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ABSTRACT 

 

Mitochondrial collapse is considered a pivotal event in ischemic brain damage. 

Compounds that preserve mitochondrial function following an ischemic insult 

may thus protect the brain from stroke injury. Flavonoids are a diverse group of 

polyphenolic compounds reported to be neuroprotective in a wide-variety of 

ischemic stroke models. These compounds appear to increase resistance to 

ischemic injury by targeting multiple signal transduction and metabolic networks. 

In view of evidence that increased consumption of the flavonoids epicatechin (E) 

and quercetin (Q) may reduce stroke-risk, I have measured the effects of 

combining E and Q on oxygen-glucose deprivation (OGD)-induced damage, 

mitochondrial function and pro-survival signaling for cortical neuron cultures. 

Relative to E or Q alone, E+Q synergistically protected cortical neurons from 

OGD-induced damage in tandem with a corresponding preservation of 

mitochondrial bioenergetics. E+Q also produced supra-additive inductions of pro-

survival pathways involving calcium, Akt, nitric oxide and CREB that converge on 

the mitochondrion. The therapeutic relevance of these findings was supported by 

the ability of oral administration of E+Q to protect mice from hypoxic/ischemic 

(HI) brain damage. Consistent with evidence that Q improves bioenergetics by 

stimulating the mitochondrial calcium uniporter (MCU), Q increased neuronal 

cytosolic calcium spikes and the mitochondrial membrane potential. However, 

excessive MCU-mediated calcium uptake promotes cell death. I therefore 

employed global MCU (G-MCU) nulls and central neuron-specific MCU (CNS-

MCU) deficient mice to compare the effects of constitutive and inducible MCU 

ablation, respectively, on neuronal mitochondrial bioenergetics and resistance to 

ischemic damage. Despite reduced mitochondrial calcium uptake by forebrain 

mitochondria isolated from G-MCU nulls, cortical neuron cultures derived from 

these mice were not resistant to OGD. My findings suggest that increased 

neuronal glycolysis resulting in the suppression of Complex I activity may have 

compromised the resistance of G-MCU nulls to HI brain injury. By contrast, CNS-

MCU deficiency, induced at adulthood, protected mice from HI brain injury. MCU 

suppression by siRNA-mediated silencing also protected cortical neuron cultures 

from OGD-induced viability loss. Unlike G-MCU ablation, siRNA-mediated MCU 

silencing did not enhance glycolