycolysis.  This 

leads to inhibition of the prostaglandin-lactate transporter, more extracellular PGE2 and 

vasodilation.  This mechanism couples cerebral blood flow regulation and the ANLSH, 

since astrocyte lactate production may act as a neuronal energy source and signalling 

molecule to increase blood flow.  It is also the first direct mechanism linking brain tissue 

energy deficits and increased blood flow (Sandor 1999).  While astrocytes may “sense” 

the oxygen content in their local environment through the production of lactate (Gordon 

et al. 2008), and trigger either vasodilation or vasoconstriction, the nature of how this 

switch occurs is still unclear.  Recent studies in vivo suggest oxygen levels may not 

influence neurovascular coupling compared to in vitro preparations 
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Figure 3: Lactate, NO, and adenosine can affect AA metabolite signalling. 

At low O2 concentrations (20%), lactate and adenosine (Ado) enhance arteriole 

vasodilation.  Lactate production is increased due to elevated glycolysis, leading to export 

through MCTs.  Extracellular lactate inhibits the prostaglandin/lactate transporter, 

reducing lactate release and increasing perivascular PGE2 (Gordon et al. 2008).  Ado, 

from increased metabolism and ATP release, blocks 20-HETE vasoconstriction, possibly 

through vascular A2A receptors (Gordon et al. 2008).  Also, Ado can inhibit EET 

production or release through astrocyte A2B receptors (Shi et al. 2007), but how this 

impacts neurovascular coupling is unknown.  Nitric oxide (NO), from nNOS and eNOS, 

can inhibit EET and 20-HETE production (Metea and Newman 2006) and dilate smooth 

muscle directly.  
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(Lindauer et al. 2010; Mishra et al. 2011).  In ex vivo retinal preparations, incubation with 

100% oxygen drastically increases tissue partial pressure of oxygen (pO2) 16-fold, while 

administering 100% oxygen to anesthetised rats only modestly elevates retinal pO2 

(Mishra et al. 2011).  Consequently, retinal neurovascular coupling favours vasodilation 

under normoxic and hyperoxic conditions in vivo, compared to vasoconstrictions in vitro 

under high pO2.  Physiologic cerebral oxygen levels are between 12-38 mmHg (Jamieson 

and Vandenbrenk 1963; Metzger et al. 1971; O'Hara et al. 2005), suggesting 20-HETE 

synthesis, which is dependent on binding of molecular oxygen as a cofactor and has a 

KmO2 (Michaelis constant for oxygen) of 60-70 mmHg (Harder et al. 1996), is reduced 

under normoxic conditions.  Conversely, production of prostaglandins and EETs, both 

with KmO2  ≤ 10 mmHg (Harder et al. 1996; Juranek et al. 1999), would be favoured at 

physiologic oxygen levels.  Therefore, the role of cerebral oxygen tension in switching 

between dilation and constriction might be less significant in vivo and further studies are 

required to fully test this hypothesis.    

The role of nitric oxide (NO) in functional hyperemia further complicates 

neurovascular signalling, as NO modulates AA metabolite activity (Metea and Newman 

2006).  Nitric oxide is produced by three different enzymes: neuronal nitric oxide 

synthase (nNOS), endothelial nitric oxide synthase (eNOS) and inducible nitric oxide 

synthase (iNOS).  nNOS influences neurotransmission (Karlsson et al. 2007), and eNOS 

activity regulates vascular tone (Ignarro et al. 1999).  Both of these enzymes also play a 

role in cerebral vasodilation, which will be discussed in more detail below.  iNOS is 

expressed by numerous brain cell types including neurons, astrocytes and microglia, and 

is activated during inflammation and trauma (Block et al. 2007; Heneka and 
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Feinstein 2001; Hewett et al. 1994).  Traditionally, NO acts directly as a vasodilator, 

stimulating vascular smooth muscle guanylyl cyclase leading to activation of K
+
 channels 

and hyperpolarization (Ignarro et al. 1999).  However, NO can also inhibit cytochrome 

P450 enzymes (Fig. 3), such as ω-hydroxylase, decreasing 20-HETE production (Alonso-

Galicia et al. 1999; Alonso-Galicia et al. 1998), or cytochrome P450 epoxygenase, 

reducing EET production (Udosen et al. 2003).  Also, NO weakly activates COX-1, while 

suppressing COX-2 (Fujimoto et al. 2004), which may affect prostaglandin levels.  Thus, 

cerebral vasodilation by NO likely involves both direct smooth muscle effects and 

indirect inhibition of 20-HETE, there  by favouring dilation by prostaglandins and EETs 

(Attwell et al. 2010; Sun et al. 2000).  In retinal preparations aerated with 95% O2, NO 

enhances constriction after neuronal and glial cell activation, possibly by reducing EET 

production and favouring the 20-HETE pathway (Metea and Newman 2006).  In vivo NO 

inhibits 20-HETE production, since blood flow reduction by a NOS antagonist is 

reversed by 20-HETE inhibition (Liu et al. 2008).  High oxygen tension stimulates nNOS 

activity in brain slices (Abu-Soud et al. 1996; Elayan et al. 2000).  Therefore, Attwell et 

al. (2010) suggest high O2 levels favour vasoconstriction by stimulating NO production 

which reduces EET concentrations.  Lower O2 levels limit 20-HETE synthesis, favouring 

vasodilation.  However, further studies are required to determine the validity of this 

hypothesis and the effects of oxygen on NO and AA metabolites.  NO modulation could 

be important for neurovascular coupling during pathological situations, since inhibition 

of iNOS, which is elevated in retinal glia of diabetic animal models, rescues functional 

hyperemia (Mishra and Newman 2010).  NO inhibition of EET production is suggested to 

mediate this response, but has not been tested (Mishra and Newman 2010).   
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Adenosine derived from astrocytes or neuronal metabolism may also interact with 

AA metabolites (Fig. 3).  First, adenosine activity is influenced by tissue oxygen tension 

and may influence dilation pathways, since A2A-mediated dilation is capable of blocking 

20-HETE-induced vasoconstriction in brain slices treated with high oxygen (95%) 

(Gordon et al. 2008).  Also, by adding adenosine with a prostaglandin transporter 

blocker, which increased the extracellular PGE2 concentration, constrictions could be 

converted to dilations at high oxygen (Gordon et al. 2008).  However, these brain slice 

experiments were conducted at room temperature, which may greatly reduce adenosine 

release from brain slices (Masino and Dunwiddie 1999), making the role of adenosine in 

this model difficult to interpret.  Second, astrocyte adenosine A2B receptors appear to 

regulate EET production during somatosensory stimulation in vivo (Shi et al. 2007), but 

the extent of interaction between endogenous adenosine and AA metabolites, along with 

the role of both vascular A2A and A2B receptors in neurovascular coupling is unclear.  

Further work is required to dissect out these complex pathways.    

Basal blood vessel tone can also dictate polarity of vascular responses to AA 

metabolites.  In brain slices aerated with 95% O2, astrocyte stimulation triggers dilation 

of intracortical arterioles pre-constricted greater than 50%, but causes constriction of 

arterioles pre-constricted moderately or not at all (Blanco et al. 2008).  This suggests 

there is a “set-point” of blood vessel tone that is optimal for functional hyperemia, but the 

details are uncertain.  While astrocytic production of AA metabolites controls vascular 

tone, inhibition of these pathways does not completely block vasodilation, suggesting 

other signalling pathways, such as those discussed below, are involved.  
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2.1.2 Potassium 

Astrocytes express machinery, such as inwardly rectifying Kir4.1 K
+
 channels or 

large conductance Ca
2+

 sensitive K
+
 channels (BKCa), to “siphon” K

+
 by taking it up from 

synaptic spaces (high concentrations) and releasing it into the perivascular space (low 

concentrations) (Kofuji and Newman 2004).  As mentioned above, smooth muscle cells 

respond to extracellular K
+
, which is an important pathway of neurovascular coupling, 

since inhibition of BKCa or Kir channels reduces cortical functional hyperemia in vivo 

(Gerrits et al. 2002; Leithner et al. 2010).  In retina, it was suggested vasodilation can be 

triggered via K
+
 efflux through glial endfoot Kir4.1 channels in response to 

neurotransmission (Newman et al. 1984; Paulson and Newman 1987), but studies of 

Kir4.1 knockout mice show no difference in K
+
-induced dilation compared to controls 

(Metea et al. 2007).  Recently, another mechanism was proposed involving astrocyte 

BKCa channels, which are Ca
2+

-dependent (Filosa et al. 2006), and mediate constriction 

or dilation (Fig. 2) (Girouard et al. 2010).  Cytosolic Ca
2+

 signal intensity dictates 

astrocyte BKCa channel activation and K
+
 efflux.  For example, moderate astrocyte Ca

2+
 

increases trigger dilation of neighbouring arterioles, likely due to modest K
+
 release (less 

that 20 mM) from BKCa channels.  Larger astrocyte Ca
2+

 signals convert dilations to 

constrictions, via greater BKCa channel opening and higher astrocyte K
+
 release (greater 

than 20 mM) (Girouard et al. 2010).  Therefore, through astrocyte BKCa channels, 

synaptic transmission-induced astrocyte Ca
2+

 elevations are coupled with K
+
-mediated 

alterations of blood flow, and conceivably, astrocytes could select for dilation or 

constriction based on magnitude of K
+
 release (Dunn and Nelson 2010).    

AA metabolite and K
+
 signalling occur in parallel to regulate cerebral blood flow 
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(Filosa et al. 2006), and may interact since AA metabolites also affect smooth muscle ion 

conductance.  For example, in renal arteries, PGE2 can induce smooth muscle BKCa 

channel- mediated dilation through EP2 or EP4 prostanoid receptors (Zhang et al. 2005), 

but this mechanism has not been tested in cerebral arteries.  Also, astrocyte BKCa channel 

activity is increased by EETs (Higashimori et al. 2010), suggesting AA metabolites can 

modulate K
+
 release into the perivascular space, but the extent of interaction between 

these two pathways requires further investigation.       

2.1.3 Carbon Monoxide 

Carbon monoxide (CO) is produced from heme oxygenase (HO) and can dilate blood 

vessels by increasing the coupling of smooth muscle BKCa channels with local Ca
2+

 

transients or “sparks” which elevate BKCa channel activity (Jaggar et al. 2002; Wu et al. 

2002; Xi et al. 2010).  As mentioned above, BKCa channels can cause smooth muscle 

hyperpolarization, reduce VGCC activity and dilate blood vessels.  Glutamate-induced 

vasodilation of piglet cerebral arteries involves CO, since inhibitors of HO block 

vasorelaxation of isolated arteries (Fiumana et al. 2003) and pial arteries in vivo (Leffler 

et al. 1999; Robinson et al. 2002).  Glutamate stimulates CO production from endothelial 

and smooth muscle cells in microvessels, triggering endothelium-dependent dilation 

(Fiumana et al. 2003; Leffler et al. 2003).  However, glutamate also induces CO 

production from astrocyte endfeet (Leffler et al. 2006) by intracellular Ca
2+

 and 

calmodulin-dependent activation of HO (Fig. 2) (Xi et al. 2011)  This CO increase can 

mediate vasodilation in vivo (Li et al. 2008).    Thus, CO is another diffusible, vasoactive 

molecule, released when neurotransmission activates astrocytes.  Similar to AA 

metabolites, NO (possibly derived from the endothelium (Barkoudah et al. 2004)) 



 28 

increases CO production in vivo (Leffler et al. 2005a; Leffler et al. 2005b), however the 

extent of this modulation is unclear.  Furthermore, all CO studies have involved newborn 

piglets, which show a greater dilation to CO than juvenile or adult pigs (Holt et al. 2007).  

While CO is possibly an important mediator of functional hyperemia, further 

investigation of other ages and species would benefit the characterization of this 

mechanism.     

2.2 Capillary Blood Flow Regulation 

Recent evidence suggest pericytes can regulate blood flow at the capillary level 

(Peppiatt et al. 2006), since they express contractile machinery and directly contact 

capillary endothelial cells even though they do not form a continuous layer like smooth 

muscle cells (Hamilton et al. 2010).  Several signalling molecules may mediate pericyte 

tone, since cultured pericytes and isolated retinal capillaries contract or relax to 

neurotransmitters and possibly arachidonic acid derivatives (Puro 2007; Shepro and 

Morel 1993).  Pericytes in rat brain slices dilate to glutamate and contract to 

norepinephrine and ATP (Peppiatt et al. 2006).  Also, relaxation or constriction signals 

are propagated between pericytes (Peppiatt et al. 2006; Puro 2007), but it is unclear if 

signals spread between pericytes directly (possibly through gap junctions) or pass 

through endothelial cells via gap junctions and feed back to neighbouring pericytes  

(Attwell et al. 2010).  While pericytes have the necessary machinery to regulate blood 

flow, there is still debate over their role in neurovascular coupling.  Most studies have 

been conducted in vitro under high oxygen concentrations, and it remains unknown if 

pericytes are sensitive to tissue oxygen tension, as in arteriole pathways where oxygen 

modulates constriction/relaxation pathways (Hamilton et al. 2010).  Also, a recent in vivo 
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study determined blood flow increases in response to neuronal activity occurred by 

arteriolar dilation and not changes at the capillary level (Fernandez-Klett et al. 2010).  

However, pericytes can contract capillaries in vivo (Fernandez-Klett et al. 2010) and this 

could be important under pathological conditions such as ischemia (Yemisci et al. 2009).  

Further studies of pericytes will help to better elucidate their role in neurovascular 

coupling.     

3. NMDA Receptors and Blood Flow 

Glutamate is the primary neurotransmitter of the central nervous system and binds to 

two families of receptors: metabotropic and ionotropic receptors (Bonvento et al. 2002). 

There are three groups of metabotropic glutamate receptors (mGluRs): Group I, which 

activate excitatory second messenger pathways, and Group II and III, which stimulate 

inhibitory signalling (Niswender and Conn 2010; Ohashi et al. 2002). There are also two 

types of ionotropic glutamate receptors: α-amino-3-hydroxy-5-methylisoxazole-4-

propionate (AMPA) receptors and N-methyl-D-aspartate (NMDA) receptors (Garthwaite 

1991; Lerma et al. 1997; McDonald and Johnston 1990).  AMPA receptors conduct Na
+
 

and K
+
, while NMDA receptors permit mainly Ca

2+
 influx, bind glutamate with a higher 

affinity and have a slower and longer channel conductance than AMPA receptors 

(Dingledine et al. 1999).  At rest, NMDA receptors are blocked by Mg
2+

, which is 

removed by AMPA-induced depolarization (Dingledine et al. 1999).  As a result, AMPA 

and NMDA receptors often co-localize on post-synaptic neurons, and together these 

receptors are critical for proper neuronal function (Bliss and Collingridge 1993).   

Due to high Ca
2+

 permeability, NMDA receptors are involved in neuronal signalling 
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pathways, such as synaptic plasticity, but can also contribute to cell death when over-

stimulated, which is known as excitotoxicity.  Synaptic plasticity is represented 

experimentally by long-term potentiation (LTP) and long-term depression (LTD), which 

are believed to facilitate signal transduction within a neural circuit, and mediate 

information storage and induction of long-term memory formation (Malenka 1994).  LTP 

is prolonged synaptic strength, as a result of brief, high-frequency electrical stimulation.  

Repetitive activation of NMDA receptors results in sufficient intracellular Ca
2+

 

concentrations to trigger second messenger pathways, including kinase activation (like 

Ca
2+

-calmodulin kinase II (Malinow et al. 1989)), which induce LTP (Bliss and 

Collingridge 1993; Malenka 1994),  Conversely, LTD is prolonged synaptic weakness, as 

a result of longer, low-frequency electrical stimulation.  LTD is also dependent on 

NMDA receptor Ca
2+

 conductance, however, the amplitude of intracellular Ca
2+

 is lower 

and more prolonged than LTP (Yang et al. 1999), which activates signalling pathways, 

such as phosphatases (Mulkey et al. 1994).  Through Ca
2+

 conductance, NMDA receptors 

can dictate synaptic plasticity and mediate both LTP and LTD to increase flexibility of 

information processing.  Prolonged NMDA receptor activation can also lead to massive 

Ca
2+

 influx and cell death known as excitotoxicity, which is prevalent in numerous 

neurodegenerative disorders where excessive glutamate is released (Choi 1987; Choi et 

al. 1988).  This dysfunctional Ca
2+

 homeostasis causes cell swelling, mitochondrial 

damage, oxidative stress and free radical production, and activation of calcium-dependent 

proteases (Lau and Tymianski 2010).  All of these factors cause cell injury and possibly 

death, and provide a mechanism by which NMDA receptors mediate disease situations. 

3.1 Properties of NMDA receptors 
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NMDA receptor activation requires binding of glutamate and a co-agonist, 

glycine or D-serine, and these receptors conduct ions, including Ca
2+

, when open.  

NMDA receptors are complex heterotetrameric structures made up of seven different 

subunits- NR1, NR2A-D, NR3A and 3B, of which there are numerous splice variants 

(Blahos and Wenthold 1996; Dingledine et al. 1999).  For example, human NR1 has eight 

different isoforms due to various combinations from three alternative splice sites (Cull-

Candy and Leszkiewicz 2004).  Each of the seven subunits has an extracellular N-

terminus and intracellular C-terminus, with three transmembrane domains and re-entrant 

membrane loop (Dingledine et al. 1999).  These proteins also have extensive 

glycosylation sites, which ensure proper channel function (Dingledine et al. 1999).  

Glutamate binds to sites on NR2 subunits, and NR1 and NR3 subunits contain the 

glycine/D-serine binding site (Chatterton et al. 2002; Dingledine et al. 1999).  Neuronal 

NMDA receptors typically consist of NR1/NR2 subunits (Behe et al. 1995; Dingledine et 

al. 1999), most commonly NR2A and/or NR2B in adult brain (Blahos and Wenthold 

1996), but there is also evidence for NMDA receptors composed of NR1/NR2/NR3 

(Salter and Fern 2005) or NR1/NR3 (Chatterton et al. 2002).  At rest, NMDA receptors 

are blocked by an extracellular Mg
2+

 ion, which binds the channel pore (Fig. 4).  

Membrane depolarization, typically by AMPA receptor activation, repels Mg
2+

, 

facilitating NMDA receptor activation (Dingledine et al. 1999).  Mg
2+

 sensitivity is 

dictated by the NR2 subunit composition, as the re-entrant loop of NR2A or NR2B 

contains an asparagine residue (Cull-Candy and Leszkiewicz 2004), which permits high 

affinity Mg
2+

 binding compared to NR2C or NR2D (Monyer et al. 1994) or NR3A or 

NR3B (Chatterton et al. 2002).  
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Figure 4: NMDA receptor structure and binding sites. 

NMDA receptors are tetramers typically made up of NR1 and NR2 subunits.  They 

are activated by glutamate or NMDA (which binds NR2 subunits) and glycine or D-

serine (which binds NR1 subunits), and conduct mainly Ca
2+

 ions when open.  At resting 

membrane potential, an Mg
2+

 ion blocks the pore, which is removed by membrane 

depolarization.  NMDA receptors also have several sites where allosteric modulators, 

such as Zn
2+

 and polyamines, can alter channel activation and conductance.  The C-

terminus of NR1 associates with PSD-95, which facilitates localization to synaptic 

membranes and association with other proteins such as K
+
 channels and nNOS.  
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NMDA receptor population diversity is mainly dictated by the subunit 

composition, as this determines channel properties.  For example, the presence of NR2A 

decreases binding affinity of glycine on NR1, compared to other NR2 subunits (Buller et 

al. 1994; Kutsuwada et al. 1992), indicating subunit composition influences receptor 

potentiation.  Subunit expression also changes with development, as the proportion of 

subunits in sensory pathways shift from NR2B to NR2A.  Expression of NR2B is critical 

for synaptic plasticity and initiation of LTP during early stages (Cull-Candy and 

Leszkiewicz 2004), but NR2A is responsible for LTP at mature synapses (Massey et al. 

2004).  In mature neurons, post-synaptic membranes contain NR2A subunits for direct 

synaptic transmission, while NR2B is found on extra-synaptic membranes and could be 

required for LTD induction (Massey et al. 2004) and sensing large glutamate signals 

during excitotoxicity (Scimemi et al. 2004).  NR2B is also expressed in presynaptic 

autoreceptors, which modulate glutamate release (Scimemi et al. 2004).  NR3 subunits 

further complicate receptor properties.  NR3A expression with NR1/NR2 reduces Ca
2+

 

influx and channel conductance, as measured by single channel and whole cell recordings 

(Ciabarra et al. 1995; Das et al. 1998).  Also, NR1/NR3 receptors are unusual excitatory 

receptors because they require only glycine for potentiation, they are insensitive to Mg
2+

 

and impermeable to Ca
2+

 (Chatterton et al. 2002).  Evidence also suggests glycine 

binding to NR3 alone is sufficient to activate these receptors and NR1 binding acts as a 

modulatory site to decrease channel conductance (Awobuluyi et al. 2007).  Therefore, the 

subunit composition, NR2A vs. 2B and NR3A or 3B, dictates channel properties and 

these receptors have diverse distributions throughout the CNS.  

NMDA receptor function is also influenced by allosteric modulation of Zn
2+

, H
+
, 
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polyamines, and oxidizing/reducing agents (Fig. 4).  Blockage of NMDA receptors by 

Zn
2+

 is voltage-dependent, involving some of the same residues required for Mg
2+

 

binding.  It is also voltage-independent, which depends on the subunit composition 

(Peters et al. 1987; Trombley and Shepherd 1996), as NR2A-containing receptors bind 

Zn
2+

 with high affinity (Paoletti et al. 1997).  Extracellular pH also affects NMDA 

receptor function, since extracellular acidity diminishes the frequency of channel 

opening, possibly by altering movement of the channel gate (Traynelis et al. 1998).  

Some subunits are more sensitive to H
+
, such that physiologic pH (7.4) may inhibit part 

of the NMDA receptor population (Dingledine et al. 1999; Traynelis et al. 1998).  Since 

synaptic pH changes during prolonged neurotransmission, it is possible NMDA receptor 

inhibition is elevated during excitotoxicity, which may have neuroprotective effects 

(Gray et al. 1997; Kaku et al. 1993).    Endogenous extracellular polyamines, such as 

spermine and spermidine, also alter NMDA receptor function by voltage-dependent 

inhibition, glycine-dependent potentiation, and voltage and glycine-independent 

potentiation.  Voltage-dependent inhibition involves the same mechanism and residues as 

Mg
2+

 and Zn
2+

 block, but with lower affinity (Benveniste and Mayer 1993; Rock and 

MacDonald 1992).  Polyamines also increase glycine binding affinity, decreasing the 

glycine concentration required for co-agonist activity (Benveniste and Mayer 1993; 

Ransom and Deschenes 1990).  It is currently unknown if this increased binding affinity 

and potentiation also applies to D-serine.  Polyamines also encourage NMDA receptor 

potentiation, independent of depolarization or glycine, possibly by altering the pH sensor 

and reducing H
+
 inhibition (Dingledine et al. 1999; Traynelis et al. 1998).  

Oxidation/reduction of sulfide groups of two cysteine residues on NR1 and NR2 subunits 
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also alters NMDA receptor properties.  Reduction increases the probability of channel 

opening, while oxidation decreases channel conduction, possibly by altering Mg
2+

 and 

Zn
2+

 inhibition (Dingledine et al. 1999; Tang and Aizenman 1993).  Most forms of 

allosteric modulation effect NR1 subunits and different NR1 isoforms have different 

degrees of modulation.  For example, isoforms lacking exon 5 are more sensitive to 

inhibition by pH changes (Traynelis et al. 1995).  This contributes to diversity of NMDA 

receptor properties and makes allosteric modulation complex, particularly because 

different modulators have overlapping modulatory sites, which may affect one another.  

As well as conducting ions, NMDA receptors associate with various cell signalling 

intermediates, which influence receptor function and intracellular pathways.  For 

example, C-terminal splice variants of NR1 associate with different proteins, such as α-

actinin,  postsynaptic density (PSD)-95 (Fig. 4), or calmodulin proteins (Dingledine et al. 

1999).  Association with α-actinin, an actin binding protein, modulates NMDA receptor 

localization, while PSD-95 causes clustering of numerous NMDA receptors within the 

synapse (Wyszynski et al. 1997).  Other proteins indirectly complex with NMDA 

receptors through PSD-95, such as K
+
 channels (Kim et al. 1996) and neuronal nitric 

oxide synthase (nNOS) (Brenman et al. 1996).  Intracellular regions of some NMDA 

receptor subunits can also be phosphorylated at serine/threonine or tyrosine residues, 

enhancing receptor function and population heterogeneity.  Protein kinase A or C 

phosphorylate NR1 serine/threonines, and while the effects of protein kinase A 

phosphorylation are not well characterized, protein kinase C phosphorylation reduces 

blockage by Mg
2+

, allowing increased channel activation (Chen and Huang 1992).  

Phosphorylation of C-terminal tyrosine sites of NR2 subunits by Src kinase, also 
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potentiates NMDA receptor activity, by reducing Zn
2+

 binding (Zheng et al. 1998).  

Potentiation by tyrosine phosphorylation is greatest with NR2A, since it has a higher 

affinity for Zn
2+

 than NR2B, NR2C, and NR2D (Dingledine et al. 1999).  Tyrosine 

phosphorylation has been linked to LTP induction in CA1 neurons (Lu et al. 1998), and 

therefore plays a crucial role in NMDA receptor physiologic function (Dingledine et al. 

1999).  Increased channel activity and influx of Ca
2+

 through NMDA receptors, activates 

pathways to decrease NMDA receptor potentiation. For example, phosphatases, such as 

calcineurin and tyrosine phosphatases, are activated and reverse enhancement of 

serine/threonine and tyrosine phosphorylation, diminishing channel conductance 

(Dingledine et al. 1999; Lieberman and Mody 1994).  Also, elevated intracellular Ca
2+

 

complexes with calmodulin and binds NR1 to decrease the probability of channel 

opening (Ehlers et al. 1996).  Thus, NMDA receptor activity is modulated by kinases and 

phosphatases, which form a feedback loop controlled by intracellular Ca
2+

 influx.   

NMDA receptors are complex glutamate receptors.  Receptor kinetics and 

characteristics are dictated by heterogeneous subunit composition and subunit expression 

is varied throughout the CNS to regulate plasticity and development.  NMDA receptor 

activity is further complicated by numerous modulation sites, which form feedback loops 

to greatly influence receptor function.   

3.2 D-serine- Endogenous NMDA receptor co-agonist 

Glycine and D-serine both bind the glycine modulatory site on NMDA receptors, 

but D-serine has greater efficacy (Fadda et al. 1988; Hashimoto et al. 1995; Matsui et al. 

1995) and 3-4 fold greater potency compared to glycine (Matsui et al. 1995).  D-serine is 
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enriched in brain regions with high NMDA receptor expression, and application of an 

enzyme to degrade D-serine (D-amino acid oxidase), significantly reduces NMDA 

receptor activity (Mothet et al. 2000; Panatier et al. 2006; Shleper et al. 2005; Stevens et 

al. 2003; Yang et al. 2003), suggesting D-serine is the endogenous co-agonist in these 

regions.   

D-Serine immunostaining co-localizes with cultured astrocytes (Martineau et al. 

2008) and protoplasmic astrocytes in situ near synapses with many NMDA receptors, 

such as the CA1 region of the hippocampus (Fossat et al. 2011; Hashimoto et al. 1993; 

Schell et al. 1995) and the prefrontal cortex (Fossat et al. 2011).  Also, some populations 

of neurons in the cortex, forebrain, and brainstem produce D-serine (Fossat et al. 2011; 

Kartvelishvily et al. 2006; Miya et al. 2008; Rosenberg et al.).  D-Serine release in 

culture is triggered by activation of metabotropic and AMPA glutamate receptors on glial 

cells (Martineau et al. 2008; Mothet et al. 2005).  These receptors elevate intracellular 

calcium, leading to vesicular release of D-serine by SNARE- dependent exocytosis 

(Martineau et al. 2008; Mothet et al. 2005).  Due to requirement of astrocytic Ca
2+

 

activation for release, D-serine is considered to be a gliotransmitter and an important 

mediator of neuron-glia interactions through NMDA receptor modulation.  Basal D-

serine levels in the prefrontal cortex and striatum in vivo range between 5-7 µM, as 

measured by microdialysis (Hashimoto et al. 1995), however, peripheral free D-serine 

levels in blood serum or other organs are near 1-2 µM (Ohnuma et al. 2008).    

D-Serine is produced by serine racemase, a pyridoxial-5’ phosphate-containing 

enzyme which catalyzes the enantiomeric conversion of L-serine to D-serine (Wolosker 
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et al. 1999b), and is expressed by astrocytes (Wolosker et al. 1999a) and some neurons 

(Ding et al. 2011).  Extracellular D-serine is taken up with low affinity through the Na
+
 

dependent amino acid transporter, ASCT2 (Ribeiro et al. 2002), which has a higher 

affinity for L-cysteine, L-alanine, and L-serine and is expressed in cultured astrocytes 

(Shao et al. 2009; Yamamoto et al. 2003), neurons (Shao et al. 2009), and retinal Müller 

cells (Dun et al. 2007), as well as neuronal dendrites in situ (Gliddon et al. 2009).  D-

Serine is also taken up with high affinity through the Na
+
-independent alanine-serine-

cysteine transporter 1, Asc-1, which is reported in presynaptic terminals, dendrites and 

cell bodies of neurons in situ and in vitro (Helboe et al. 2003; Shao et al. 2009).   

Intracellular D-serine is degraded by a peroxisomal flavin adenine dinucleotide- 

dependent enzyme, D-amino acid oxidase (DAAO), which breaks down D-amino acids to 

α-keto acids and ammonia through oxidative deamination (Pollegioni et al. 2007).  

Together, serine racemase, amino acid transporters, and DAAO modulate intracellular 

and extracellular D-serine concentrations.     

D-Serine influences synaptic NMDA receptor activity during neuronal 

development (Kim et al. 2005) and synaptic plasticity, as well as pathological situations 

such as models of excitotoxicity (Shleper et al. 2005).  Incubation with DAAO reduces 

NMDA receptor currents in several preparations including co-cultures of astrocytes and 

hippocampal neurons (Mothet et al. 2000; Yang et al. 2003), acute slices of hippocampus 

(Mothet et al. 2006; Yang et al. 2003; Zhang et al. 2008b), prefrontal cortex (Fossat et al. 

2011), and hypothalamus (Panatier et al. 2006) and retinal preparations (Gustafson et al. 

2007; Stevens et al. 2003).  Through neuronal NMDA receptors, astrocyte D-serine 

influences LTP and synaptic plasticity in cultured neurons and hippocampal or 
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prefrontal cortical slices (Fossat et al. 2011; Henneberger et al. 2010; Mothet et al. 2006; 

Panatier et al. 2006; Yang et al. 2003), regulating induction of LTP, synaptic plasticity 

and learning and memory (Braunewell and Manahan-Vaughan 2001).  In addition, D-

serine is also involved in long-term depression (LTD) and apears to modulate LTD in a 

bell-shaped concentration-dependent manner, but the precise mechanism of these effects 

is unknown (Zhang et al. 2008b).  With roles in LTP, LTD, and synaptic plasticity, D-

serine has emerged as an important gliotransmitter and modulator NMDA receptor 

activity, which impacts memory formation, retrieval and cognition.   

Several studies implicating D-serine as a major modulator of NMDA receptor 

function have utilized several types of serine racemase knockout mice (Basu et al. 2009; 

Miya et al. 2008).  Brain D-serine concentrations in these mice is reduced 90% compared 

to wildtype animals.  Serine racemase knockout mice are viable without obvious defects, 

but they display impaired learning and memory (Basu et al. 2009) and schizophrenia-like 

symptoms including increased anxiety and decreased sociability  (Labrie et al. 2009).  

These traits are attributed to decreased NMDA receptor function and provide protection 

during excitotoxicity, as described below.  

D-Serine also plays a role in neurodegenerative diseases, including stroke, 

amyotrophic lateral sclerosis, and Alzheimer’s disease.  Excess D-serine contributes to 

NMDA receptor-mediated excitotoxicity (Martineau et al. 2006), a common trigger of 

neuronal death in Alzheimer’s disease and other neurodegenerative diseases.  Treatment 

of cultured neurons with amyloid β-peptide (Aβ) enriched with D-serine causes massive 

neurotoxicity, which is rescued by addition of DAAO (Wu et al. 2004).  Serine racemase 
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knockout mice display neuroprotection during excitotoxicity and forebrain injury by Aβ 

peptide treatment (Inoue et al. 2008).  During oxygen/glucose deprivation and other 

models of cerebral ischemia, excess glycine or D-serine perpetuates neurotoxicity 

(Katsuki et al. 2007); however, neuronal death is reduced by treatment with DAAO 

(Katsuki et al. 2004) or serine racemase deletion (Mustafa et al. 2010).  Similarly, 

progression of amyotrophic lateral sclerosis correlates with increased glial serine 

racemase expression and D-serine production (Sasabe et al. 2007), but further evidence is 

required to link motor-neuron excitotoxicity with excess D-serine.  While D-serine plays 

a pathological role in NMDA receptor activation, it has also been linked to diseases 

involving reduced NMDA receptor signalling pathways, such as schizophrenia.  

Schizophrenic patients have significantly lower serum levels of D-serine (Hashimoto et 

al. 2003), generating a hypothesis that schizophrenia pathogenesis is related to altered 

gene expression of proteins for D-serine metabolism, such as serine racemase and DAAO 

(Pollegioni and Sacchi 2010).  Current clinical research is now targeting these pathways 

for therapeutic development.  

3.3 Non-neuronal NMDA receptors 

NMDA receptors have been identified as being expressed by glia of the CNS, such as 

oligodendrocytes (Karadottir et al. 2005; Salter and Fern 2005), activated microglia 

(Murugan et al. 2011)  and astrocytes (Lalo et al. 2006; Lee et al. 2010).  Astrocyte 

NMDA receptors are likely composed of NR2C and insensitive to block by Mg
2+

 

(Palygin et al. 2011).  They are activated by synaptic transmission and contribute to 

elevated intracellular Ca
2+

 (Lee et al. 2010; Palygin et al. 2010).  However, the extent of 
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NMDA receptor involvement in astrocyte Ca
2+

 signalling and neurovascular coupling is 

not yet clear.    

Interestingly, cells outside the CNS, including kidney (Deng et al. 2002; Leung et al. 

2002), heart (Gao et al. 2007), pancreas (Inagaki et al. 1995), lung (Said et al. 1996), 

lymphocytes (Boldyrev et al. 2004), platelets (Franconi et al. 1996), bone cells 

(osteoblasts and osteoclasts) (Patton et al. 1998), keratinocytes (Genever et al. 1999), and 

vascular endothelium (Andras et al. 2007; Reijerkerk et al. 2010; Sharp 2003) also 

express NMDA receptors.  In many cases, NMDA receptor function in these tissues is 

unknown, but recent evidence is helping to elucidate a role of glutamate signalling in 

other cell types.  For example, activation of brain endothelial cell NMDA receptors may 

increase activity of heme oxygenase (HO) and CO production (Parfenova et al. 2003) and 

eNOS activity and NO production (Scott et al. 2007), suggesting endothelial cells could 

be involved in glutamate-mediated vasodilation.  However, over-activation of endothelial 

NMDA receptors during diseases such as ischemia could damage the endothelium and 

disrupt blood-brain barrier (BBB) integrity (Liu et al. 2010).  NMDA receptor activation 

upregulates P-glycoprotein (an efflux transporter) (Zhu and Liu 2004), alters occludin (a 

tight junction protein) expression thereby reducing transendothelial electrical resistance 

(Andras et al. 2007; Neuhaus et al. 2011b), and encourages monocyte migration across 

the BBB (Koenig et al. 1992; Reijerkerk et al. 2010).  Also, BBB disruption by 

endothelial NMDA receptor activation leads to oxidative stress (Kuhlmann et al. 2008; 

Sharp 2003), which activates NADPH-oxidase and increases reactive oxygen species 

(ROS) (Kuhlmann et al. 2009; Sharp et al. 2005).  Oxidative stress can feedback to 

upregulate NMDA receptor expression (Betzen et al. 2009).  There is also a link 
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between endothelial glucose transport and NMDA receptors, since oxygen-glucose 

deprivation of endothelial cells in vitro, upregulates NR1 and glucose transporter 1 and 

increases glucose uptake, while inhibition of NMDA receptors reduces glucose 

transporter 1 expression (Neuhaus et al. 2011a).  Thus, endothelial NMDA receptors may 

mediate BBB breakdown and endothelial damage during pathological conditions and 

could be targeted therapeutically.  It is important to note majority of these studies utilized 

endothelial cell lines or primary cultures, which often differ in their proteomic expression 

and BBB properties, so further studies are required with other models to better 

understand endothelial NMDA receptor function.  Overall, glutamate signalling and 

NMDA receptors may serve critical roles in numerous peripheral tissues, but further 

studies are warranted.    

3.4 NMDA receptors can mediate cerebral vasodilation 

Glutamate and NMDA activate NMDA receptors to mediate dilation of cerebral 

arterioles in vivo, which appears to occur universally across species, including piglet, rat, 

and rabbit (Busija and Leffler 1989; Domoki et al. 2002; Faraci and Breese 1993; Iliff et 

al. 2003; Simandle et al. 2005).  Most of these studies monitored the response of pial 

arterioles to glutamate or NMDA application through a cranial window (Busija et al. 

2007; Busija and Leffler 1989; Domoki et al. 2002; Faraci and Breese 1993; Faraci and 

Breese 1994; Iliff et al. 2003), and found reproducible vasodilation and no evidence of 

excitotoxicity or vessel damage (Busija and Leffler 1989; Pelligrino et al. 1995).  

Dilation was inhibited by N
ω
-nitro-L-arginine (L-NAME), a general NOS inhibitor, 

(Meng et al. 1995; Pelligrino et al. 1995), 7-nitroindazole, an nNOS selective antagonist 

(Bari et al. 1996b; Faraci and Brian 1995), and in some cases, tetrodotoxin (TTX), a 
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voltage-gated sodium channel blocker (Faraci and Breese 1993; Pelligrino et al. 1996), 

implicating neuronal activity and NO production as part of the dilation mechanism (Chi 

et al. 2003; Faraci and Breese 1993).   

NMDA receptors and nNOS are functionally-linked via Ca
2+

 influx.  Nitric oxide 

synthase enzymes degrade L-arginine to NO and L-citrulline, and require oxygen and 

several co-factors including, NADPH and calmodulin (Alderton et al. 2001).  When 

NMDA receptors are activated, cytoplasmic Ca
2+

 increases and complexes with 

calmodulin, which bind nNOS stimulating enzymatic activity (Roman et al. 2000).  

NMDA receptors and nNOS are also physically linked, since they are both tethered to 

PSD-95 in the synaptic membrane (Brenman et al. 1996).  This allows a tight coupling 

between NMDA receptor channel conductance and nNOS activation, and suggests 

NMDA receptor-mediated functional hyperemia involves vascular smooth muscle 

dilation via NO from neighbouring neurons.  However, nNOS and NMDA receptor 

neuronal co-localization has been difficult to pin-point near cortical blood vessels by 

immunohistochemistry, and variations are apparent between species, age, and anatomical 

region (Aoki et al. 1997; Bari et al. 1998c; Gracy and Pickel 1997).  Thus, NO may not 

be the major mediator of NMDA receptor-induced vasodilation in all brain regions, and 

other compounds such as adenosine and AA metabolites may also be involved (Bhardwaj 

et al. 2000; Iliff et al. 2003).  

Astrocyte D-serine and neuronal NO can influence each other.  D-Serine potentiates 

neuronal NMDA receptors, increasing NO production.  This is evident in serine racemase 

knockout mice, which display lower D-serine levels and decreased NO production and 
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nitrosylated proteins (Mustafa et al. 2010).  Neuronal NO can diffuse to astrocytes and 

nitrosylate and inhibit serine racemase while activating DAAO, which reduces D-serine 

production overall (Shoji et al. 2006a; Shoji et al. 2006b).  This creates a feedback loop 

where glutamatergic neurotransmission triggers astrocyte D-serine release, activating 

NMDA receptors and nNOS, leading to NO diffusion and inhibition of D-serine 

production.  Currently, the role of D-serine in NMDA receptor-mediated functional 

hyperemia is unknown, but it may help increase NO production.   

Using wire or pressure myography, several studies indicate glutamate and NMDA 

dilate isolated arteries free of neural circuitry (Crespi et al. 2000; Fiumana et al. 2003; 

Nguyen-Duong 2001; Parfenova et al. 2003), by an endothelium-dependent mechanism 

(Fiumana et al. 2003).  However, several groups have demonstrated that NMDA receptor 

agonists do not directly dilate isolated arteries (Faraci and Breese 1993; Hardebo et al. 

1989; Simandle et al. 2005; Wendling et al. 1996), suggesting innervation is required.  

Lack of dilation of isolated arteries could be due to absence of glycine site co-agonists, 

glycine or D-serine, which have not been considered to date.  Also, expression of NMDA 

receptor subunits by brain endothelial cells has been demonstrated (Andras et al. 2007; 

Krizbai et al. 1998; Reijerkerk et al. 2010; Scott et al. 2007; Sharp 2003), but this has 

been refuted in other studies (Domoki et al. 2008; Morley et al. 1998).  Results from 

various studies vary greatly and it is unclear if activation of endothelial NMDA receptors 

can trigger vasodilation in brain.  However, glutamate treatment of cultured endothelial 

cells stimulates HO and eNOS to release CO and NO metabolites (Parfenova et al. 2003; 

Scott et al. 2007), which could relax vascular smooth muscle.  eNOS is a crucial mediator 

of baseline brain vascular tone (Iadecola 1993) and functional hyperemia resulting 
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from experimental seizures (Pereira de Vasconcelos et al. 2006), focal brain trauma 

(Hlatky et al. 2003) and cerebral ischemia (Endres et al. 2004).  During these conditions, 

extracellular glutamate is greatly elevated and may trigger excitotoxicity; therefore, it is 

possible that hyperemia involving eNOS requires high glutamate concentrations for 

activation.  A recent study by de Labra et al. (2009) demonstrated both eNOS and nNOS 

activity were important for control of functional hyperemia, but the degree of neuronal 

activation dictated which enzyme was activated.  During low frequency stimulation, 

vascular NO, likely derived from eNOS, had a greater effect on vascular responses, while 

nNOS mediated effects were triggered by high frequency stimulation (de Labra et al. 

2009).  This work helps to determine the relative importance of eNOS vs. nNOS in 

neurovascular coupling, but further studies would better distinguish the contributions of 

these enzymes. 

4. Astrocyte Dysfunction and Neurovascular Coupling in Disease 

Multiple brain diseases are associated with abnormal energy metabolism, 

dysfunctional glutamate cycling by astrocytes, and altered functional hyperemia.  Here, 

we discuss astrocytes in Alzheimer’s disease, vascular dementia, cerebral ischemia, 

epilepsy, and diabetes. 

4.1 Alzheimer’s Disease and Vascular Dementia 

Alzheimer’s disease (AD) is the most common form of dementia, characterized by 

declining cognitive performance and memory (McKhann et al. 1984).  AD pathology is 

characterized by two types of lesions- amyloid-β (Aβ) plaques, consisting of insoluble, 

extracellular deposits of Aβ peptide fibrils, and neurofibrillary tangles, composed of 
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intracellular neuronal deposits of hyper-phosphorylated and crosslinked tau protein.  Aβ 

plaques are linked to synaptic dysfunction, activation of microglia and astrocytes, and 

oxidative stress (Fuller et al. 2009).   

During AD, astrocytes undergo morphological changes, related to proximity of 

Aβ deposits.  Near neuritic and Aβ plaques, astrocytes from AD patients undergo reactive 

gliosis (Simpson et al. 2010), where glial fibrillary acidic protein (an intermediate 

filament protein) is upregulated and cytokines (transforming growth factor-β and 

interleukin- 1β) (Reilly et al. 1998) are released.  In dementia patients (Senitz et al. 1995) 

and AD transgenic mice (Rodriguez et al. 2009) astrocytes distal to Aβ plaques display 

decreased surface area and volume of processes.  This astrocyte dystrophy and reactive 

astrogliosis may greatly impair astrocytic modulation of synaptic environments and 

neuronal metabolism, exacerbating AD progression (Fuller et al. 2009).  For example, 

astrocytes from AD patients display decreased glutamate transporter expression (Li et al. 

1997; Masliah et al. 2000), diminished glutamine synthetase activity, and reduced 

glutamine concentration in cerebrospinal fluid (Csernansky et al. 1996; Jimenez-Jimenez 

et al. 1998), suggesting dysfunctional glutamate uptake and glutamine shuttling to 

neurons.  Also, AD patients exhibit reduced glucose uptake (Alexander et al. 2002), often 

before Aβ plaques or neurofibrillary tangles are detected (Morley et al. 1998), suggesting 

energy metabolism is altered early in disease.  Lactate can rescue learning consolidation 

impaired by Aβ peptide administration to day-old chicks (Gibbs et al. 2009), signifying 

astrocyte lactate production and influence over neuronal metabolism are linked to Aβ 

memory deficits.  Thus, dysfunctional astrocytes could be central to AD pathogenesis.  
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As AD progresses, vascular dysfunction contributes to vasoconstriction (Niwa et 

al. 2001), while reducing neurovascular coupling (Iadecola 2004; Niwa et al. 2000) and 

resting blood flow (Mentis et al. 1996; Warkentin and Passant 1997).  Astrocytes from 

transgenic AD mice in vivo exhibit increased frequency of spontaneous, focal 

intracellular Ca
2+ 

responses, which are not coupled with neuronal activity and may impact 

release of vasoactive molecules and neurovascular coupling (Kuchibhotla et al. 2009; 

Takano et al. 2007).   Also, amyloid β-peptide accumulates in blood vessel walls (Selkoe 

and Schenk 2003), possibly because it is cleared from cerebral interstitial fluid through a 

mechanism involving perivascular drainage and transport across the BBB (Preston et al. 

2003)   Vascular Aβ accumulation causes endothelial cell deformity, smooth muscle 

deterioration (Farkas and Luiten 2001), and pericyte toxicity (Wilhelmus et al. 2007), 

which is linked to reduced free NO and vasoconstriction (Niwa et al. 2001; Thomas et al. 

1996).  Thus, dysfunctional neurovascular coupling during AD could be caused by 

altered Ca
2+

 signalling in astrocytes and gross vascular abnormalities, which change 

normal intrinsic vascular tone.  Astrocytes are central to AD initiation and progression, 

and have now become future therapeutic targets (Fuller et al. 2009).   

A growing body of evidence suggests defective vascular function acts precipitously to 

cause chronic generalized subcortical ischemia and associated brain dysfunction, leading 

to a type of dementia known as vascular dementia (VaD).  VaD is associated with 

cardiovascular risk factors such as hypertension and diabetes (Chui 2001).  

Cerebrovascular dysfunction, including impaired functional hyperemia, is the major 

contributor to VaD.  Cognitive symptoms and vascular dysfunction in VaD are similar to 

AD and up to 60% of AD patients also have VaD, making it difficult to differentiate 
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between these two dementias (Lee 2011).  Abnormalities in astrocyte control of blood 

flow have not been studied in VaD, but may contribute to vascular effects as in AD.  

4.2 Ischemia 

During cerebral ischemia, blood flow is occluded either by artery blockage (focal 

ischemia) or cardiac arrest (global ischemia), causing bioenergetic failure (Hertz 2008).  

Reduced oxygen and glucose levels stimulate a chain reaction where glycolysis produces 

lactate and proton acidification of the cytoplasm (Silver et al. 1997) and reactive oxygen 

species (ROS) form due to electron transport chain leakage (Abramov et al. 2007).  ATP 

becomes depleted, inhibiting Na
+
/ K

+ 
ATPase and triggering membrane depolarization 

(Silver et al. 1997).  Extracellular glutamate is elevated because of depolarization and 

subsequent vesicular release by non-vesicular egress mechanisms.  This initiates further 

membrane depolarization, mitochondrial damage, excitotoxicity, and neuronal death 

(Brookes et al. 2004; Nicholls 2004; Nicholls et al. 2007; Schild et al. 2003).  Neurons 

are very sensitive to this chain reaction, while astrocytes are more resistant because they 

can increase their glycolytic rate (Walz and Mukerji 1990) or utilize alternate energy 

substrates for ATP production (Edmond et al. 1987; Hertz 2003; Hertz and Hertz 2003).  

Astrocytes also exploit glutathione stores to limit ROS damage (Juurlink 1997).   

During ischemia, astrocyte glutamate recycling becomes dysfunctional in an 

attempt to balance increased extracellular glutamate.  Excessive glutamate uptake 

through transporters elevates astrocyte cytoplasmic Na
+
, leading to cell swelling. 

Astrocytes express volume-regulated anion channels, which efflux glutamate and other 

amino acids to reduce ischemic swelling, further elevating extracellular glutamate 
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(Kimelberg et al. 1990).  Finally, as ATP levels drop, astrocytes depolarize leading to 

glutamate transporter reversal and glutamate efflux (Bonde et al. 2003; Phillis et al. 

2000).  Astrocyte glutamate handling has become a potential ischemic therapeutic target, 

since upregulating expression or activity of glutamate transporters or inhibiting volume-

regulated anion channels may decrease glutamate excitotoxicity (Rossi et al. 2007). 

Exhaustion of ATP supplies and progression of neuronal death during ischemia 

can be prevented by increased availability of energy substrates, such as astrocyte lactate 

and glycogen (Brown et al. 2005; Schurr et al. 2001; Tekkok et al. 2005).  However, as 

oxygen is depleted, oxidative phosphorylation is inhibited and anaerobic glycolysis 

(particularly of glial glycogen) increases (Rossi et al. 2007), which causes lactic acidosis 

and exacerbates brain damage (Li and Siesjo 1997).  In early stages of ischemia, 

increasing glycogen stores (by elevating glycogen synthase activity, for example) may 

increase protective benefits of glycogen (Rossi et al. 2007).  However, in later stages of 

ischemia, inhibition of lactic acid damage, (such as blocking H
+
 sensing ion channels 

(Xiong et al. 2004)) may be important for neuroprotection (Rossi et al. 2007).   

During ischemia, propagation of signals and metabolites through the glial network is 

reduced at astrocyte gap junctions, but increased through hemichannels (Contreras et al. 

2002).  Increasing diffusion through gap junctions could be beneficial since they conduct 

protective molecules to the injury site and remove toxic molecules (Contreras et al. 

2002).  However, increased hemichannel activity allows Na
+
 and Ca

2+
 to diffuse into 

astrocytes, while glutamate flows out, furthering excitotoxicity (Ye et al. 2003).  Also, an 

important astrocytic antioxidant, glutathione, is lost through astrocyte hemichannels, 
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limiting ROS protection (Rana and Dringen 2007).  While both hemichannels and gap 

junctions respond to ischemic signals, they are difficult therapeutic targets as both are 

inhibited by the same antagonists, obscuring potential benefits (Rossi et al. 2007).   

Reperfusion after ischemia is characterized by reduced blood flow (Leffler et al. 

1989) and functional hyperemia due to disruption of the neurovascular unit via neuronal 

and vascular ischemic damage (del Zoppo 2010).  Reduced neurovascular coupling 

exacerbates ischemic injury, which may increase infarct size.  Blood flow is partly 

reduced because fibrin, activated platelets and/or leukocytes occlude capillaries and 

venules (del Zoppo and Mabuchi 2003).  However, hypoxia and ischemia reduce dilation 

of pial arteries to NMDA receptor agonists in vivo (Bari et al. 1996a; Bari et al. 1998a; 

Bari et al. 1998b; Busija et al. 1996) and decrease arteriolar K
+
 channel activity (Bari et 

al. 1996c), which could reduce the dilatory effects of astrocyte K
+
 siphoning.  

Neurovascular dysfunction is also apparent at the capillary level where pericytes cause 

constriction (Peppiatt et al. 2006; Yemisci et al. 2009), which is likely stimulated by 

peroxynitrite formation by endothelial cells (Yemisci et al. 2009).  Evidence also 

suggests that AA metabolite (EETs and 20-HETE) signalling is altered during ischemia, 

which also contributes to decreased blood flow and neurovascular coupling.  Recent 

therapeutic studies have elevated EET levels using inhibitors of soluble epoxide 

hydrolase (sEH), an enzyme that degrades EETs (Imig and Hammock 2009).  sEH 

inhibitors are beneficial regardless of administration time, since infarct size is decreased 

in rodents when the drug is given chronically, shortly after the ischemic insult or during 

reperfusion (Dorrance et al. 2005; Simpkins et al. 2009; Zhang et al. 2007; Zhang et al. 

2008a).  EETs mediate this protection, since inhibition of CYP epoxygenase (the 
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EET synthesis enzyme) prevents sEH benefits (Zhang et al. 2007; Zhang et al. 2008a).  

This protective mechanism increases astrocyte survival (Liu and Alkayed 2005), elevates 

anti-apoptotic factors (Simpkins et al. 2009) and increases neurovascular coupling 

(Zhang et al. 2007; Zhang et al. 2008a).  Conversely, 20-HETE is elevated during 

ischemia (Tanaka et al. 2007), and inhibition of 20-HETE production is also 

neuroprotective in rodent models (Dunn et al. 2008; Miyata et al. 2005; Poloyac et al. 

2006; Renic et al. 2009; Tanaka et al. 2007).   Reduction of 20-HETE inhibits ROS 

production (Dunn et al. 2008), limits vasoconstriction and increases blood flow during 

reperfusion (Dunn et al. 2008; Miyata et al. 2005).  Taken together, evidence suggests 

AA metabolite signalling is dysfunctional during and after cerebral ischemia, where 

EETs are decreased and 20-HETE is elevated.  By inhibiting EET degradation and 20-

HETE production, functional hyperemia can be restored, and these pathways make 

promising therapeutic targets. 

Focal cerebral ischemia causes altered glutamate handling and lack of energy 

substrates, which triggers neuronal excitotoxicity, ATP depletion, and ROS production 

(Hertz 2008).  In early stages of ischemia, astrocytes are less susceptible to damage and 

may help protect neurons through glutamate uptake, glycogen hydrolysis to lactate for 

energy, and conduction of protective molecules through gap junctions.  However, 

prolonged ischemia damages the neurovascular unit reducing blood flow and functional 

hyperemia during reperfusion.  Current therapeutic targets are meant to promote astrocyte 

protection of neurons and help restore proper circulation after stroke, but further study is 

necessary to better develop these therapies.   
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4.3 Epilepsy 

Epilepsy is characterized by sudden, temporary synchronization of electrical charges 

in groups of neurons, which may manifest as seizures.  The origins of this disorder are 

not completely understood (McCormick and Contreras 2001; Scharfman 2007), but 

neuronal hyperexcitability is believed to be caused by disequilibrium between 

glutamatergic and GABAergic neurotransmission, either by decreased inhibitory 

(GABA) circuits or excessive glutamatergic release (Dudek et al. 1999; Uhlhaas and 

Singer 2006).  Dysfunctional astrocyte glutamate-glutamine cycling is also involved 

(Tian et al. 2005), since astrocyte expression of glutamate transporters is diminished in 

epilepsy patients (Fotheringham et al. 2007; Proper et al. 2002), and knock-down of 

glutamate transporters (Tanaka et al. 1997); (Watase et al. 1998) in animal models 

exacerbates neuronal excitability.   Also, glutamine synthetase expression is reduced by 

40% in astrocytes of epilepsy patients, suggesting that glutamate degradation is greatly 

diminished (Eid et al. 2004).  Therefore, dysfunctional glutamate metabolism in 

astrocytes could contribute to neuronal synchronization and hyperexcitability.   

Astrocytes in epilepsy may also mismanage K
+ 

buffering, since both Kir currents and 

aquaporin 4 expression are reduced (D'Ambrosio 2004; Eid et al. 2005)  This results in 

elevated extracellular K
+
, decreased water homeostasis, and reduced seizure thresholds 

(Binder and Steinhauser 2006).  Astrocytes also display elevated intracellular Ca
2+

 

signals before and during seizure activity in rodents (Gomez-Gonzalo et al. 2011; 

Gomez-Gonzalo et al. 2010; Tian et al. 2005), which is mediated by mGluR and 

purinergic receptors, and may further exacerbate neuronal activation by triggering 

gliotransmission (Gomez-Gonzalo et al. 2010).  Common anti-epileptic drugs, such as 
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valproate and phenytoin, reduce astrocytic Ca
2+

 increases (Tian et al. 2005). 

Cerebral bioenergetics is also altered during epilepsy, but the precise changes remain 

unknown.  Epilepsy patients display high levels of glucose uptake and hypermetabolism 

during seizures (Engel et al. 1983), and low levels of glucose uptake and hypometabolism 

between seizures (Engel et al. 1982).  Glycolytic inhibitors, such as 2-deoxy-D-glucose, 

have anti-epileptic properties (Garriga-Canut et al. 2006), suggesting glycolysis is 

necessary for neuronal hyperexcitability and synchronization.  In animal models of 

epilepsy, astrocyte glycogen accumulates before the onset of seizures as a possible 

neuronal energy substrate (Bernard-Helary et al. 2000).  Also, connexin knockout mice 

experience spontaneous interictal bursts and neuronal hyperexcitability, suggesting inter-

astrocyte signalling and redistribution of metabolites within the astrocyte network is 

altered in epileptic brains (Cloix and Hevor 2009; Wallraff et al. 2006). 

Epileptiform activity triggers increased blood flow and deoxygenates 

haemoglobin (Suh et al. 2006) to meet energy and oxygen demand of active neurons 

(Kuhl et al. 1980).  However, hyperemia may not fully support neurons, since some 

studies suggest chronic epilepsy may cause ischemic-like tissue damage (Suh et al. 2006).  

A lag time was identified between astrocyte endfeet Ca
2+

 elevations and the vasodilation 

of preconstricted arterioles during synchronous bursts in rat brain slices treated with 95% 

oxygen, indicating astrocyte-independent mechanisms may be more prevalent in epilepsy 

(Gomez-Gonzalo et al. 2011).  For example, experimental seizure models have shown 

eNOS is crucial for local vasodilation (Pereira de Vasconcelos et al. 2006).  Thus, other 

molecular mechanisms may control cerebral blood flow during seizures, and the role of 
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known astrocyte signals, such as AA metabolites, is not well characterized (Gomez-

Gonzalo et al. 2011).   

 

Astrocytes may play an important role in epilepsy, but it is unclear if they 

promote neuronal excitability, or merely sustain seizures and epileptogenesis.  Several 

astrocyte functions are altered during epilepsy including glutamate-glutamine shuttle, ion 

homeostasis and movement of metabolites, but the role of astrocytes in functional 

hyperemia during seizure activity is unknown.  In the future, astrocyte glutamate uptake, 

blood flow control or metabolism could be targeted to limit neuron excitability.     

4.4 Cognitive Decline and Retinopathy in Diabetes 

Prolonged, uncontrolled diabetes can lead to complications, including cognitive 

decline (Awad et al. 2004; Pasquier et al. 2006) and retinopathy (Fletcher et al. 2008).  

The mechanism of cognitive impairment is poorly understood, but involves vascular 

changes such as BBB leakage (Mogi and Horiuchi 2011).  NMDA receptor-induced 

vasodilation and functional hyperemia in vivo are reduced by hyperglycemia (Mayhan 

and Patel 1995).  In astrocytes, high glucose culture conditions cause oxidative stress and 

reduces gap-junction trafficking (Gandhi et al. 2010).  Thus, astrocyte dysfunction 

including reduced flow of metabolites and intercellular signalling, may impact 

neurovascular coupling, decreasing blood flow and contributing to diabetes-induced 

cognitive decline (Mogi and Horiuchi 2011), but further studies are required to better 

understand this mechanism. 

Diabetic retinopathy is a leading cause of blindness (Fletcher et al. 2007).  It involves 

both neuronal dysfunction (Fletcher et al. 2008) and vascular changes, including 
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neovascularisation, reduced blood flow and haemorrhaging (Antonetti 2009).  Recent 

evidence suggests neuronal and vascular dysfunction could be partly attributed to 

dysregulation of normal glial signalling (Fletcher et al. 2007; Fletcher et al. 2005).  

Retinal glia, such as Müller glia, regulate synaptic environments, release signalling 

molecules and control blood flow, similar to CNS astrocytes (Rungger-Brandle et al. 

2000).  During diabetes, Müller cells undergo reactive gliosis, which decreases 

expression of K
+
 channels and reduces K

+
 siphoning (Bringmann et al. 2002) increasing 

the extracellular space.  Müller glia in diabetic rats also have altered glutamate handling 

and display increased glutamate uptake (Ward et al. 2005), which could decrease 

neuronal expression of glutamate receptors leading to dysfunction (Fletcher et al. 2007).  

Müller glia also contribute to changes in vascular structure, as reactive gliosis releases 

several angiogenic factors, such as vascular endothelial growth factor, which contribute 

to neovascularisation (Aiello et al. 1994).  PGE2, COX, and NO are upregulated in 

diabetic retina and hyperglycemic cultured Müller cells; however, it is not clear if this 

influences inflammation and/or glial signalling during neurovascular coupling (do Carmo 

et al. 1998; Du et al. 2004).  Thus, diabetes induces glia alterations which contribute to 

vascular and neuronal dysfunction, but these mechanisms require further investigation.   

 

5. Hypotheses  

Neurovascular coupling is important for maintaining energy supply to neurons.  

Astrocytes are central to this mechanism since they influence arteriolar tone through 

several pathways, and multiple signals likely occur in concert to ensure tight coupling 
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with neuronal activity.  While several pathways involving astrocyte signalling molecules 

(AA metabolites, etc.) have been identified, the role of astrocyte D-serine modulation of 

NMDA receptor-mediated vasodilation has not been characterized.   

In this thesis, my overall hypothesis is that glutamate and D-serine, an 

astrocyte gliotransmitter, are released during periods of elevated neuronal activity, 

and act directly on endothelial NMDA receptors to stimulate eNOS-induced 

vasodilation to meet tissue energy demands.  This is outlined in Figure 5 and is a new 

model for neurovascular coupling.  To study this hypothesis, I will examine three main 

objectives:  

Objective 1:  Investigate the role of D-serine in NMDA receptor-induced vasodilation.  

Rationale:  Glutamatergic neurotransmission triggers astrocyte Ca
2+

 elevations and 

release of vasoactive metabolites and gliotransmitters, such as D-serine (Mothet et al. 

2005).  D-serine is an NMDA receptor co-agonist (Fossat et al. 2011), and NMDA 

receptor activity can trigger vasodilation in vivo (Busija et al. 2007).   

Hypothesis 1: D-serine, a gliotransmitter released from astrocytes in response to 

neurotransmission, potentiates NMDA receptor-mediated vasodilation and 

contributes to cerebral blood flow control. 

This hypothesis will be examined in Chapters 2 and 4 using pressure myography of 

isolated mouse cerebral arteries and two-photon microscopy of brain slices.   

Objective 2: Characterize the distribution of D-serine and NMDA receptors around blood 

vessels. Rationale: Several studies have shown that endothelial cells express NMDA 

receptors (Reijerkerk et al. 2010; Scott et al. 2007; Sharp et al. 2005), while others refute 
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these claims (Domoki et al. 2008).  Thus, the existence and subunit composition of 

endothelial NMDA receptors is unclear.  Also, D-serine is localized to astrocytes, and 

could be available for release near blood vessels (Schell et al. 1995). 

Hypothesis 2:  D-serine is localized to astrocyte endfeet near blood vessels 

expressing endothelial NMDA receptors with heterogeneous subunit composition.     

This hypothesis will be tested in Chapter 3 and 4, using cultured mouse primary 

endothelial cells and immunohistochemistry of brain slices to determine NMDA receptor 

and D-serine localization. 

 

Objective 3: Determine the mechanism of endothelial cell NMDA receptor-induced 

vasodilation.  Rationale:  Treatment of cultured endothelial cells with glutamate has been 

linked to nitric oxide production (Scott et al. 2007).  NMDA receptors are Ca
2+

 channels, 

which activate nNOS in neurons (Roman et al. 2000).  eNOS is also activated by 

Ca
2+

/calmodulin binding, suggesting endothelial NMDA receptor activation could also 

stimulate eNOS.  NO is a potent vasodilator and modulator of cerebral blood flow, which 

can regulate AA- metabolite signalling from astrocytes to cerebral arterioles (Attwell et 

al. 2010; Metea and Newman 2006). 

Hypothesis 3: Astrocyte D-serine acts on endothelial NMDA receptors, triggering 

eNOS activation that interacts with other known pathways of neurovascular 

coupling, such as AA metabolites. 

This hypothesis will be examined in Chapter 2 and 4 using pressure myography of 

isolated arteries and two-photon microscopy of brain slices.  A better understanding of 

this mechanism will further our knowledge of functional hyperemia and may impact the 
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treatment of numerous cerebral disorders, such as AD and ischemia, where neurovascular 

coupling is dysfunctional.   

 

 

Figure 5: New mechanism of NMDA receptor-mediated dilation involving D-serine. 

Increased astrocyte Ca
2+

, from glutamatergic neurotransmission, triggers D-serine 

exocytosis.  D-serine and glutamate potentiates endothelial NMDA receptors, elevating 

endothelial cytoplasmic Ca
2+

, which complexes with calmodulin.  This stimulates eNOS 

activity and NO production, which causes smooth muscle vasodilation, possibly by 

modulating AA metabolite levels.   
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1
CHAPTER 2: Co-activation of NMDA receptors by glutamate and D-

serine induces dilation of isolated middle cerebral arteries 

 

SUMMARY 

NMDA receptors are glutamate-gated cation channels that mediate excitatory 

neurotransmission in the central nervous system.  In addition to glutamate, NMDA 

receptors are also activated by co-agonist binding of the gliotransmitter, D-serine.  

Neuronal NMDA receptors mediate activity-dependent blood flow regulation in brain.  

Our objective was to determine whether NMDA receptors can induce vasodilation of 

isolated brain arteries. Adult mouse middle cerebral arteries (MCA) were isolated, 

pressurized and pre-constricted with norepinephrine. NMDA receptor agonists, glutamate 

and NMDA, significantly dilated MCAs in a concentration-dependent fashion in the 

presence of D-serine but not alone. Dilation was significantly inhibited by NMDA 

receptor antagonists, D-2-amino-5-phosphonopentanoate (AP5) and 5,7-

dichlorokynurenic acid (DCKA), indicating a response dependent on NMDA receptor 

glutamate and D-serine binding sites, respectively. Vasodilation was inhibited by 

denuding the endothelium and by either selective inhibition or genetic knockout of 

endothelial nitric oxide synthase (eNOS).  Overall, we conclude that NMDA receptor co-

                                                      

1
   LeMaistre JL, Sanders S, Stobart MJ, Lu L, Anderson HD, Anderson CM. (2012). Co-activation of 

NMDA receptors by glutamate and D-serine induces dilation of isolated middle cerebral arteries. J Cereb 

Blood Flow Metab  32(3):537-47. 
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activation by glutamate and D-serine increases lumen diameter in pressurized MCA in an 

endothelial and eNOS-dependent mechanism.   

INTRODUCTION 

Glutamate is a central nervous system excitatory neurotransmitter that can 

activate both G-protein coupled (metabotropic) receptors and ligand-gated ion channels, 

which include α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-

methyl-D-aspartate (NMDA) receptors. NMDA receptors are heterotetramers consisting 

of seven subunits (NR1, NR2A-D, NR3A,B), and are critical regulators of neuronal 

excitability, synaptic plasticity (Collingridge and Singer 1990), excitotoxicity (Choi et al. 

1988), and cerebral blood flow (Busija et al. 2007). Neuronal NMDA receptors most 

often consist of two NR1 and two NR2A or NR2B subunits.  NMDA receptors consisting 

of two NR1 and combinations of NR2C, NR2D, NR3A or NR3B have also been 

identified and differ functionally from NR2A/B configurations. Most notably, they are 

resistant to baseline voltage-dependent channel blockade by Mg
2+

 that is characteristic of 

NMDA receptors expressing NR2A/B (Chatterton et al. 2002; Monyer et al. 1994). Non-

neuronal NMDA receptors with such configurations have been identified in cell types 

including astrocytes, oligodendrocytes, vascular endothelial cells, lymphocytes and 

cardiomyocytes, and mediate diverse functions such as myelination, immune response, 

and blood brain barrier permeability (Boldyrev et al. 2005; Karadottir et al. 2005; 

Reijerkerk et al. 2010).  NMDA receptor activation requires glutamate, which binds NR2 

subunits, and binding of a co-agonist, glycine or D-serine.  While glycine and D-serine 

are both NMDA receptor co-agonists, D-serine binds with greater affinity and dominates 
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as the main endogenous co-agonist in most brain regions (Mothet et al. 2000).  D-Serine 

is produced and stored in astrocytes (Schell et al. 1995). These stores are released by a 

Ca
2+

 and SNARE protein-dependent mechanism (Martineau et al. 2008; Mothet et al. 

2005) and, in turn, influence neuronal excitability and plasticity (Mothet et al. 2000; 

Yang et al. 2003). 

Functional hyperemia is an endogenous regulatory pathway in brain coupling 

elevated neuronal activity with vasodilation and increased local cerebral blood flow 

(Iadecola 2004).  Application of glutamate directly to the brain surface in vivo 

consistently triggers vasodilation and increased blood flow in several animal models 

(Faraci and Breese 1993; Faraci and Brian 1995; Meng et al. 1995; Philip and Armstead 

2004). There is broad consensus that glutamate can induce vasodilation in two ways. 

First, neuronal NMDA receptors can be activated, stimulating Ca
2+

 influx and nitric oxide 

(NO) production by neuronal nitric oxide synthase (nNOS) (Chi et al. 2003; Faraci and 

Brian 1995; Fergus and Lee 1997; Meng et al. 1995).  Second, glutamate can stimulate 

astrocytic release of vasodilators such as arachidonic acid metabolites- 

epoxyeicosatrienoic acids and prostaglandins (Metea and Newman 2006; Takano et al. 

2006).  A third possibility with little support to date is that glutamate mediates 

vasodilation by acting directly at the microvasculature level.  Intriguingly, brain 

endothelial cells reportedly express NMDA receptors (Krizbai et al. 1998; Reijerkerk et 

al.; Scott et al. 2007; Sharp 2003), and glutamate has been shown to stimulate endothelial 

cell production of vasodilators such as CO (Parfenova et al. 2003) and NO (Scott et al. 

2007).  There is also at least one report that glutamate dilates isolated cerebral arterioles 

by an endothelium-dependent mechanism (Fiumana et al. 2003).  On the other 
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hand, several groups have argued against such a mechanism based on the limited direct 

effects of glutamate on lumen diameter in isolated artery preparations using wire or 

pressure myography (Faraci and Breese 1993; Hardebo et al. 1989; Simandle et al. 2005; 

Wendling et al. 1996).  There are also reports that specifically refute claims that brain 

endothelial cells express NMDA receptor subunits (Domoki et al. 2008; Morley et al. 

1998).   

We postulated that the demonstrated failure of isolated, pressurized brain arteries 

to dilate in response to glutamate may in part be explained by an absence of NMDA 

receptor co-agonist in these experiments.  The objectives of the current study were to 

determine whether co-activation of endothelial NMDA receptors by D-serine and 

glutamate is sufficient to cause dilation of isolated brain arteries.  We report that 

glutamate or NMDA applied to isolated middle cerebral arteries with D-serine, but not 

alone, causes vasodilation dependent on both endothelial function and endothelial nitric 

oxide synthase (eNOS) activity.   

 

MATERIALS AND METHODS 

Pressure Myography 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless 

otherwise noted.  Animal protocols were approved by the Animal Care Committee at the 

University of Manitoba.  Male CD1 mice (15 weeks old) were anesthetised with 70% 

CO2/30% O2 and decapitated.  Brains were removed and placed in ice cold Krebs buffer 



 63 

(118 mM NaCl, 4.65 mM KCl, 1.18 mM MgSO4, 1.18 mM KHPO3, 25 mM NaHCO3, 

2.5 mM CaCl2, 5.5 mM glucose, 0.026 mM EDTA).  A middle cerebral artery (MCA) 

was dissected from the brain, mounted between two glass pipettes in a pressure myograph 

chamber, and adherent tissue was removed.  The vessels were secured in place with 

suture ties and the stopcock was closed at the distal pipette to permit pressurization with a 

Servo-controlled peristaltic pump to an intraluminal pressure of 30 mm Hg.  Branches 

from the main artery were closed by electrocauterization or suture ties.  The arteries were 

bathed in Krebs aerated with 5% CO2, 20% O2 and 75% N2 at 37°C throughout the 

experiments.      

Changes in arterial diameter during drug treatments were measured with a video 

dimension analyzer (Living Systems Instrumentation, Burlington, VT, USA) attached to 

a Nikon Eclipse TS100 microscope (Melville, NY, USA).  Vessel viability was 

confirmed before the start of experiments by ≥ 50% constriction to 125 mM KCl.  The 

vessels were equilibrated for one hour between treatments.  Arteries were pre-constricted 

with norepinephrine (NE; 1 µM), and vascular responses were measured in response to 

incremental doses of glutamate or N-methyl-D-aspartate (NMDA) with or without D-

serine.      

Arteries were treated with several antagonists for NMDA and AMPA receptors, 

including 2-amino-5-phosphonopentanoate (AP5; 100 nM), 5,7-dichlorokynurenic acid 

(DCKA; 300 nM; Tocris Bioscience), and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 

10 µM).  AP5 is a competitive antagonist for the NMDA receptor glutamate binding site, 

which binds with high selectivity and potency (Ki = 370 nM) (Lodge et al. 1988).  DCKA 
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inhibits the NMDA receptor glycine (D-serine)-site competitively and with high 

selecitivty (Leeson et al. 1991) and has a Ki = 79 nM (Baron et al. 1990).  AMPA/kainate 

receptor antagonist, CNQX, binds the receptors competitively and with strong potency 

(IC50= 300 nM) (Honore et al. 1988).  This drug may also competitively inhibit the 

NMDA recptor glycine site, but its selectivity for AMPA receptors is enhanced in the 

presence of glycine site agonists, such as D-serine, and at the concentration (10 µM) used 

in this study (Lester et al. 1989). 

To determine the involvement of nitric oxide synthase, the vessels were also 

preincubated with three different nitric oxide synthase (NOS) inhibitors: Nω-nitro-L-

arginine methyl ester hydrochloride (L-NAME; 10 μM), 1-(2-

(trifluoromethylphenyl))imidazole (TRIM; 50 μM), and N
5
-(1-iminoethyl)-L-ornithine 

(L-NIO; 3 μM).  L-NAME is a general non-selective NOS inhibitor, which inhibits all 3 

forms of NOS (nNOS, iNOS, and eNOS) with a greater potency for nNOS and eNOS (Ki 

= 15 nM and 39 nM respectively) (Furfine et al. 1993).  TRIM selectively antagonizes 

nNOS and iNOS (IC50 = 28 μM) at the concentrations used in this study, but will inhibit 

eNOS at higher concentrations (IC50 = 1 mM) (Handy et al. 1995).  L-NIO is commonly 

used to selectively inhibit eNOS (IC50= 500 nM), but can also inhibit nNOS and iNOS 

(Rees et al. 1990).  This study also utilized MCA from eNOS knockout mice.   

Endothelium Denudation 

To assess the role of the endothelium, the endothelial cell layer was removed by 

pushing a bolus of air through the vessel.  Complete denudation of the endothelium was 

confirmed by failure of the vessel to relax in the presence of acetylcholine (ACh; 10 nM 
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to 10 µM).  Viability of the smooth muscle layer was verified by treatment with sodium 

nitroprusside (SNP; 100 nM to 100 µM), a direct nitric oxide donor.   

Phenolic Denervation and NADPH-diaphorase staining 

Residual post-dissection nerve terminals on MCA smooth muscle surfaces were 

chemically destroyed by incubating the arteries in 0.15% phenol and 1.35% ethanol for 3 

minutes, which was adapted from previous denervation methods (Wang and Bukoski 

1999).  Vessel viability was confirmed by dilation to ACh (10 nM to 10 µM) and SNP 

(100 nM to 100 µM).  To verify denervation, arteries were fixed with 4% 

paraformaldehyde (pH 7.6) for 10 min.  NADPH-diaphorase solution, containing nitro 

blue tetrazolium (5 µM), the reduced form of β-nicotinamide adenine dinucleotide 

phosphate (β-NADPH; 10 µM), and 0.2% Triton X-100 in Tris-buffered saline (TBS; 

0.05 M; pH 8.0), was applied for 30 min at 37°C to detect nNOS positive neurons.  

Statistics 

For dose-response pressure myography experiments, two-way ANOVA (analysis 

of variance) for repeated measures were conducted with Bonferroni post-hoc tests.  For 

experiments where arteries were treated with a single concentration of drug, data was 

analyzed by one-way ANOVA test with Newman-Keuls post-hoc test.    

RESULTS 

NMDA receptor agonists directly dilate isolated middle cerebral arteries and 

penetrating cortical arterioles   
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Bath application of increasing concentrations (0.1 µM to 10 mM) of NMDA 

receptor agonists, glutamate and NMDA, to pre-constricted middle cerebral arteries 

(MCAs) had no significant effect on lumen diameter (Fig. 6A).  In contrast, with D-serine 

present (100 µM), incremental concentrations of glutamate (Fig. 6B) or NMDA (Fig. 6C) 

produced significant concentration-dependent relaxation of MCAs, which was first 

statistically detectable (p < 0.05) at 10 µM glutamate (22.9% ± 5.7%) or NMDA (13.8% 

± 2.3%).  D-Serine concentrations 10-fold lower than this (10 µM) were sufficient to 

evoke vasodilation in the presence of 100 µM glutamate (Fig. 6D).  This D-serine 

concentration is consistent with unstimulated forebrain D-serine levels analyzed by 

microdialysis (Hashimoto et al. 1995).  In an effort to find the lower range of D-serine 

and glutamate concentrations able to cause MCA dilation, we used both co-agonists at 10 

µM and found this condition to cause a significant increase in MCA diameter (Fig. 7).  

D-Serine was unable to initiate vasodilation when administered with another known 

vasodilator, acetylcholine (Fig. 8), indicating a specific effect observed only when given 

with an NMDA receptor glutamate site agonist.   

Glutamate and D-serine-mediated vasodilation is NMDA receptor dependent   

To determine the glutamate receptor subtype involved in MCA dilation by 

NMDA receptor co-agonists, several antagonists were used, including a competitive 

glutamate binding site NMDA receptor antagonist, AP5, a glycine/D-serine co-agonist 

site NMDA receptor antagonist, DCKA, and an AMPA/kainate receptor antagonist, 6-

cyano-7-nitroquinoxaline-2,3-dione (CNQX).  AP5 (100 nM) and DCKA (300 nM) 

significantly blocked MCA dilation induced by glutamate and D-serine (100 µM each 
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combined) (Fig. 9A; p<0.05), indicating both glutamate and D-serine NMDA receptor 

binding sites are important for dilation.  CNQX (up to 10 µM) had no significant effect 

(Fig. 9A), suggesting AMPA/kainate receptors do not mediate vasodilation by glutamate 

and D-serine.   

Neuronal NMDA receptors require plasma membrane depolarization to expel 

channel-bound Mg
2+

, whereas NMDA receptors identified on non-neuronal cell types, 

such as astrocytes and oligodendrocytes, have little Mg
2+

 sensitivity (Karadottir et al. 

2005; Lalo et al. 2006). Removal of extracellular Mg
2+

 did not significantly change 

vasodilation induced by glutamate and D-serine (Fig. 9B; p > 0.05), indicating low or no 

sensitivity to Mg
2+

 block.  This is consistent with other non-neuronal NMDA receptors, 

and could mean that NR2C, NR2D or NR3 subunits are present, since they bind Mg
2+

 

with low affinity (Chan et al. 2002; Chatterton et al. 2002). 

Endothelial-derived nitric oxide mediates NMDA receptor mediated vasodilation 

The endothelium was removed from selected MCAs by pushing an air bolus 

through the lumen.  These arteries constricted slightly more strongly than MCAs with 

intact endothelium (Fig 10A), attributable to a loss of baseline nitric oxide production, 

and failed to dilate in response to acetylcholine (10 nM to 10 µM; Fig. 10B), confirming 

endothelial destruction.  Denuded arteries dilated normally in response to the nitric oxide 

donor, sodium nitroprusside (SNP, 100 nM to 100 μM; Fig. 10C).  Exposure of denuded 

arteries to glutamate (0.1 µM to 10 mM) in the presence of D-serine (100 µM) produced 

no significant vasodilatory response (Fig. 11A), indicating the endothelial layer is 
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required for NMDA receptor-mediated vasodilation.   

We next tested whether NO mediates NMDA receptor-induced vasodilation.  

Treatment of isolated MCAs with the non-selective NOS inhibitor, N-nitro-L-arginine 

methyl ester (L–NAME; 10 µM), prevented dilation induced by glutamate and D-serine 

together (Fig. 11B).  The NOS inhibitor, 1-(2-(trifluoromethylphenyl)) imidazole 

(TRIM), at a concentration selective for nNOS (50 µM) (Handy et al. 1995) did not 

significantly alter vasodilation by glutamate and D-serine (p>0.05; Fig 11C).  In contrast, 

the NOS inhibitor, N
5
-(1-Iminoethyl)-L-ornithine dihydrochloride (L-NIO), significantly 

blocked relaxation induced by glutamate and D-serine (p<0.05; Fig. 11D) at a 

concentration selective for eNOS (3 µM) (Chinellato et al. 1998; Rees et al. 1990).  

Similarly, isolated MCAs from eNOS knockout mice did not significantly dilate in 

response to glutamate and D-serine (p<0.05; Fig. 11D).  This suggests eNOS, but not 

nNOS, is involved in the mechanism of vasodilation by glutamate and D-serine.  

Vascular nerve endings do not contribute to glutamate/D-serine-mediated 

vasodilation  

To eliminate the possibility that residual vascular nerve endings expressing NOS 

and/or NMDA receptors contribute to vasodilation, selected MCAs were chemically 

denervated and examined for responses to glutamate and D-serine. MCAs subjected to 

NADPH-diaphorase staining displayed NO-positive nerve endings on the smooth muscle 

surface (Fig. 12A).  Chemical denervation of arteries in 0.15% phenol and 1.35% ethanol 

removed the vast majority of NO-containing terminals (Fig. 12B).  Denervated arteries 

were able to constrict normally in response to norepinephrine and dilate in response to 
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acetylcholine (10 nM to 10 μM) and SNP (100 nM to 100 μM; Fig. 10A-C), indicating 

full functional viability.  Chemical denervation did not significantly affect the magnitude 

of vasodilation caused by glutamate (0.1 µM to 10 mM) in the presence of D-serine (100 

µM; Fig. 12C).  This indicates that NOS-containing vascular nerve endings remaining 

after brain arterial dissections do not contribute to vasodilation by glutamate and D-

serine.     
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Figure 6: Dilation of isolated middle cerebral arteries (MCAs) by NMDA and 

glutamate requires D-serine.   

A, Individually, glutamate, NMDA, and D-serine failed to significantly affect vessel 

diameter (n= 6).  Glutamate (B) and NMDA (C) caused concentration-dependent 

vasodilation of MCAs in the presence of fixed (100 µM) D-serine (n= 6).  D, D-Serine 

caused concentration-dependent increases in MCA lumen diameter in the presence of 

fixed glutamate (100 µM, n= 6).  Data are presented as mean ± SD; *p<0.05 compared to 

other groups using two-way ANOVA for repeated measures and Bonferroni post hoc test.  
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Figure 7: Glutamate and D-serine increase lumen diameter in brain arterioles. 

Combinations of glutamate and D-serine, as low as 10 µM, caused significant MCA 

dilation (n= 6). *p<0.05 compared to glutamate only group using a t-test. 
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Figure 8: D-serine does not affect dilation caused by acetylcholine (ACh).   

Concentration-dependent dilation of MCAs to ACh was not significantly altered by the 

addition of 100 µM D-serine (n= 3).  Data are mean ± SD; two-way ANOVA for 

repeated measures and Bonferroni post hoc test. 
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Figure 9: NMDA receptors mediate vasodilation in response to glutamate and D-

serine. 

A, Treatment of MCAs with glutamate and D-serine together (both 100 µM) caused a 

significant increase in lumen diameter.  NMDA receptor antagonists, D-2-amino-5-

phosphonopentanoate (AP5; 100 nM) and 5,7-dichlorokynurenic acid (DCKA; 300 nM) 

attenuated vasodilation (n= 6). 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX), an 

AMPA/kainate receptor antagonist, did not significantly inhibit vasodilation up to 10 µM 
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(n= 6). Data are mean ± SD; *p < 0.05 compared to glutamate/D-serine control using 

one-way ANOVA with Newman-Keuls post hoc test.  B, No significant differences in 

vasodilatory response to incremental glutamate in the presence of D-serine (100 µM) 

were detected between control arteries and arteries incubated in Mg
2+

 free buffer. Data 

are mean ± SD and were analyzed using two-way ANOVA for repeated measures and 

Bonferroni post hoc test.  
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Figure 10: Denuded and denervated vessels respond to known vasoconstrictors and 

vasodilators. 



 76 

A, Pre-constriction to 1 µM NE was similar in both denervated and control MCAs, but 

denuded arteries displayed a greater contraction (n= 9). This is likely due to loss of basal 

eNOS activity.  B, Dilation by ACh, a known eNOS activator, was not significantly 

different between phenol-treated (denervated) and control arteries (n= 3).  Endothelium 

denuded arteries did not significantly dilate to ACh, suggesting the endothelium had been 

completely destroyed (n= 3). C, There was no significant difference between dilation to 

nitric oxide donor, SNP, in phenol-ethanol treated, denuded and control arteries (n= 3).  

Data are mean ± SD; * p < 0.05; two-way ANOVA for repeated measures and Bonferroni 

post hoc test.  
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Figure 11: Vasodilation by glutamate and D-serine requires intact endothelium and 

endothelial nitric oxide synthase (eNOS).   

A, Removal of the endothelium isolated middle cerebral arteries an air bolus significantly 

attenuated smooth muscle relaxation caused by incremental glutamate concentrations in 

the presence of 100 µM D-serine (n= 6).  B, N-Nitro-L-arginine methyl ester (L-NAME, 

10 µM) blocked concentration-dependent vasodilation caused by glutamate and D-serine 

(n= 6).  C, Glutamate/D-serine-induced MCA relaxation was not affected by the neuronal 

NOS inhibitor, 1-(2-(trifluoromethylphenyl)) imidazole (TRIM, 50 µM).  D, N5-(1-
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iminoethyl)-L-ornithine (L-NIO, 3 µM), an eNOS-selective antagonist, and eNOS 

deletion prevented MCA relaxation by incremental glutamate increases in the presence of 

100 µM D-serine (n= 6). Data are mean ± SD; *p<0.05 using two-way ANOVA for 

repeated measures and Bonferroni post hoc test.  
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Figure 12: NMDA receptor-mediated vasodilation persists following chemical 

denervation of MCAs.  

Isolated mouse MCAs were mechanically stripped and treated with vehicle (A) or 1.35% 

ethanol with 0.15% phenol for 3 min (B) to cause chemical denervation. Vessels were 

either analyzed for NO-containing nerve-endings by NADPH-diaphorase staining (A and 

B) or analyzed for responses to glutamate/D-serine by pressure myography (C). A, 

Untreated MCA has NADPH-diaphorase-positive nerve fiber tracts (arrows).  B, Vessels 

C 
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treated for 3 minutes showed no indication of NADPH-diaphorase staining and therefore 

neuronal NO.  C, Both intact and denervated vessels relaxed significantly in a 

concentration-dependent manner (p<0.05, 0.1 M vs 10 mM) and there were no 

significant differences between the groups at any dose. Data are means ± SD for 6 

MCAs. Data were compared using 2-way ANOVA for repeated measures, followed by 

the Bonferroni test for selected pairs. 
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DISCUSSION 

 Here, we present evidence supporting vasodilation of mouse brain arteries by 

endothelial NMDA receptors and eNOS.  NMDA receptor co-agonists glutamate and D-

serine stimulated vasodilation of isolated, denervated mouse MCAs in a manner sensitive 

to NMDA receptor antagonists and eNOS inhibition or deletion.   

Numerous studies covering a range of species have shown that NMDA or 

glutamate application topically to pial arteries through a cranial window causes 

vasodilation (Bari et al. 1996b; Busija and Leffler 1989; Faraci and Breese 1993; Faraci 

and Breese 1994; Philip and Armstead 2004).  This effect has been widely attributed to 

activation of neuronal NMDA receptors and nNOS.  In apparent agreement with this, 

several studies have found no effect of exogenous glutamate or NMDA on lumen 

diameter in isolated cerebral arteries (Faraci and Breese 1993; Hardebo et al. 1989; 

Simandle et al. 2005; Wendling et al. 1996).  Our results are consistent with these 

findings by demonstrating that NMDA receptor agonists alone have little effect on 

isolated cerebral arterial diameter.  However, for the first time we found significant 

vasodilation when D-serine was co-applied with glutamate or NMDA.  The question of 

whether this observation could translate into a physiologically relevant dilatory 

mechanism in vivo as our experimental glutamate and D-serine concentrations is 

important.  Local extracellular glutamate levels can approach low millimolar levels 

(Clements et al. 1992; Diamond and Jahr 2000), and the binding affinity of glutamate 

varies with NMDA receptor subunit composition (Kutsuwada et al. 1992).  Receptor 

kinetic studies suggest a mixed population of NMDA receptors has a Kd ~ 100 nM (Fritz 

et al. 1996).  Basal D-serine levels at rest in vivo have been reported in the 5-8 µM 
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range by microdialysis(Ciriacks and Bowser 2006; Hashimoto et al. 1995).  D-serine also 

has a EC50 (170-320 nM depending on the subunit composition) which is three fold lower 

than glycine, making it possible for saturation of the NMDA receptor binding sites by 

basal D-serine levels (Matsui et al. 1995).  We found that glutamate and D-serine 

concentrations in these ranges (100 µM glutamate, 10 µM D-serine) were sufficient to 

cause a 22.2% dilation of MCAs.  According to Poiseuille’s law, vasodilation of this 

magnitude would decrease vascular resistance ~2 fold.  We further showed that 10 µM 

D-serine caused vasodilation in combination with glutamate concentrations as low as 10 

µM and although further work is required to demonstrate that endogenous D-serine and 

glutamate are capable of producing cerebral vasodilation, these observations show that 

locally attainable concentration ranges of D-serine and glutamate dilate isolated brain 

arteries.  

Our data support an effect of glutamate and D-serine together at NMDA 

receptors.  The fact that D-serine is required for vasodilation is suggestive of an NMDA 

receptor-mediated response to begin with, as no other glutamate receptors with a co-

agonist requirement have been identified.  In addition, competitive NMDA receptor 

antagonists AP5, which blocks the glutamate binding site, and DCKA, which blocks the 

D-serine/glycine binding site, both significantly inhibited vasodilation induced by 

combining glutamate and D-serine.  Finally, an AMPA/kainate antagonist, CNQX, did 

not alter vasodilation.  All of these observations support the hypothesis that glutamate 

and D-serine together influence vessel diameter by an NMDA receptor-mediated 

mechanism.  Neuronal NMDA receptor configurations consist of NR1 and NR2A/B 

subunits and are sensitive to blockade of the cation channel by Mg
2+

 at resting 
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membrane potential.  We tested whether Mg
2+

 -free Krebs buffer could enhance 

vasodilation to gain further insight into the NMDA receptor subunit configuration. We 

found that removing Mg
2+

 had no significant effect on vasodilation induced by glutamate 

and D-serine, suggesting the NMDA receptors involved in dilation may contain NR2C, 

NR2D or NR3 subunits, which confer much lower Mg
2+

  sensitivity to NMDA receptor 

function (Chatterton et al. 2002; Monyer et al. 1994).  This is consistent with NMDA 

receptors identified in non-neuronal subtypes, including astrocytes and oligodendrocytes, 

which are not subject to Mg
2+

 block and appear to consist of NR2C and NR3 subunits 

(Karadottir et al. 2005; Lalo et al. 2006).  

Numerous studies in brain slices and live animals have suggested NMDA receptor 

activation stimulates NO production via nNOS activity (Bari et al. 1996b; Chi et al. 2003; 

Faraci and Breese 1993; Faraci and Brian 1995; Fergus and Lee 1997; Meng et al. 1995).  

In isolated arteries, we have now identified a potential role of eNOS in NMDA receptor-

mediated vasodilation.  TRIM, at a concentration relatively selective for nNOS (50 µM) 

(Handy et al. 1995), did not significantly alter vasodilation by glutamate and D-serine.  In 

contrast, dilation was inhibited by the non-selective NOS inhibitor, L-NAME, by the 

NOS inhibitor, L-NIO, at a concentration selective for eNOS (3 µM) (Chinellato et al. 

1998; Rees et al. 1990), and in eNOS
-/-

 MCAs.  These findings strongly indicate eNOS 

activation through endothelial NMDA receptors.  It is not our position that new 

observations of a potential role for eNOS in glutamate-mediated vasodilation argue 

against the established role of nNOS in vivo.  Rather, our data suggest that eNOS may 

contribute to glutamate-induced vasodilation alongside or in place of nNOS in certain 

conditions.  eNOS plays a major role in regulation of brain vascular tone (Iadecola 
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1993) and baseline brain blood flow (Ma et al. 1996), and while eNOS does not play a 

significant role in functional hyperemia evoked by whisker stimulation or hypercapnia 

(Ayata et al. 1996; Ma et al. 1996), it is a critical mediator of hyperemia resulting from 

experimental seizures, focal brain trauma (Hlatky et al. 2003) and cerebral ischemia 

(Endres et al. 2004).  These conditions are associated with large-scale elevations of 

extracellular glutamate and D-serine levels; thus, it is tempting to speculate that eNOS-

induced hyperemia is linked to endothelial NMDA receptors that require high brain 

glutamate production for activity. 

Glutamate and D-serine-mediated dilation was also abolished by removal 

(denudation) of the endothelium.  Thus, our experiments support a link between NMDA 

receptor activation, endothelial function and eNOS.  Our results agree with previous 

studies in a brain endothelial-derived cell line displaying NMDA receptor-dependent 

eNOS activation (Scott et al. 2007), but our study is the first to demonstrate a functional 

linkage between vascular NMDA receptors and eNOS activation in intact arteries. We 

considered the possibility that neuronal NMDA receptors expressed by remnant nerve 

endings adhering to the vascular smooth muscle surface mediate endothelial-dependent 

eNOS activation.  To address this, we chemically denervated MCA segments and found 

that this did not impact MCA dose-dependent dilation to glutamate and D-serine.  This 

indicates glutamate and D-serine exert direct effects on vascular NMDA receptors.   

This study provides new evidence linking D-serine with endothelial NMDA 

receptor activation and eNOS-mediated dilation in intact brain arteries.  Astrocytes 

mediate activity-dependent changes in brain blood flow and release both D-serine and 
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glutamate in response to neuronal activity (Mothet et al. 2005; Parpura et al. 1994).  

Thus, it is rational to hypothesize that astrocyte D-serine stores contribute to blood flow 

regulation in hyperemia in certain conditions.  The current results lend significant support 

to this possibility, but further studies in intact brain preparations at the arteriole and 

capillary level are required to determine the role of D-serine in regulating lumen diameter 

and blood flow in vivo.   
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CHAPTER 3:  Endothelial cells express NMDA receptors in vitro and in situ 

 

SUMMARY 

NMDA receptors are expressed in numerous non-neuronal cell types suggesting 

glutamate signalling could mediate pathways other than neurotransmission.  Several 

studies have demonstrated endothelial cell expression of NMDA receptors which may 

mediate the blood-brain barrier, oxidative stress, and NO and/or CO production.  

However, the composition of NMDA receptor subunits in mouse endothelial cells is 

unknown.  Through PCR and immunostaining, we found evidence for expression of 

NMDA receptor subunits, NR1 and NR2C/D in mouse primary brain endothelial cells, 

and NR2C/D in cortical vascular endothelium in situ.  This suggests these receptors 

contain both glutamate and D-serine binding sites and may have reduced Mg
2+

 

sensitivity, but the precise role of these receptors in endothelial calcium changes and 

activation of eNOS is not yet clear.   

 

INTRODUCTION 

 NMDA receptors are important ionotropic glutamate receptors which influence 

neuronal synaptic plasticity and excitotoxicity.  These receptors are tetramers composed 

of seven different subunits (NR1, NR2A-D, and NR3A and 3B) of which there are 

numerous splice variants, forming a heterogeneous receptor population.  This proteomic 
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variability confers different receptor properties such as reduced sensitivity to Mg
2+

 

blockage in the presence of NR2C/D or NR3A/B subunits (Chatterton et al. 2002; 

Monyer et al. 1994).  NMDA receptors are generally composed of two NR1 and two NR2 

subunits with NR2 containing the glutamate binding site and NR1 containing the D-

serine binding site.  However, NR1/NR2/NR3 and NR1/NR3 receptors are also expressed 

(Chatterton et al. 2002; Salter and Fern 2005).  NR1 is a critical subunit for receptor 

formation as it is conserved across all NMDA receptors.  

NMDA receptor expression has been detected in cells other than neurons, such as 

oligodendrocytes (Salter and Fern 2005), microglia (Murugan et al. 2011) and astrocytes 

(Lee et al. 2010; Palygin et al. 2010) of the CNS.  Peripheral cells including lymphocytes 

(Boldyrev et al. 2004), cardiomyocytes (Gao et al. 2007), lung cells (Said et al. 1996), 

keratinocytes (Genever et al. 1999), platelets (Franconi et al. 1996) and vascular 

endothelial cells (Andras et al. 2007; Sharp 2003) also express NMDA receptors.  The 

function of these NMDA receptors has not been identified in many cases, but suggests 

glutamate signalling is also important outside the CNS.   

Endothelial NMDA receptors (eNMDA) are linked to regulation of the blood-

brain barrier (BBB) (Zhu and Liu 2004), and may cause barrier disruption (Andras et al. 

2007; Liu et al. 2010; Neuhaus et al. 2011b), oxidative stress and increased free radical 

production (Kuhlmann et al. 2009; Sharp et al. 2005) during glutamate excitotoxicity.  

Therefore, endothelial NMDA receptors may mediate endothelial damage during 

pathological conditions when extracellular glutamate rises.  Also, NMDA receptors may 

increase activity of heme oxygenase (HO) and eNOS, elevating levels of vasodilators, 
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CO and NO (Parfenova et al. 2003; Scott et al. 2007), suggesting endothelial cells could 

be involved in glutamate-mediated vasodilation.   

 To date, most studies reporting eNMDA receptor expression have used cultured 

endothelial cells, including immortalized endothelial cell lines from human, mouse, cow, 

and pig (Betzen et al. 2009; Kuhlmann et al. 2008; Kuhlmann et al. 2009; Neuhaus et al. 

2011a; Neuhaus et al. 2011b; Reijerkerk et al. 2010; Sharp 2003).  All of these groups 

have detected NR1 expression, but expression of other subunits varies greatly across 

species and cell lines.  Very few studies utilized primary endothelial cells (Andras et al. 

2007; Krizbai et al. 1998; Parfenova et al. 2003), and the NMDA receptor subunit 

composition in mouse primary endothelial cells is unknown.  Here, we report NR1 and 

NR2C/2D subunits are expressed in primary mouse brain endothelial cells and these 

results were used as a basis for immunohistochemistry studies of cerebrovascular NMDA 

receptors in situ. 

 

MATERIALS AND METHODS 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless 

otherwise noted.  Animal protocols were approved by the Animal Care Committee at the 

University of Manitoba.   

Primary Endothelial Cell Culture 

 Endothelial cells were isolated from adult (15 week old male) or juvenile (14-19 
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day old) CD1 mouse brains, as described previously (Jung and Levy 2005).  Briefly, 

brains were cut into small pieces with a scalpel and digested with 0.05% collagenase.  

Digested material was resuspended in 17% Dextran solution and centrifuged at 10,000 xg 

for 30 min at 4°C, which resulted in an endothelial cell pellet.  Isolated endothelial cells 

were collected on glass beads and cultured in DMEM containing 10% fetal bovine serum, 

2 mM L-glutamine, 1% penicillin-streptomycin, and 150 µg/ml endothelial cell growth 

supplement.  Cells were passaged twice before reaching confluence.  These cultures 

mainly contained endothelial cells as demonstrated by positive staining using Griffonia 

simplicifolia 1 Isolectin B4 tagged with Alexa Fluor® 488 (Invitrogen, Burlington, ON) 

which labels endothelial cells.  These cells were negative immunostained for other cell 

type markers, such as glial acidic fibrillary protein (GFAP; astrocytes).  They also 

expressed very low levels of neuronal marker microtubule associated protein 2 by real-

time PCR (Fig. 13). 

Preparation of cDNA from Total RNA 

Total RNA was isolated from primary endothelial cell cultures, unpurified brain 

cultures or whole mouse brain tissue using the Qiagen RNeasy Mini Kit (Qiagen, 

Mississauga, ON).  RNA was DNase digested according to the Turbo DNA-free protocol 

(Applied Biosystems, Carlsbad, CA), and reverse transcribed to cDNA according to the 

SuperScript III RNase H
-
 Reverse Transcriptase protocol (Invitrogen, Burlington, ON).  

Complementary mRNA was digested using RNase H and the remaining cDNA was 

purified and diluted to 10 ng/µl, according to the PCR Purification Kit (Qiagen, 

Mississauga, ON). 
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Polymerase Chain Reaction (PCR) 

Mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH; internal control) 

and NMDA receptor subunit genes (NR1, NR2A-2D) were amplified using primers listed 

in Table 1.  All gene targets were PCR amplified according to the DreamTaq protocol 

(Fermentas, Burlington, ON) using 10 ng of cDNA from brain tissue or endothelial 

cultures as template.  The cDNA was denatured for 2 minutes at 95°C, followed by 40-60 

cycles of 95°C for 30 seconds, 60°C (GAPDH), 63°C (NR1), 60°C (NR2A), 62°C 

(NR2B), 60°C (NR2C), or 62°C (NR2D) for 30 seconds, and 72°C for 30 seconds, 

followed by 72°C for 5 minutes.  These PCR products were visualized on a 1% agarose 

gel with ethidium bromide stain.    

Generation of Calibrators and Standard Curves for Quantitative PCR 

To permit relative quantification of target gene expression, calibrator plasmids 

were generated (Stobart et al. 2007).  Mouse GAPDH, von Willebrand Factor (vWF; 

endothelial cell marker), NR1, and NR2D genes were amplified on an MJ Research PTC-

200 thermocycler. All primers were designed to span an intron-exon junction or include 

an intron to limit amplification of genomic DNA.  All gene targets were PCR amplified 

according to the DreamTaq protocol (Fermentas, Burlington, ON) with primers and 

annealing temperatures detailed in Table 1.  Amplicons were run on a 2% agarose gel at 

80V for 90 minutes and bands were visualized by ethidium bromide staining and 

extracted from the gel according to the QIAEX II Gel Extraction kit (Qiagen, 

Mississauga, ON).  These nucleic acids were ligated into the pCR2.1 vector at a 3:1 ratio  
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Table 1: PCR primers for NMDA receptor subunits and housekeeping genes.  

Gene Primer Pairs (5'--->3') 
Size 

(bp) 

Anneal 

°C 

Extension 

(sec) 
Cycles 

GAPDH CACGGCAAATTCAACGGCACAGT 

TGGGGGCATCGGCAGAAGG 
232 60 10 40 

vWF TCATCGCTCCAGCCACATTCCATA 

AGCCACGCTCACAGTGGTTATACA 
189 65 7 45 

GFAP GAGCGAGCGTGCAGAGATGATGG 

CTCCCGAAGCTCCGCCTGGTAGA 

166 

 
60 7 45 

MAP2 AAGAGAAGGAAGCCCAATACAAGGA 

GCTGGCGATGGTGGTGGGGAAGGT 
97 65 6 45 

NR1 TGTGCGGGACAACAAGCTCCA 

ATGCCGATGCCAAAGCCGGA 
126 63 6 45 

NR2D CTGTGTGGGTGATGATGTTCGT 

GTGAAGGTAGAGCCTCCGGG 
133 62 6 45 

NR2A TACCTGGTGACCAATGGGAAGCAT 

AGAAGTCCACCACTTCTGAACGCT 
142 60 7 60 

NR2B 
ATATTCCCAACATGCGCTCTCCCT 

TTCAGCTCGTCGACTCTCTTGGTT 
80 62 6 45 

NR2C ACCAGAATCTCACCAAGGGCAAGA 

AGCGAGGAAGATGACAGCGAAGAA 
176 60 8 50 

 



 96 

(Invitrogen).  Ligation products were transformed into TOP10 E. coli by electroporation  

(Invitrogen), and transformants were selected for with carbenecillin.  Individual colonies 

confirmed to carry the fragment of interest were grown in LB broth + 200 µg/mL 

carbenecillin overnight at 37°C with shaking.  Plasmid was isolated from bacterial 

cultures according to the QIAprep Spin Miniprep kit (Qiagen). 

To generate standard curves, plasmids encoding target gene fragments (at a 

known concentration) were used as PCR template with primers in Table 1 for 

amplification on a LightCycler 480 using SybrGreen MasterMix (Roche Diagnostics).  

These standard curves were analyzed on the LightCycler 480 software and stored as 

standard curve files for further analysis. 

Gene Expression Profiling by Quantitative PCR 

  To analyze the relative expression profiles of mouse GAPDH, vWF, NR1 and 

NR2D in primary cell cultures and whole brain, real-time quantitative PCR was 

conducted on a LightCycler 480 (Roche Diagnostics) amplifying 2µL (20 ng) of cDNA 

from each preparation, as well as 2µL of calibrator plasmid (20 pg) in triplicate according 

to the conditions in Table 1.  Using the LightCycler 480 software (Roche Diagnostics), 

the relative expression levels of NR1, NR2D, and vWF were calculated based upon 

previously generated standard curves, and normalized to GAPDH expression.   



 97 

 

 

 

Table 2: Antibodies for immunostaining. 

Company Antigen Species Procedure Dilution 

Santa Cruz NR1 goat polyclonal Immunocytochemistry 1 in 100 

Santa Cruz NR2C rabbit polyclonal 
Immunocytochemistry 

Immunohistochemistry 

1 in 50    

1 in 50 

Santa Cruz NR2D rabbit polyclonal 
Immunocytochemistry 

Immunohistochemistry 
1 in 50 

Santa Cruz 

Abcam 

P-gp 

 
mouse monoclonal Immunohistochemistry 1 in 20 

Sigma GFAP mouse monoclonal Immunohistochemistry 1 in 250 

Invitrogen 
Griffonia simplicifolia 1 

Isolectin B4 

Immunocytochemistry 

Immunohistochemistry 

2-photon microscopy 

5 µg/ml 

 



 98 

Immunocytochemistry 

Primary endothelial cells from adult (15 week old) or juvenile (14-19 day old) 

cultures were rinsed with phosphate buffered saline (PBS) and fixed with 4% 

paraformaldehyde for 1 hour.  Cells were permeabilized for 5 min with 0.2% Triton X-

100 in PBS and blocked at room temperature for 1 hour with 1% bovine serum albumin 

in PBS.  Goat anti-NR1 polyclonal primary antibody, rabbit anti-NR2C polyclonal 

antibody, and rabbit anti-NR2D polyclonal antibody (Santa Cruz Biotechnologies, Santa 

Cruz, CA; details in Table 2) were applied overnight at 4°C.  Secondary antibodies Alexa 

Fluor® 568 donkey anti-goat IgG (H+L) or Alexa Fluor® 568 goat anti-rabbit IgG (H+L) 

were applied with endothelial cell marker, Griffonia simplicifolia 1 Isolectin B4 tagged 

with Alexa Fluor® 488 (5 µg/ml; Invitrogen, Burlington, ON) in 1% BSA in PBS for 1 

hour at room temperature.  Staining was visualized with a Zeiss
 
LSM510 laser-scanning 

microscope (Oberkochen, Germany). 

Immunohistochemistry 

For NMDA receptor subunit immunostaining in brain slices, adult (15 weeks old) 

or juvenile (14-19 day old) mouse brains were rinsed with PBS (pH 7.2) and placed in 

4% paraformaldehyde for 24 hours.  Fixed tissue was cryo-protected in 30% sucrose for 3 

days at 4°C and snap frozen in liquid nitrogen-cooled n-hexane.   Frozen sagittal sections 

(50 µm) were cut and free-floating sections were exposed to an antigen retrieval step with 

10 mM citrate (pH 8.5) at 80°C for 30 min.  Sections were rinsed in 0.1 M TBS (pH 7.6), 

treated for 2 hours with Mouse-on-Mouse blocking reagent (Vector Laboratories) to 

reduce non-specific staining and incubated with rabbit anti-NR2C or rabbit anti-NR2D 
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(Santa Cruz Biotechnologies) with either mouse anti-GFAP (Sigma) or mouse anti-p-

glycoprotein (P-gp, Santa Cruz Biotechnology or Abcam) for 48 hours at 4°C.  After 

washing, sections were incubated with secondary antibodies for 2 hours at room 

temperature.  Alexa Fluor® 568 goat anti-rabbit IgG (H+L) was used to detect NR2C or 

NR2D signal, while Alexa Fluor® 488 goat anti-mouse IgG (H+L) was used to detect 

GFAP and P-gp.  Stained sections were visualized with a Zeiss
 
LSM510 laser-scanning 

microscope.   

 

RESULTS 

Mouse brain endothelial cells express mRNA for NMDA receptor subunits 

 As shown in Figure 14(A, B), PCR products for NR1 and NR2D were detected in 

adult and juvenile cultures, indicating that mRNA for these subunits is expressed.  

However, NR2A, 2B, and 2C did not appear to be expressed, since several different 

primer sets, including those listed in Table 1, failed to produce a PCR product from 

endothelial cDNA.  Real-time PCR (Fig. 14B) suggested juvenile primary endothelial 

cultures display 12-fold (1240 ± 370%) vWF (endothelial marker) enrichment compared 

to unpurified cultures containing neurons, glia, and other brain cells.  mRNA for NMDA 

receptor subunits NR1 and NR2D were identified in purified endothelial cells at levels 

less than unpurified brain cell cultures (90 ± 3% and 31 ± 2% respectively).  This further 

confirms the presence of NR1 and NR2D transcripts and points to the relative expression 

levels in brain endothelial cells compared to other brain cells (Fig. 14). 
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NMDA receptor subunit localization in endothelial cells in vitro and in situ 

NR1 was localized in cultured adult and juvenile brain endothelial cells that 

express isolectin B4 (Fig. 15A-F), confirming NR1 protein expression in these cells.  

Antibodies for NR2A and 2B did not significantly label endothelial cultures (not shown), 

suggesting these subunits are not expressed.  However, immunoreactivity for NR2C and 

2D co-localized with isolectin B4 in juvenile endothelial cultures (Fig. 15G-L), indicating 

the presence of these subunits.  This staining was specific, since application of secondary 

antibody alone did not label the cells (Fig. 15M-O). 

 We also investigated whether NMDA receptor subunits are expressed by adult 

brain slice cortical arteries and capillaries near the pial surface.  In Figure 16 A-C and G-

I, vessels with diameters consistent with those of MCAs used in pressure myography 

experiments in Chapter 2 (50-80 µm) were analyzed.  Immunoreactivity for the NMDA 

receptor subunit, NR2C, which is largely silent in adult cortical neurons, co-localized 

with the endothelial cell marker, P-gp (Fig. 16A-C).  In contrast, NR2C signal was not 

co-localized with perivascular astrocytes that express GFAP (Fig. 16G-I).  Similarly, 

NR2C staining also co-localized with P-gp, but not GFAP, in smaller vessels near 

capillary size (Fig. 16D-F, J-L).  Overall, these results indicate endothelial expression of 

NR2C immunoreactivity in adult mouse cortical arteries and capillaries in situ.  Staining 

with primary antibodies was specific and had low background, since application of 

secondary antibodies alone, did not generate staining patterns (Fig. 20).  Similar results 

for NR2D immunostaining were also seen, where NR2D co-localized with P-gp (Fig. 
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17A-C), but was located inside GFAP staining around arterioles (Fig. 17D-F) in adult 

cortical slices.  In brain slices from juvenile mice, NR2C and NR2D staining overlapped 

with endothelial marker, P-gp (Fig. 18A-F), near arterioles and was also located inside 

GFAP labelling (Fig. 18G-L).  These images provide strong evidence NR2C/2D is 

expressed in endothelial cells of cortical blood vessels in both adult and juvenile brain 

tissue.  

Some NR2C and NR2D staining in juvenile cortex (Fig. 19) also co-localized 

with GFAP, suggesting expression of these subunits in protoplasmic astrocytes, which 

fits with other evidence reporting sensitivity of astrocyte NMDA receptors to NR2C/2D 

antagonist, UBP141 (Palygin et al. 2011; Palygin et al. 2010).  Astrocytic staining was 

more prevalent in juvenile brain, possibly because regional expression of NR2C/2D 

changes with age (Monyer et al. 1994; Takai et al. 2003).   
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Figure 13: Primary brain endothelial cell express an endothelial marker, but not 

other cell type markers.  

A-C, Immunostaining for endothelial cell marker, vWF, localized to cultured cells, but 

staining for astrocyte marker, GFAP, was undetectable.  Scale bars are 100 μm.  D, When 

compared to unpurified mixed brain cell cultures by quantitative PCR, juvenile 

endothelial cultures were 12-fold enriched in mRNA for vWF and very low expression of 

GFAP and MAP2 (neuronal marker). Data are mean ± SD; n= 3.     
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Figure 14: Primary endothelial cells express mRNA for NMDA receptor subunits. 

A, Primary brain endothelial cells from adult CD1 mice expressed RNA transcripts for 

NR1, NR2D, and housekeeping gene, GAPDH (red arrows). Several different primer sets 

were tested for NR2A, 2B, or 2C, which produced a product from brain tissue, but not 

endothelial cells even after numerous PCR cycles. B= whole brain, E= endothelial 

culture.  B, Brain endothelial cells from juvenile mice also displayed NR1 and NR2D 

expression.  When compared to unpurified mixed brain cell cultures by quantitative PCR, 

juvenile endothelial cultures were 12-fold enriched in mRNA for the endothelial marker, 

von Willebrand factor (vWF; 1236%), and express NR1 (90%) and NR2D (31%). Data 

are mean ± SD; n= 3.     
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Figure 15: Immunocytochemistry of primary endothelial cells displays NMDA 

receptor subunit distribution.   

A-F, Immunofluorescence shows co-localization of NR1 (red) and the endothelial cell 

marker, isolectin B4 (green) in adult endothelial cultures (A-C) and juvenile endothelial 

cultures (D-F).  G-L, Also, both NR2C (G, red) and NR2D (J, red) co-localized with 

isolectin B4 (H & K, green) in juvenile cultures.  Antibodies for NR2A and 2B were 

investigated, but staining was very faint or non-existent, suggesting these subunits were 

not expressed.  Also, secondary antibodies did not non-specifically bind cells, as noted by 

the absence of staining in M-O.  Scale bars are 100 μm.   
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Figure 16: NR2C is localized to endothelial cells of adult mouse cortical slices.     
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A-F, Co-immunofluorescence of NR2C (red) and p-glycoprotein (green) localized in 

large cortical arteries (A-C) and smaller arterioles or capillaries (D-F).  G-K, 

Immunofluorescence for NR2C (red) and astrocyte glial fibrillary acidic protein (GFAP; 

green) did not overlap (I & L) in cortical arteries near the pial surface (G-I) or smaller 

blood vessels (J-L).  Scale bars are 50 μm. 
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Figure 17: NR2D is localized to endothelial cells of adult mouse cortical slices.     

A-C, Co-immunofluorescence of NR2D (red, white arrows) and P-gp (green) localized in 

adult cerebral arterioles. Scale bars are 50 μm. D-F, Immunofluorescence for NR2D (red) 

was located inside astrocyte GFAP (green) staining around arterioles.  Scale bars are 100 

μm. 
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Figure 18: NR2C and 2D are localized to endothelial cells of juvenile mouse cortex.     

A-F, Co-immunofluorescence of NR2C (A; red) or NR2D (D; red) with P-gp (green) 
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localized in juvenile cerebral arterioles.  G-L, Immunofluorescence for NR2C (G; red) or 

NR2D (J; red) was located inside astrocyte GFAP (green) around arterioles.  Both NR2C 

and NR2D also appeared to stain cortical neurons (large red cells). Scale bars are 50 μm. 
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Figure 19: NR2C and 2D are localized to cortical astrocytes of juvenile mouse brain 

slices.     

A-F, Co-immunofluorescence of NR2C (A; red) or NR2D (D; red) overlapped with 

GFAP in some cortical astrocytes, as indicated by arrows.  Scale bars are 50 μm. 
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Figure 20: Secondary antibodies for mouse and rabbit have minimal background 

staining when applied to tissue alone.     

A-C, Co-immunofluorescence of goat anti mouse and goat anti rabbit applied to adult 

mouse slices without primary antibodies display reduced background. D-F, Background 

was slightly higher from images of juvenile tissue, but staining did not give the same 

pattern as primary antibody staining suggesting the secondary antibodies were specific.  

Scale bars are 50 μm. 
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DISCUSSION 

Here, we present evidence of NMDA receptor expression in mouse endothelial 

cells in vitro by PCR and immunocytochemistry, and in situ by immunohistochemistry.  

Our evidence suggests mouse primary cultured brain endothelial cells express NMDA 

receptor subunits, NR1 and NR2C/D, which was verified in situ by immunoreactivity for 

NR2C/2D in mouse brain blood vessels.    

To date, nearly all studies of eNMDA receptors have used cultured endothelial 

cells, both from primary and immortalized cell line sources, to examine NMDA receptor 

expression and effects at the cellular level (Betzen et al. 2009; Kuhlmann et al. 2008; 

Kuhlmann et al. 2009; Neuhaus et al. 2011a; Neuhaus et al. 2011b; Reijerkerk et al. 

2010; Sharp 2003).  While cultured cells are useful for studying individual cell types, cell 

characteristics may change with culture conditions and immortalization compared to cells 

in situ.  For example, brain endothelial cells in situ form the BBB through tight junction 

development generating polarization of membrane protein expression on the luminal or 

abluminal side of endothelial cells.  Cultured and immortalized endothelial cells can 

display reduced expression of tight junctions and other proteins (Wolburg et al. 1994), 

thereby differing from native brain microvascular endothelium.  While cell culture is a 

useful model for initial studies, interpretation of results requires caution to accurately 

characterize expression of NMDA receptor subunits and function within these cells, and 

it is important to confirm results in whole tissue.  We are the first to report NR2C/D 

subunit expression in primary mouse endothelial cultures and confirm this subunit 

distribution in brain endothelial cells in situ.   
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Most studies of eNMDA receptors have reported expression of NR1, which is the 

conserved subunit across all NMDA receptors (Andras et al. 2007; Betzen et al. 2009; 

Krizbai et al. 1998; Kuhlmann et al. 2008; Kuhlmann et al. 2009; Neuhaus et al. 2011a; 

Neuhaus et al. 2011b; Parfenova et al. 2003; Sharp et al. 2005).  Our results in adult and 

juvenile mouse primary endothelial cells agree with these findings, since NR1 was 

detected by PCR and immunocytochemistry.   

Endothelial NR2 subunit composition varies between species and type of cultured 

cell (primary or cell line).  For example, reports indicate NR2A/B, NR2B only, NR2B-D, 

or all four subunits (NR2A-D) are expressed in different brain endothelial cultures  

(Andras et al. 2007; Betzen et al. 2009; Neuhaus et al. 2011a; Neuhaus et al. 2011b; 

Reijerkerk et al. 2010; Sharp 2003).  Two studies have also demonstrated expression of 

NR3A and NR3B in human and mouse cell lines (Neuhaus et al. 2011a; Reijerkerk et al. 

2010).  While we have not yet examined NR3A/B, we are the first to study NR2A-D 

subunit expression in mouse primary brain endothelial cells and mouse cortical tissue.  

mRNA transcripts for NR2A-C could not be detected by PCR in endothelial cultures 

from adult or juvenile mouse brains, even though several primer sets spanning each gene 

were tested.  However, we did identify a PCR product for NR2D.  Immunocytochemistry 

of endothelial cells produced similar results, where staining for NR2A and 2B was 

negligible (not shown), and NR2D staining co-localized with endothelial marker, 

isolectin B4.  The presence of NR2D was confirmed in situ by endothelial localization 

with P-gp in fixed brain sections from adult and juvenile mice.  Contrary to our PCR 

results where NR2C transcripts were not detected, protein for NR2C was identified in 

primary cultures by immunocytochemistry.  Also, we found strong 
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immunoreactivity for NR2C in situ in adult and juvenile cortical vasculature, both larger 

arterioles and smaller vessels.  The NR2C signal overlapped with the endothelial marker, 

P-gp, and was distinctly more luminal than GFAP, supporting an endothelial distribution.  

This disparity between our PCR and immunostaining results could be due to amino acid 

sequence homology between NR2C and NR2D.  These subunits have similar sequences 

and molecular weights, making it difficult to use antibodies to differentiate between 

them.  Many commercially available antibodies are not specific and are known to bind 

both subunits.  While not confirmed for the NR2C antibody we have used in this study, it 

may also bind NR2D.  Future experiments using mass spectrometry for protein 

identification will help elucidate the presence or absence of NR2C and/or 2D in cerebral 

endothelial cells.   

In considering other cell types, NR2C and 2D staining was absent in neurons of 

adult tissue, but stained juvenile neurons, which is consistent with known neuronal 

expression patterns that change during development (Monyer et al. 1994; Takai et al. 

2003).  We also report NR2C/2D expression in juvenile cortical astrocytes, which fits 

with recent pharmacological evidence (Palygin et al. 2011; Palygin et al. 2010), but is the 

first time such expression has been demonstrated by immunostaining.  Astrocyte NMDA 

receptors are also resistant to blockage by Mg
2+

 (Palygin et al. 2010), which further 

supports the presence of NR2C/D subunits (Chatterton et al. 2002; Monyer et al. 1994).  

NR2C/D expression in eNMDA receptors may confer similar resistance, as shown in our 

pressure myography results (Chapter 2) where dilation of MCAs by glutamate and D-

serine was mediated by direct vascular effects not susceptible to Mg
2+

.  Thus, NR2C/D 
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expression in eNMDA could impact receptor properties and function.    

Other groups have specifically argued against endothelial cell NMDA receptor 

expression in cultured cells (Domoki et al. 2008; Morley et al. 1998). The reason for 

contrasting results between these studies and those supporting endothelial NMDA 

receptor expression is not clear, but it is possible endothelial cells do not express all 

known subunit splice variants.  Also, it is unknown if cerebral eNMDA receptors are 

expressed on both sides of the BBB, or if they are localized to the luminal or abluminal 

side of the barrier. Comprehensive immunochemical analyses and electron microscopy of 

brain endothelium in large arterioles and small capillaries in situ are required to address 

this further.   

While we have provided evidence of mouse eNMDA receptor expression, the 

precise function of these receptors remains uncertain.  Treatment of immortalized human 

cerebral microvascular endothelial cells with glutamate increases intracellular Ca
2+

 levels 

(Kuhlmann et al. 2008), which can trigger second messenger pathways and bind 

calmodulin, activating enzymes such as eNOS.  This is true in immortalized mouse brain 

endothelial where glutamate treatment activates eNOS, increasing NO production (Scott 

et al. 2007).  We have not yet investigated the function of eNMDA receptors in our 

culture model, but based on eNOS-dependent NMDA receptor-mediated vasodilation in 

MCAs, we believe eNOS could be directly activated by glutamate and D-serine through 

eNMDA receptors.  Future experiments will include intracellular Ca
2+

 imaging of 

cultured mouse endothelial cells and measurement of eNOS activity and NO production 

in response to glutamate and D-serine. 
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2
CHAPTER 4:  Astrocyte-mediated dilation of mouse cortical slice 

arterioles involves D-serine and NMDA receptor activation 

SUMMARY 

Increased neuronal energy demand is coupled to matched increases in blood 

supply by an endogenous regulatory pathway known as functional hyperemia.  This 

process is mediated by gliotransmitter release from astrocyte endfeet, which have direct 

dilatory or constrictor effects on local arterioles in response to neuronal activity.  These 

molecules include arachidonic acid (AA) metabolites, but other gliotransmitters, such as 

D-serine, are also produced by astrocytes in response to neuronal activity.  D-Serine is a 

co-agonist of the glycine regulatory site at NMDA-type glutamate receptors, and NMDA 

receptors play a role in functional hyperemia in vivo.  Previously, we determined that 

NMDA receptors dilate isolated brain arteries in a manner that requires D-serine.  Thus, 

we hypothesized that astrocyte activation leads to perivascular D-serine release and 

NMDA receptor-mediated vasodilation in situ.  To test this, we used two-photon imaging 

of mouse cortical slices bubbled with 20% O2 and loaded with an astrocyte calcium 

indicator.  By simulating glutamatergic neurotransmission through exposure to mGluR 

agonist, 1-aminocyclopentane-trans-1,3-dicarboxylic acid (trans-ACPD), transient 

elevations of astrocyte Ca
2+

 were induced and corresponding dilation of neighbouring 

arterioles was observed.  Vasodilation was blocked by D-amino acid oxidase (DAAO), 

which selectively degrades D-serine and addition of D-serine with DAAO rescued the 

                                                      

2
 LeMaistre JL, Lu L, Anderson CM. (2012). Manuscript in preparation. 
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dilatory response, suggesting D-serine was involved.  We confirmed direct astrocyte 

involvement in this pathway by stimulating astrocytes via two-photon flash photolysis of 

caged Ca
2+

 compound, o-nitrophenyl EGTA/AM (NP-EGTA) within perivascular 

endfeet, which also caused arteriole vasodilation mediated by D-serine.  Dilation after 

Ca
2+

 uncaging was also attenuated significantly by competitive NMDA receptor 

antagonists D-2-amino-5-phosphonopentanoate (AP5) and 5,7-dichlorokynurenic acid 

(DCKA), indicating a response dependent on NMDA receptor glutamate and D-serine 

binding sites, respectively.  These effects were not affected by inhibition of neuronal 

activity through tetrodotoxin (TTX) treatment.  We also report evidence of eNOS 

involvement in dilation by inhibiting 20-HETE production, permitting COX-mediated 

dilation.  This suggests an interaction between the COX, nitric oxide and D-serine 

pathways, which warrants further investigation.  Overall, our results provide the first 

evidence that D-serine is involved in astrocyte-induced vasodilation and implicate an 

effect mediated by NMDA receptors.  

 

INTRODUCTION 

Brain activity elevates local blood flow in a process known as functional 

hyperemia (Iadecola 2004; Roy and Sherrington 1890).  This homeostatic mechanism 

links neuronal energy supply and demand, and involves signalling between neurons, glial 

cells and blood vessels, which is known as neurovascular coupling.  Astrocytes are 

central to this process, since neuronal glutamate and ATP elevate intracellular astrocyte 

Ca
2+

, inducing release of vasoactive molecules with variable vascular effects (Gordon et 
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al. 2008; Leffler et al. 2006; Metea and Newman 2006; Mulligan and MacVicar 2004; 

Zonta et al. 2003).  These molecules include vasodilators such as metabolites of 

arachidonic acid (AA): prostaglandin E2 (PGE2), produced by cyclooxygenase (COX) 

activity, and epoxyeicosatrienoic acids (EETs), produced by cytochrome P450 

epoxygenase, which diffuse from astrocyte endfeet to neighbouring blood vessels 

(Gordon et al. 2008; Metea and Newman 2006; Mishra et al. 2011; Mulligan and 

MacVicar 2004; Takano et al. 2006).  AA from astrocytes can also be metabolized within 

smooth muscle by cytochrome P450 ω-hydroxylase to the vasoconstrictor 20-

hydroxyeicosatetranoic acid (20-HETE) (Gordon et al. 2008; Metea and Newman 2006; 

Mishra et al. 2011; Mulligan and MacVicar 2004).     

Recent studies have shown oxygen levels dictate neurovascular coupling in brain 

slices and retina (Gordon et al. 2008; Mishra et al. 2011).  When tissue is incubated in 

high O2 (95-100%) and the partial pressure of O2 (pO2) increases, neurovascular coupling 

stimulates 20-HETE production and vasoconstriction of blood vessels (Gordon et al. 

2008; Mishra et al. 2011; Mulligan and MacVicar 2004).  At a pO2 closer to physiologic 

levels (20% O2), neuronal and glial stimulation induce vasodilation, which has been 

correlated with reduced prostaglandin-lactate transporter activity and higher extracellular 

PGE2 levels (Gordon et al. 2008), as well as reduced 20-HETE synthesis (Mishra et al. 

2011).  It has been suggested the polarity of astrocyte-induced vascular responses is also 

dictated by nitric oxide (NO), which influences AA metabolite activity (Metea and 

Newman 2006) by inhibiting the enzymes which produce 20-HETE and EETs  (Alonso-

Galicia et al. 1999; Alonso-Galicia et al. 1998; Udosen et al. 2003).  NO modulation may 

also be affected by oxygen levels, since at 95% O2, NO increases constriction of 
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retinal vessels during neurovascular coupling, possibly by inhibiting EET production, 

thereby permitting 20-HETE constriction (Metea and Newman 2006).  However, at 

physiologic O2 levels in vivo, NO reduces 20-HETE production, since 20-HETE 

inhibition reverses vasoconstriction by a NOS antagonist (Liu et al. 2008).  Further 

studies are required to better understand the effects of NO on AA metabolite signalling 

and determine the contribution of neuronal nitric oxide synthase (nNOS) and/or 

endothelial nitric oxide synthase (eNOS) to this mechanism.    

Other mechanisms of functional hyperemia have been identified, which may 

involve astrocytes.  Specifically, application of glutamate or NMDA directly to the brain 

surface dilates cerebral circulation (Busija and Leffler 1989; Faraci and Breese 1993) by 

a mechanism involving NMDA receptors and NO (Bari et al. 1996a; Faraci and Brian 

1995).  This is believed to be linked to neuronal NMDA receptor Ca
2+

 influx, which 

activates nNOS (Roman et al. 2000), since NMDA receptors physically associate with 

nNOS through PSD-95 proteins (Brenman et al. 1996).  Given that NO is also involved in 

modulation of AA metabolite signalling and switching between vasodilation and 

vasoconstriction, NMDA receptors may influence astrocyte-mediated neurovascular 

coupling through NO production.  Also, NMDA receptor function is modulated by co-

agonists, glycine or D-serine.  The role of these compounds in NMDA receptor-mediated 

vasodilation is unknown, but D-serine immunostaining is localized to astrocytes, 

including regions near blood vessels (Schell et al. 1995), and astrocytes release D-serine 

by a Ca
2+

 and SNARE protein-mediated mechanism (Martineau et al. 2008; Mothet et al. 

2005).  Therefore, we postulated NMDA receptor-mediated functional hyperemia could 
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be modulated by astrocytes through D-serine release.   

In the present work, we used a brain slice model treated with 20% O2 to 

investigate the role of D-serine and NMDA receptors in astrocyte-induced arteriole 

vasodilation.  We report that degradation of extracellular D-serine and NMDA receptor 

inhibition both reduced blood vessel dilation after astrocyte stimulation, and neuronal 

excitability did not mediate this effect.  Also, in our previous work with isolated middle 

cerebral arteries (Chapter 2), we found evidence of eNOS activation during NMDA 

receptor-mediated vasodilation.  We investigated the participation of eNOS in brain slice 

arteriole vasodilation and found endothelial-derived NO modulates 20-HETE and AA 

signalling from astrocytes, but the correlation between this pathway and D-serine 

signalling has yet to be determined.    

    

MATERIALS AND METHODS 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless 

otherwise noted.  Animal protocols were approved by the Animal Care Committee at the 

University of Manitoba.   

D-serine Immunohistochemistry 

D-Serine immunostaining was modified from the procedure by Schell et al. 

(1995).  Brains from 14-19 day old CD1 mice were placed in fixative (5% 

glutaraldehyde, 0.5% PFA, 0.2% Na2S2O5, 0.1 M Na2PO4 buffer at pH 7.4) for 24 hours 
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and then 30% sucrose for 3 days at 4°C.  Tissue was then snap-frozen in liquid nitrogen 

cooled n-hexane and cut into 30 µm sections on a cryotome.  Slices were reduced for 20 

min at room temperature in 0.2% Na2S2O5 and 0.5% NaBH4 in 0.1 M TBS (pH 7.4) and 

rinsed with 0.2% Na2S2O5 in TBS for 45 min.  Tissue was blocked in 4% goat serum, 

0.2% Triton X-100, and 0.2% Na2S2O5 in 0.1 M TBS for 2 hours and then incubated in 

0.1 M TBS (pH 7.2) with 2% goat serum, 0.1% Triton X-100 and primary antibodies: 

rabbit anti-D-serine (Millipore, Billerica, MA), mouse anti-GFAP and Griffonia 

simplicifolia 1 Isolectin B4 tagged with Alexa Fluor® 488 for 48 hours.  Secondary 

antibodies Alexa Fluor® 633 goat anti-rabbit IgG (H+L) and Alexa Fluor® 568 goat anti-

mouse IgG (H+L) were used for visualization of D-serine and GFAP antibodies.  Images 

were collected with a Zeiss
 
LSM510 laser-scanning microscope.  

Brain Slice Preparation and Two-photon Imaging 

 Brains from CD1 mice (14-19 days old) were dissected into ice cold cutting 

buffer (2.5 mM KCl, 1.25 mM NaH2PO4, 10 mM MgSO4, 5 mM CaCl2, 26 mM 

NaHCO3, 10 mM glucose, 230 mM sucrose) that was bubbled with 95% O2, 5% CO2.  

Animals of this age were necessary to ensure proper dye loading.  Tissue was then cut on 

a vibrating blade microtome (Vibratome, Bannockburn, IL) into 350 µm slices, which 

were incubated in artificial cerebrospinal fluid (aCSF; 126 mM NaCl, 2.5 mM KCl, 1.25 

mM NaH2PO4, 2 mM MgCl2, 2 mM CaCl2, 26 mM NaHCO3, 10 mM glucose) 

oxygenated with 95% O2, 5% CO2 and heated to 35°C.  After 1 hour equilibration, slices 

were loaded with Ca
2+

 indicator- Rhod-2 AM (10 µM; Invitrogen, Burlington, ON) and 

Griffonia simplicifolia 1 Isolectin B4 tagged with Alexa Fluor® 488 (5 µg/ml).  Brain 
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slices from animals of this age were necessary Slices were incubated with aCSF aerated 

with 20% O2, 5% CO2 and 75% N2 while imaged at 800 nm on an upright microscope 

with scanhead for two-photon imaging (Prairie Technologies, Middleton, WI) attached to 

a pulsed Ti-sapphire laser (Coherent Inc., Santa Clara, CA).  Cortical astrocyte Ca
2+ 

increases were stimulated by two methods: a) bath application of (±)-1-

aminocyclopentane-trans-1,3-dicarboxylic acid (tACPD,  100 µM, Tocris Bioscience, 

Ellisville, Missouri), which activates both group I and group II mGluRs and is commonly 

used (Filosa et al. 2004; Mulligan and MacVicar 2004; Zonta et al. 2003) to stimulate 

astrocytic Ca
2+

 via mGluR5 receptors (EC50~ 23µM), b) incubation of slices with caged 

Ca
2+

- ο-nitrophenyl-EGTA AM (10 µM, Invitrogen, Burlington, ON), which binds Ca
2+

 

with high affinity (Kd~ 80 nM) and is taken up by cells.  Light at 700 nm disrupted the 

molecule, decreasing its affinity for Ca
2+

 (Kd~ >1mM), and liberating Ca
2+

 within the 

cytoplasm (Ellis-Davies and Kaplan 1994).  Astrocyte Ca
2+

 changes and arteriole 

diameter in the cortex were monitored by imaging.  Slice arteriole vasodilation was also 

recorded in response to bath application of glutamate (10 µM) with D-serine (10 µM).    

 Brain slices were treated for 30 minutes with D-amino acid oxidase (DAAO; 0.1 

Units/ml), which degrades extracellular D-serine.  Also, to investigate the role of NMDA 

receptors, slices were incubated for 15 minutes with glutamate-site competitive 

antagonist, 2-amino-5-phosphonopentanoate (AP5; 50 µM), or glycine (D-serine)-site 

competitive antagonist, 5,7-dichlorokynurenic acid (DCKA; 100 µM).  Neuronal activity 

was eliminated in slices by treatment with voltage-gated Na
+
 channel blocker, 

tetrodotoxin (TTX; 1 µM; Tocris Bioscience, Ellisville, Missouri).  Activity of 

cyclooxygenase (COX) was reduced by 20 minute incubation with indomethacin 
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(100µM).  To determine the involvement of nitric oxide synthase, slices were also 

preincubated for 15 minutes with eNOS-selective inhibitor,  N
5
-(1-iminoethyl)-L-

ornithine (L-NIO; 3 μM).  20-HETE synthesis was inhibited by N-hydroxy-N'-(4-n-butyl-

2-methylphenyl)formamidine (HET0016; 100 nM). 

Data Analysis 

Area under the curve (AUC) was calculated from the percent vessel relaxation 

versus time graphs.  AUC from antagonist treatments were analyzed compared to AUC 

from controls by t-test for two groups or one-way ANOVA (analysis of variance) with 

Newman-Keuls post-hoc test for three or more groups.   For analysis of time course of 

dilation during glutamate and D-serine treatments (Fig. 21), two-way ANOVA for 

repeated measures were conducted with Bonferroni post-hoc tests.   

 

RESULTS 

D-serine is located in astrocytes of the neurovascular unit   

Immunostaining for D-serine in cortical brain slices (Fig. 21A) co-localized with 

astrocyte marker, GFAP (Fig. 21B), in protoplasmic endfeet around arterioles labelled 

with isolectin B4 (Fig. 21C).  This indicates D-serine is readily available for release in 

close proximity to cortical blood vessels. 

D-serine and NMDA receptors contribute to dilation of brain slice blood vessels   
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To explore potential vasomodulatory effects of D-serine on blood vessels in brain 

parenchyma, we determined whether the combination of D-serine and glutamate dilates 

cortical arterioles in mouse brain slices maintained at 20% O2.  Bath application of 

glutamate and D-serine (each 10 µM) dilated brain slice arterioles (maximum 4.0 ± 3.1%) 

over 400 seconds (Fig. 22).  Adding TTX to block neuronal excitability had no 

significant effect on dilation (maximum 2.8 ± 3.0%), thus eliminating the possibility that 

signalling through neuronal excitation is responsible for this effect of glutamate and D-

serine.     

Using acute cortical slices, glutamatergic neurotransmission was mimicked by 

application of tACPD, which is an agonist of mGluR5 and causes inositol-3-phosphate-

mediated Ca
2+

 release in astrocytes detectable by increased Rhod-2 fluorescence.  When 

slices were incubated in aCSF aerated with 20% O2, tACPD consistently elevated 

astrocyte Ca
2+

 and induced vasodilation of neighbouring cortical blood vessels (Fig. 

23A).  From 15 blood vessels measured, tACPD treatment resulted in an average 

vasodilation of 3.7 ± 2.1% which peaked 75 seconds after application (Fig. 23B).  

Astrocytes release D-serine by a vesicle-dependent mechanism when cytoplasmic Ca
2+

 

rises (Martineau et al. 2008; Mothet et al. 2005).  The role of D-serine was tested by 

incubating slices with D-amino acid oxidase (DAAO; 0.1 Units/ml), an enzyme that 

degrades extracellular D-serine, and it significantly reduced dilation in response to 

tACPD application (p<0.01; Fig 23C).  Addition of exogenous D-serine to compete for 

DAAO enzyme activity rescued the vasodilatory effect (p>0.05).  This suggests D-serine 

plays a role in cortical vasodilation after simulated neurotransmission via tACPD 

application.  This arteriole vasodilation is also mediated by NMDA receptors, 
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since treatment with the competitive NMDA receptor antagonist, DCKA (100 µM), 

significantly inhibited the vascular response.  DCKA acts at the glycine/D-serine binding 

site, further supporting a role for NMDA receptor co-agonists in this dilation mechanism.   

Simulation of neurotransmission through tACPD treatment elevates brain slice 

astrocyte Ca
2+

 and induces blood vessel dilation.  However, to directly link astrocyte Ca
2+

 

increases with vasodilation we liberated Ca
2+

 ions via flash photolysis of ο-nitrophenyl-

EGTA AM, a caged Ca
2+

 compound, in the cytoplasm of astrocytes labelled with Rhod 2.  

This resulted in elevated astrocyte Ca
2+

, which consistently correlated with vasodilation 

of neighbouring cortical blood vessels (Fig. 24A).  Vasodilation peaked at 5.7 ± 4.3%, 

105 seconds after stimulation.  Involvement of D-serine in this dilation mechanism was 

tested by incubating slices with DAAO before Ca
2+

 uncaging.  DAAO significantly 

reduced the resulting dilation (p<0.01; Fig. 24C), and addition of exogenous D-serine to 

compete for DAAO enzyme activity recovered dilation after flash photolysis (p>0.05).  

This suggests D-serine plays a role in cortical vasodilation after both direct (uncaging) or 

indirect (tACPD application) astrocyte Ca
2+

 stimulation. 

To test if astrocytes were directly involved in NMDA receptor-mediated dilation, 

cytoplasmic Ca
2+

 was increased via Ca
2+

 uncaging, while exposing slices to DCKA (100 

µM) or competitive glutamate-site NMDA receptor antagonist, AP5 (50 µM).  These 

antagonists both significantly reduced dilation triggered by astrocyte stimulation (p<0.05, 

p<0.01; Fig. 24E), indicating astrocytes directly influence NMDA receptor-mediated 

vasodilation in this pathway.  Also, we investigated whether neuronal excitation 

downstream of astrocyte activation accounts for vasodilation.  Flash photolysis of 
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astrocyte caged Ca
2+

 was performed in the presence of neuronal Na
+
 channel blocker, 

tetrodotoxin (TTX; 1 µM).  TTX did not significantly alter the vasodilatory response 

(p>0.05; Fig. 24D), suggesting neuronal excitation does not play a role in dilation after 

astrocyte stimulation.  Furthermore, TTX did not modify inhibition by AP5 or DCKA 

(p>0.05; Fig. 24E), confirming neurotransmission and neuronal NMDA receptors are not 

involved in blood vessel dilation after astrocyte Ca
2+

 uncaging.  

Nitric oxide inhibits constriction pathways permitting vasodilation   

Astrocytes produce AA when intracellular calcium increases, which is 

metabolized to PGE2, a vasodilator produced by COX activity, and 20-HETE, a 

vasoconstrictor produced by cytochrome P450 enzyme (CYP4A), ω-hydroxylase 

(Gordon et al. 2008; Metea and Newman 2006).  Evidence suggests PGE2 and 20-HETE 

production are in equilibrium, where dilation by PGE2 is favoured at lower oxygen levels 

(20%), while constriction by 20-HETE prevails at high oxygen concentrations (95%) 

(Gordon et al. 2008; Mishra et al. 2011).  This equilibrium appears to favour PGE2-

induced vasodilation in our brain slice model, since indomethacin (INM; 100 µM) 

significantly reduced dilation at 20% O2 (p<0.05; Fig. 25A), indicating COX activity 

(and therefore PGE2) was involved in astrocyte-mediated vasodilation.  However, the 

CYP4A (ω-hydroxylase) inhibitor, HET0016 (HET; 100 nM), did not significantly alter 

dilation (p>0.05; Fig. 25A), suggesting 20-HETE levels are low under control conditions 

in our model.   

NO potentially inhibits 20-HETE production to permit vasodilation at 20% O2 

(Attwell et al. 2010), as suggested by in vivo results (Liu et al. 2008).  Since eNOS was 
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shown to influence NMDA receptor-mediated dilation in Chapter 2, we examined the 

contribution of eNOS in our brain slice model by incubation with eNOS selective 

antagonist, L-NIO (3 µM).  L-NIO significantly inhibited vasodilation induced by Ca
2+

 

uncaging (p<0.01; Fig. 25B).  Endothelial-derived NO and PGE2 act independently on 

blood vessels and appear to have an additive effect on vasodilation in this model, since 

inhibition of eNOS and COX through co-treatment of L-NIO and indomethacin 

converted vasodilation to vasoconstriction (p<0.001; Fig. 25B).  L-NIO was unable to 

block vasodilation when the 20-HETE synthesis pathway had been disabled 

simultaneously with HET0016 (p>0.05; Fig. 25B).  This suggests that eNOS-induced 

vasodilation is dependent on suppression of 20-HETE formation.     
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Figure 21: D-serine is localized to astrocyte endfeet near arterioles. 

A-D, In 30 μm sections of 5% glutaraldehyde-fixed brain from 14-19 day old mouse 

pups, D-serine immunostaining (A, red) co-localized with astrocyte marker, GFAP (B, 

green) in cortical perivascular astrocyte endfeet near blood vessels labelled with isolectin 

B4 (C, blue).  Scale bars are 20 μm.   
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Figure 22: Glutamate and D-serine increase lumen diameter in brain slice arterioles.   

Combination of glutamate and D-serine causes significant dilation of penetrating 

arterioles in cortical slices in the presence and absence of the neuronal excitability 

blocker, TTX.  Data are means ± SD of 14 (control) or 18 (TTX group) brain slices and 

were analyzed by two-way ANOVA for repeated measures and Bonferroni post hoc test.  
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Figure 23: mGluR agonist, tACPD, simulates glutamatergic neurotransmission, 

inducing brain slice astrocyte Ca
2+ 

elevations and vasodilation of arterioles by a D-

serine and NMDA receptor-mediated mechanism.   

A, Application of mGluR agonist, tACPD (100 µM), simulates glutamatergic 

neurotransmission, elevating astrocyte Ca
2+ 

and triggering arteriolar vasodilation over 

time, as indicated by the representative images which correspond to times on the graph of 

vessel diameter and Ca
2+

 fluorescence.  The green signal is Rhod 2 fluorescence and the 

signal is fluorescent isolectin B4, which stain blood vessels. Scale bar represents 15 µm.  

B, Plot of average dilation of 15 vessels after tACPD treatment over 300 seconds.  C, D-

amino acid oxidase (DAAO; 0.1 Units/ml) significantly inhibited vasodilation after 

tACPD application.  Addition of D-serine (100 µM) with DAAO recovered dilation to 

tACPD treatment and increased AUC. This graph represents area under the curve (AUC) 

data calculated from % relaxation over time.  **p<0.01 compared to control tACPD AUC 

using one-way ANOVA with Newman-Keuls post hoc test.  D, Competitive NMDA 

receptor antagonist, DCKA (100 µM; dissolved in DMSO), significantly inhibited brain 

slice arteriole vasodilation induced via astrocyte activation by simulated 

neurotransmission, through tACPD treatment.  **p<0.01 compared to control tACPD 

AUC using a t-test.  All data are presented as mean ± SD. 
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Figure 24: Astrocyte Ca
2+ 

elevations directly mediate arteriole vasodilation 

involving D-serine and NMDA receptors.     

A, Liberation of caged Ca
2+ 

in a perivascular astrocyte directly stimulates cytoplasmic 

Ca
2+ 

which corresponds to vasodilation of a neighbouring arteriole over time, as 

demonstrated in the representative images.  The green signal is Rhod 2 fluorescence and 

the signal is fluorescent isolectin B4, which stain blood vessels. Scale bar represents 15 

µm.  B, Plot of average dilation of 21 vessels after astrocyte uncaging over 300 seconds.  

C, D-amino acid oxidase (DAAO; 0.1 Units/ml) significantly inhibited vasodilation after 

astrocyte Ca
2+

 uncaging, but addition of D-serine (100 µM) with DAAO recovered the 

dilation.  **p<0.01 compared to control uncaging AUC using one-way ANOVA with 

Newman-Keuls post hoc test.  D, Treatment with tetrodotoxin (TTX; 1 µM) to block 

neuronal excitation did not significantly affect blood vessel dilation after astrocyte Ca
2+

 

uncaging, as analyzed by t-test.  E, Application of NMDA receptor antagonist DCKA 

(100 µM) significantly blocked arteriole vasodilation induced by direct astrocyte Ca
2+

 

uncaging.  TTX (1 µM) treatment with DCKA also inhibited dilation induced by Ca
2+

 

uncaging, but not significantly more than DCKA treatment alone.  Similarly, application 

of another competitive NMDA receptor antagonist, AP5 (50 µM), significantly reduced 

vasodilation after uncaging.  Also, TTX treatment with AP5 inhibited dilation at a similar 

level to AP5 alone.  Data were analyzed using one-way ANOVA with Newman-Keuls 

post hoc test.  *p<0.05, **p<0.01, ***p<0.001 All data are presented as mean ± SD.   



 135 

 

Figure 25: AA metabolites and eNOS are also involved in brain slice arteriole 

dilation after astrocyte Ca
2+

 uncaging. 

A, Treatment of slices with COX inhibitor, indomethacin (INM; 100 µM) significantly 

blocked arteriole dilation after astrocyte Ca
2+

 uncaging, as indicated by reduced % 

relaxation AUC compared to control AUC. The contribution of 20-HETE was tested by 

treatment with HET0016 (HET; 100 nM), a 20-HETE synthesis inhibitor, which did not 

significantly change dilation.  B, Application of eNOS-selective antagonist, L-NIO (3 

µM), also significantly reduced vasodilation induced by uncaging.  Treatment with L-

NIO and INM (100 µM) caused significant vasoconstriction after astrocyte Ca
2+

 

uncaging.  Dilation was recovered by addition of L-NIO and HET (100 nM).  Data are 

mean ± SD and where analyzed by one-way ANOVA with Newman-Keuls post hoc test; 

*p<0.05; **p<0.01; ***p<0.001  
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DISCUSSION 

Cerebral functional hyperemia is influenced by astrocytes, and these mechanisms 

have been examined in brain slices and in vivo (Gordon et al. 2008; Liu et al. 2008; 

Metea and Newman 2006; Mishra et al. 2011; Mulligan and MacVicar 2004; Takano et 

al. 2006; Zonta et al. 2003).  Tissue oxygen concentration appears to dictate astrocyte 

responses, as treatment with 20% O2, which provides pO2 near physiologic levels, 

favours vasodilation, while high O2 (95-100%) provokes vasoconstriction (Gordon et al. 

2008; Mishra et al. 2011).  To study vasodilation during neurovascular coupling, we used 

a mouse brain slice model aerated with 20% O2 and applied tACPD to model 

glutamatergic neurotransmission, which triggered astrocyte Ca
2+

 and vasodilation.  To 

confirm astrocytes were directly involved in vasodilation, astrocyte Ca
2+

 was stimulated 

by photo-liberation of caged Ca
2+

, which also induced vasodilation.  Both D-serine and 

NMDA receptors were involved in dilation after tACPD and Ca
2+

 uncaging, independent 

of neuronal excitability.  Known vasodilator and AA metabolite, PGE2, released from 

astrocytes, also mediates vasodilation in our slices, but we have new evidence that eNOS 

can act independently of PGE2 to influence vasodilation by inhibiting 20-HETE 

production, as outlined in Figure 26.     

While numerous studies have indicated topical application of glutamate and 

NMDA through cranial windows dilate extraparenchymal pial arteries (Bari et al. 1996b; 

Busija and Leffler 1989; Faraci and Breese 1993; Faraci and Breese 1994; Philip and 

Armstead 2004), the contribution of co-agonists, D-serine and glycine, to NMDA 

receptor controlled neurovascular coupling has not been considered.  To address the 
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involvement of D-serine in signalling within the neurovascular unit, we used three 

approaches.  First, immunostaining localized D-serine to astrocyte endfeet around cortical 

blood vessels, as suggested by Schell et al. (1995), which indicates D-serine is readily 

available for release within the neurovascular unit.  Second, 10 µM D-serine in 

combination with 10 µM glutamate induced dilation of penetrating arterioles in cortical 

slices, and neuronal excitability (blocked by TTX) was not necessary to induce dilation.  

D-Serine and glutamate (10 µM) were near physiologically attainable concentration 

ranges, since basal extracellular D-serine has been detected between 5-8 µM (Hashimoto 

et al. 1995) and local glutamate levels can approach low millimolar amounts (Clements et 

al. 1992).  Third, we demonstrated vasodilation of arterioles after simulation of 

glutamatergic neurotransmission by mGluR agonist, tACPD, was significantly inhibited 

by the D-serine degrading enzyme, DAAO.  To confirm astrocytes were central to this 

effect, cytoplasmic Ca
2+

 was directly stimulated by Ca
2+

 flash photolysis, and the 

resulting vasodilation was also blocked by DAAO.  By treating slices with D-serine (100 

µM) to compete for DAAO binding, dilation after tACPD and uncaging was recovered.  

These results suggest D-serine is released upon elevation of astrocyte Ca
2+

 and 

participates in vasodilation of neighbouring blood vessels.  Taken together, our 

experiments support a novel role for D-serine in neurovascular coupling.  D-Serine 

modulates other NMDA receptor mediated processes, such as LTP and excitotoxicity 

(Fossat et al. 2011; Henneberger et al. 2010; Shleper et al. 2005) and is not known to act 

at any other receptors, thus, a role for D-serine in vasodilation is indicative of an NMDA-

receptor mediated response.  
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NMDA receptors are involved in functional hyperemia in vivo (Bari et al. 1996b; 

Busija and Leffler 1989; Faraci and Breese 1993; Faraci and Breese 1994; Philip and 

Armstead 2004), since dilation is inhibited by NMDA receptor antagonists (Bhardwaj et 

al. 2000; Faraci and Breese 1993; Meng et al. 1995).  In our brain slice model, blood 

vessel vasodilation after indirect astrocyte activation by tACPD was significantly 

inhibited by the competitive NMDA receptor antagonist, DCKA, which blocks the D-

serine/glycine binding site.  Direct involvement of astrocytes was verified by Ca
2+

 

uncaging, and the resulting vasodilation was also blocked by DCKA and competitive 

glutamate binding site antagonist, AP5.  Furthermore, NMDA receptor-mediated dilation 

was independent of neuronal activation, since TTX did not significantly affect dilation or 

alter inhibition by AP5 and DCKA. This suggests NMDA receptors play a role in our 

model of neurovascular coupling, but do not require neuronal activation.  Cerebral blood 

vessels are not only surrounded by astrocyte endfeet, but also receive direct innervation 

from neuronal terminals, which can release neurovascular signals (such as NO) upon 

neuronal activation (Tong and Hamel 2000).  However, since TTX blocks 

neurotransmission, but not vasodilation in our model, these neuronal varicosities do not 

appear to be involved.  It is tempting to speculate that vascular NMDA receptors, and not 

neuronal NMDA receptors, contribute to dilation in this model, but further studies 

targeting vascular receptors are required to confirm their involvement.  In contrast with 

our results, a study of brain slices treated with tACPD showed astrocyte-Ca
2+

 induced 

vasodilation was not affected by AP5 (Zonta et al. 2003).  However, these slices were 

aerated with 95% O2, which alters vascular responses (Gordon et al. 2008; Metea and 

Newman 2006; Mishra et al. 2011).  Additional experiments at 95% O2 in our model may 
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produce similar effects.  Our results also suggest astrocytes directly influence NMDA 

receptor-mediated vasodilation, since dilation after direct astrocyte stimulation (Ca
2+

 

uncaging) is blocked by NMDA receptor antagonists.  This agrees with a previous study 

where gliotoxin application to the cerebral surface disrupted glutamate and NMDA 

receptor-induced dilation (Leffler et al. 2006).  This study and our experiments are 

currently the only evidence indicating astrocytes can influence NMDA receptor-mediated 

vasodilation.   

Astrocytes are known to mediate neurovascular coupling in slices, retina and in 

vivo through production of AA, which is metabolized to PGE2 and EETs (vasodilators) or 

20-HETE (a vasoconstrictor) (Gordon et al. 2008; Metea and Newman 2006; Mulligan 

and MacVicar 2004; Takano et al. 2006; Zonta et al. 2003).  We tested the involvement 

of prostaglandins and 20-HETE in our model of dilation by treating slices with 

indomethacin (INM), a COX inhibitor, or HET0016 (HET), a CYP4A ω-hydroxylase 

blocker, to prevent PGE2 and 20-HETE production.  INM significantly blocked blood 

vessel dilation after astrocyte Ca
2+

 uncaging, signifying that PGE2 mediates vasodilation 

under these conditions (20% O2 treated brain slice), as shown in previous studies (Gordon 

et al. 2008; Mishra et al. 2011; Takano et al. 2006).  HET did not significantly change 

vasodilation after Ca
2+

 uncaging in our slices, suggesting 20-HETE production is not 

prevalent, which agrees with results from retina treated with 21% O2 where 20-HETE 

contribution to neurovascular coupling was not significant (Mishra et al. 2011).  Also, 

similar results were demonstrated in vivo where HET treatment had no significant effect 

on functional hyperemia in response to whisker stimulation at physiologic pO2 levels (Liu 

et al. 2008).  Thus, our results confirm known vasodilator PGE2 is involved in our 
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dilation mechanism, while 20-HETE does not appear to reduce neurovascular coupling at 

20% O2.   

Nitric oxide (NO) can modulate vascular effects of AA metabolites by inhibiting 

cytochrome P450 enzymes which produce 20-HETE and EETs (Metea and Newman 

2006).  NMDA receptors are coupled to NO production, since Ca
2+

 influx through these 

cation receptors can stimulate NOS activity (Roman et al. 2000), and nNOS activation is 

central to NMDA receptor-mediated functional hyperemia in vivo (Bari et al. 1996b; Chi 

et al. 2003; Faraci and Breese 1993; Meng et al. 1995).  Thus, it is possible NMDA 

receptor activation in our brain slice model may trigger NO production and modulate AA 

metabolite formation.  Our previous study of isolated arteries demonstrated eNOS is also 

involved in NMDA receptor-mediated vasodilation, but the contribution of eNOS to 

modulation of AA metabolites is unknown.  Therefore, we treated our brain slices with 

eNOS-selective inhibitor, L-NIO, which significantly reduced vasodilation after Ca
2+

 

uncaging.  Subsequent administration of INM with L-NIO had additive effects on the 

dilatory response, resulting in vasoconstriction.  This indicates dilation induced by eNOS 

is independent of PGE2 signals.  Importantly, endothelial-derived NO inhibits 20-HETE 

production, since co-administration of HET and L-NIO recovered dilation after uncaging, 

suggesting 20-HETE levels increased in the presence of L-NIO and reduced vasodilation.  

This points to a new role for eNOS in neurovascular coupling and provides the first 

evidence of modulation of 20-HETE production by endothelial NO, where increased 

eNOS activation suppresses 20-HETE synthesis and permits dilation by PGE2.  In 

contrast with our results and others which indicate a role for NO in astrocyte-mediated 

neurovascular coupling (Liu et al. 2008; Metea and Newman 2006), Zonta et al. 
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(2003) found L-NAME, a general NOS inhibitor, does not inhibit vasodilation after 

tACPD application.  Again, their slices were incubated with 95% O2, and NOS activity is 

dictated by oxygen concentration, so the contribution of NO modulation of neurovascular 

coupling may vary with oxygen content.  A recent in vivo study in cats demonstrated both 

nNOS and eNOS participate in functional hyperemia, but involvement of eNOS was 

greater at lower levels of neuronal activity, while higher stimulation activated nNOS (de 

Labra et al. 2009).  While we have not yet considered the contribution of nNOS in our 

model, it is possible eNOS effects are more prevalent during astrocyte Ca
2+

 uncaging, 

when neuronal activation is low, and nNOS is more involved in models of greater 

neuronal stimulation.  Further studies with eNOS and nNOS knockout mice may also 

help determine the characteristics of eNOS and nNOS-mediated neurovascular coupling 

and correlate these with NMDA receptor activation.    

The work presented in this chapter supports an exciting new link between 

astrocyte D-serine release, NMDA receptor activation, and NO-mediated vasodilation in 

mouse cortical brain slices.  Our results agree with previous studies of NMDA receptor-

mediated functional hyperemia, which suggest involvement of NO (Chi et al. 2003; 

Faraci and Breese 1993; Faraci and Brian 1995; Meng et al. 1995). Further work is 

required to fully characterize this mechanism and link D-serine and NMDA recpetors 

with eNOS modulation of AA metabolites, but we have provided important evidence of 

D-serine involvement in neurovascular coupling. 
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Figure 26: Astrocyte D-serine mediates arteriole vasodilation.   

We have shown D-serine is involved in vasodilation induced by mGluR activation or 

direct astrocyte stimulation by Ca
2+

 uncaging.  We have also demonstrated interaction 

between eNOS and 20-HETE, where eNOS appears to reduce 20-HETE synthesis.  Thus, 

we speculate, based on our results in Chapter 2, D-serine may have direct vascular effects 

and stimulate eNMDA recpetors and eNOS activation permitting prostaglandin-mediated 

dilation by inhibiting 20-HETE production.  However, we have not yet linked D-serine 

with eNOS activation, or investigated the localization of eNMDA receptors within 

endothelial cells.   
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CHAPTER 5:  General Discussion 

Functional hyperemia couples neuronal energy supply with demand generated by 

neurotransmission in a complex process mediated by numerous signalling pathways and 

cell types within the neurovascular unit.  This includes astrocytes, which release 

vasoactive molecules: AA metabolites, K
+
, and possibly CO when intracellular Ca

2+ 
rises 

in response to synaptic activity (Filosa et al. 2006; Gordon et al. 2008; Li et al. 2008).  

Astrocyte Ca
2+

 elevations also trigger release of gliotransmitters: glutamate, ATP, and D-

serine  (Mothet et al. 2005; Parpura et al. 1994).  The role of these molecules in 

neurovascular coupling is unknown.  However, in this thesis we present evidence 

pointing to a novel mechanism of D-serine-induced, NMDA receptor-mediated cerebral 

vasodilation.  First, we demonstrated NMDA receptor agonists, glutamate and D-serine, 

together dilated pressurized, isolated middle cerebral arteries through NMDA receptor-

mediated direct vascular effects.  Second, we examined the intact neurovascular unit by 

simultaneous two-photon imaging of astrocyte Ca
2+

 elevations and blood vessel diameter 

in cortical brain slices incubated with 20% O2 (to favour vasodilation) to determine the 

contribution of D-serine to NMDA receptor-mediated blood flow regulation.  We 

localized D-serine to astrocyte endfeet around arterioles, suggesting it is readily available 

for release, and we demonstrated that application of glutamate and D-serine to brain 

slices dilated cortical arterioles.  Treatment with DAAO, a D-serine degrading enzyme, 

implicated D-serine involvement in vasodilation of arterioles when astrocyte Ca
2+

 

increased after tACPD application, which imitates glutamatergic neurotransmission, or 

Ca
2+

 uncaging, which provides a direct link to astrocyte activation.  This mechanism was 

also mediated by NMDA receptors, but was not dependent on neuronal excitation.  This 
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is the first indication in brain slices that D-serine, likely released during astrocyte 

stimulation, can modulate vascular tone through NMDA receptors. 

Here, we provide evidence of eNOS participation in brain vasodilation in both 

isolated arteries and brain slices.   Substantial literature argues that neuronal NMDA 

receptor activation is coupled to nNOS and vasodilation by direct smooth muscle effects 

of NO (Faraci and Breese 1993; Faraci and Brian 1995).  However, in our pressure 

myography studies, D-serine and glutamate, stimulated NMDA receptor-mediated 

vasodilation by direct vascular action, dependent on intact endothelial function and eNOS 

activation.  This suggests a novel pathway connecting D-serine with eNOS-mediated 

dilation in intact brain arteries, possibly through eNMDA receptors.  We further 

investigated eNOS activation within the intact neurovascular unit of brain slices and 

found endothelial-derived NO can inhibit the vasoconstrictor, 20-HETE, facilitating 

dilation by PGE2.  eNOS has been theorized to modulate AA metabolites in this manner 

(Attwell et al. 2010), but this is the first direct confirmation of such a mechanism in brain 

tissue.  However, we have not yet directly linked D-serine with eNOS activation in brain 

slices or demonstrated direct dilation of cortical arteriole smooth muscle by endothelial 

NO, as suggested by our work with isolated MCAs.  The presence of numerous cell types 

in brain slices complicates determination of signalling pathways because multiple 

pathways, such as AA metabolites and K
+
 occur at once.  Also, we have not yet 

determined the contribution of nNOS by treating brain slices with a nNOS-selective 

antagonist, such as TRIM, before Ca
2+

 uncaging, since nNOS may also influence AA 

metabolites and play a role in NMDA receptor-mediated vasodilation.  One study 

suggests endothelial NO mediates vasodilation during low frequency neuronal 
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stimulation, while nNOS is more greatly involved during high frequency stimulation (de 

Labra et al. 2009).  Therefore, we expect little involvement of nNOS, as direct astrocyte 

stimulation by Ca
2+

 photolysis provides minimal neuronal stimuation and should favour 

eNOS pathways.  At this point, our work supports participation of eNOS in neurovascular 

coupling through modulation of AA metabolites and possibly direct vascular effects, but 

further work is required to better characterize this pathway.   

 While we have provided valuable new evidence for cerebral vasodilation 

mechanisms, there are limitations to the models employed in these studies.  Blood vessels 

have normal intrinsic properties that influence diameter, such as shear stress stimulated 

by luminal blood flow and myogenic tone induced by blood pressure.  These cause 

endogenous release of signals, such as nitric oxide or endothelin (a vasoconstrictor) from 

endothelial cells, which alter smooth muscle tone (Ngai and Winn 1995).  Thus, it is 

important to consider these factors when studying vascular coupling.  Utilizing isolated, 

pressurized arteries for experiments permits study of direct vascular pharmacological 

effect and allows complete control of arterial pressure and environment.  However, we 

used a “blind sac” preparation where the distal pipette was closed with a stopcock, 

maintaining vascular pressure, but preventing luminal flow.  Lack of blood flow reduces 

normal vascular shear stress and other endogenous signals, and may change smooth 

muscle responses (Ngai and Winn 1995).  Also, arteries are dilated when mounted in the 

apparatus and require pre-constriction (we used norepinephrine) to induce greater 

vascular tone and facilitate measurement of vasodilation.  Thus, pressure myography is a 

useful tool to study direct vascular effects, but experimental conditions do not entirely 

mimic physiological situations and alter normal arterial responses.  Brain slices 
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are a useful model because they permit access to all brain regions, maintain the cellular 

structure of the neurovascular unit, and allow pharmacological study of cellular 

mechanisms, such as intercellular communication (Filosa 2010).  However, brain slices 

lack both blood pressure and flow, which is a drawback for studying vascular responses 

(Ngai and Winn 1995), and requires caution when interpreting results regarding 

neurovascular coupling. While we have evidence of D-serine-induced vasodilation of 

isolated MCAs and arterioles in brain slices, further physiologic studies in vivo are 

required to properly characterize this pathway.  Also, functional hyperemia studies in 

vivo display a faster time course of dilation compared to brain slices.  This could be due 

to: a) altered vascular properties in slices, b) the use of young animals for brain slices, 

which may have under developed neurovascular coupling compared to adults in in vivo 

experiments, and c) other pathways are more prevalent in vivo, which do not require 

diffusion of AA metabolites (Dunn and Nelson 2010).   

Traditional brain slice experiments employ conditions suited to neuronal survival, 

such as aerating aCSF with 95% O2.  This concentration of O2 results in superoxide free 

radicals and cell damage (D'Agostino et al. 2007; Hajos and Mody 2009).  Moreover, 

brain O2 in vivo is much lower, and these artificially high conditions may not only alter 

astrocyte AA metabolite pathways (Gordon et al. 2008), but may change endogenous 

vascular signalling.  Previous brain slice and retinal preparations using 95% O2 report a 

mixture of vascular responses to astrocyte stimulation, such as dilation, constriction, or 

both dilation and constriction (Metea and Newman 2006; Mulligan and MacVicar 2004; 

Straub et al. 2006; Zonta et al. 2003).  However, perfusion of slices with 20% O2 solution 

favours dilation (Gordon et al. 2008), so we chose these conditions for our 
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experiments, which should provide O2 concentrations close to physiologic levels and 

limit superoxide induced cell death (D'Agostino et al. 2007).  Oxygen levels also affect 

NO production (Abu-Soud et al. 1996; Elayan et al. 2000), which is important for 

modulating vascular responses and astrocyte-blood vessel AA metabolite signalling.  

Thus, it is important when studying neurovascular coupling in slices to consider 

conditions which maintain neuronal survival but also optimize vascular responses and 

NO release (Filosa 2010).  Furthermore, oxygen diffusion into tissue forms a gradient, 

suggesting the effects of oxygen on neurovascular coupling may vary between outer and 

inner layers of brain slices.  In our study, we were limited to the top 100 µm of slices, 

based on the penetration and loading of dyes (Rhod 2, isolectin B4), so the oxygen 

tension was likely constant throughout experiments.  However, it would be valuable in 

the future to measure oxygen at different layers during our experiments to confirm pO2 is 

near physiological levels.   

While we have made progress to better understand the role of D-serine, NMDA 

receptors, and NO in cerebral blood flow regulation, there remains several areas to 

address in the future.  We have demonstrated that D-serine and NMDA receptors can 

influence astrocyte-mediated vasodilation and we have also shown NO is involved in this 

blood vessel dilation, through eNOS.  However, we have not confirmed whether D-serine 

can contribute to eNOS activation directly in brain slices.  D-Serine-mediated dilation 

and NOS-mediated dilation may occur independently, but we plan to show glutamate and 

D-serine can elevate eNOS activation within endothelial cells of a brain slice by NO 

fluorescence imaging and correlate this fluorescence with arteriole vasodilation.  Also, 

we plan to demonstrate a correlation between D-serine and 20-HETE levels using 
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co-administration of DAAO and HET on brain slices during astrocyte Ca
2+

 uncaging.   

Also, it is conceivable blood glutamate and D-serine may activate eNMDA 

receptors expressed on the luminal side of the BBB.  Plasma glutamate concentrations in 

healthy patients are near 400 µM (Filho et al. 1999), and serum D-serine is near 1-2 µM 

(Ohnuma et al. 2008).  Both of these concentrations are lower than local levels in brain 

tissue (Clements et al. 1992; Hashimoto et al. 1995), but high enough to activate eNMDA 

receptors.  However, we find D-serine-mediated dilation is induced by astrocyte 

stimulation, so the mechanism is activity-dependent and likely requires larger local 

agonist concentrations instead of continuous blood concentrations.  Further work is 

required to determine the localization of eNMDA receptors within the BBB and potential 

effects of blood glutamate and D-serine on this dilation mechanism.      

We have not considered the involvement of other endogenous NMDA receptor 

agonists, glutamate and glycine, in astrocyte-induced vasodilation.  Glutamate activates 

NMDA receptors in combination with a co-agonist (D-serine or glycine).  In brain slices 

aerated with 20% O2, bath application of glutamate (10 µM) and D-serine (10 µM) 

induced arteriole relaxation, but the contribution of endogenous glutamate to NMDA 

receptor mediated dilation after astrocyte stimulation is unknown.  Extracellular 

glutamate could be sufficient in our model to activate NMDA receptors, and pre-treating 

brain slices with glutamate dehydrogenase to degrade glutamate before Ca
2+

 uncaging 

would help determine the role of glutamate in this mechanism.  Glycine, the other known 

NMDA receptor co-agonist, may also modulate vasodilation similar to D-serine.  

Application of glycine oxidase to slices would indicate the involvement of extracellular 
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glycine in blood flow control, but we expect glycine to have a minimal role, since other 

studies have shown D-serine is the principle endogenous co-agonist of neuronal NMDA 

receptors in several brain regions, including the pre-frontal cortex (Fossat et al. 2011; 

Panatier et al. 2006).  Moreover, our brain slice experiments have been limited to 

observation of cortical arterioles.  Several studies indicate cerebral blood flow can be 

regulated at the capillary level through pericyte contraction (Peppiatt et al. 2006; Yemisci 

et al. 2009), and it is also possible neurovascular coupling mechanisms may vary between 

brain regions depending on the populations of neurons and glia present.  Thus, it could be 

beneficial to study a variety of blood vessels, arteries and capillaries, in different brain 

regions to further characterize the role of D-serine and NMDA receptors in functional 

hyperemia.      

We have also not yet considered the involvement of other astrocytic pathways, 

such as EETs, in our model of neurovascular coupling.  EETs mediate vasodilation in 

retina after light and glial-evoked stimulation and in vivo after whisker barrel activation 

(Liu et al. 2008; Liu et al. 2011; Metea and Newman 2006).  Inhibition of EETs 

production also reduces cerebral vasodilation induced by microdialysis perfusion of 

NMDA in vivo (Bhardwaj et al. 2000).  Thus, EETs may contribute to our vasodilation 

mechanism, and further studies are required.  Also, we have not judged other ways 

astrocytes could be involved in D-serine-mediated vasodilation.  For example, astrocytes 

also express NMDA receptors (Lalo et al. 2006; Palygin et al. 2011; Palygin et al. 2010), 

which could be activated by D-serine release in an autocrine manner.  Astrocyte NMDA 

receptor activation may increase intracellular Ca
2+

 and induce AA metabolite production 

contributing to neurovascular coupling.  However, the only method to selectively 
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target astrocyte NMDA receptors is to create a new mouse strain utilizing Cre/loxP 

recombination.  By crossing transgenic mice which have lox P sites within the NR1 gene 

(floxed NR1) with mice expressing Cre recombinase under control of the GFAP 

(astrocyte specific) promoter (GFAP-cre), an astrocyte-NMDA receptor knockout mouse 

line would be generated where Cre recombinase is expressed only in astrocytes and 

excises part of NR1 gene.  Brain slice studies with these animals will permit further 

investigation of astrocyte function in neurovascular coupling and may further elucidate 

D-serine signalling capabilities. Further complicating NO mediated neurovascular 

coupling pathways is the possibility of astrocyte eNOS activity, since eNOS expression 

in astrocytes has been identified by immunostaining (Wiencken and Casagrande 1999).  

Astrocyte eNOS can be targeted by the same means as astrocyte NMDA receptors by 

crossing floxed eNOS mice with GFAP-cre mice.  This is potentially important, as the 

involvement of this eNOS form in dynamic vascular interactions is unknown.     

We are also the first to suggest endothelial cell NMDA receptors mediate blood 

flow and provide characterization of mouse endothelial cell NMDA receptor subunit 

expression of NR1 and NR2C/D in primary endothelial cultures and in situ.  Our results 

from pressure myography of MCAs suggest NMDA receptors influence dilation by direct 

vascular effects.  MCA dilation in response to glutamate and D-serine was not affected 

by the presence of Mg
2+

, suggesting the presence of NR2C/2D and/or NR3A/3B, which 

reduce NMDA receptor sensitivity to Mg
2+

 (Monyer et al. 1994).  Several studies of 

cultured endothelial cells have reported expression of NMDA receptors (Andras et al. 

2007; Scott et al. 2007; Sharp et al. 2005), but the role of these receptors in blood flow 

has not been investigated.  Our results with isolated arteries suggest glutamate and 
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D-serine stimulate endothelium-dependent dilation by direct activation of eNOS, which 

lead us to investigate NMDA receptor subunit distribution in primary mouse endothelial 

cells.    PCR analysis of eNMDA receptor subunits only detected expression of NR1, the 

conserved subunit, and NR2D.  Further, we have shown expression of NR2C/2D in 

cultured cells and endothelial cells in situ.  While we have evidence of eNMDA receptor 

expression, we do not have tangible results indicating functionality of eNMDA receptors 

and eNOS activation.  Further studies of eNOS and calcium signalling in cultured 

endothelial cells and blood vessels in brain slices may help link eNMDA receptors and 

blood flow changes.  In the future, we will investigate the role of eNMDA receptors in 

neurovascular coupling via brain slices from endothelial-NR1 knockout mice.  These will 

be produced by breeding floxed NR1 mice with Tek-cre recombinase mice to disrupt 

NR1 expression in endothelial cells since Tek is an endothelial specific promoter.  Two-

photon experiments of brain slices from these animals will help to determine the 

contribution of eNMDA to vasodilation. 

The novel mechanism of neurovascular coupling outlined in this thesis involving 

astrocyte D-serine release, NMDA receptor activation, and possibly eNOS-mediated 

modulation of 20-HETE is potentially important in disease situations where astrocytes 

are dysfunctional.  During Alzheimer’s disease (AD), functional hyperemia and resting 

blood flow are reduced (Iadecola 2004; Mentis et al. 1996; Niwa et al. 2000; Warkentin 

and Passant 1997), and the cerebral vasculature is transformed by endothelial cell 

deformation, smooth muscle degradation and decreased NO levels (Farkas and Luiten 

2001; Niwa et al. 2001; Thomas et al. 1996). These vascular effects may impact eNOS 

activation and NO modulation of AA metabolites, contributing to reduction of 
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functional hyperemia. Also, astrocytes from transgenic AD mice display dysfunctional 

Ca
2+

 signalling, with spontaneous Ca
2+

 responses that do not correlate with neuronal 

activity (Kuchibhotla et al. 2009; Takano et al. 2007), which could affect Ca
2+

-induced 

D-serine release and reduce vasodilation.  Future studies with AD mouse models may 

help elucidate the impact of AD on the neurovascular coupling mechanism outlined in 

this thesis.   

Ischemia damages the neurovascular unit, reducing blood flow and functional 

hyperemia during reperfusion (del Zoppo 2010), including dilation of pial arteries to 

NMDA receptor agonists (Bari et al. 1996a; Bari et al. 1998a; Bari et al. 1998b; Busija et 

al. 1996).  Part of this altered neurovascular coupling is attributed to distorted 

concentrations of 20-HETE and EETs, and increasing EETs and decreasing 20-HETE 

production has been a new therapeutic target (Dunn et al. 2008; Miyata et al. 2005; 

Tanaka et al. 2007; Zhang et al. 2007; Zhang et al. 2008a).  Elevated 20-HETE 

concentrations could indicate reduced eNOS activation, since we have shown 

endothelial-derived NO permits vasodilation by reducing 20-HETE.  Thus, repeating 

some of our studies in an ischemia-reperfusion model may show changes in eNOS 

activation and possibly D-serine signalling.  

During epileptiform activity, neurons consume large amounts of energy and 

oxygen, and blood flow is elevated to meet the demand.  However, there is a prolonged 

delay in vascular responses after astrocyte Ca
2+

 is elevated, suggesting normal 

neurovascular coupling is altered.  eNOS is essential for vasodilation under these 

conditions (Gomez-Gonzalo et al. 2011; Pereira de Vasconcelos et al. 2006).  It is 
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feasible that high extracellular glutamate concentrations during epileptiform activity may 

further activate NMDA receptors and eNOS to induce greater vasodilation, and future 

studies inducing seizures in brain slices would permit investigation of the contribution of 

D-serine, NMDA receptors and eNOS to neurovascular coupling in this disease.  

To summarize, the determination of a novel role for D-serine in NMDA receptor-

mediated vasodilation is a valuable contribution to understanding how functional 

hyperemia is regulated within the neurovascular unit.  However, many studies remain in 

order to fully characterize this mechanism and decipher the action of D-serine and 

possible activation of eNOS enzyme in vivo.  
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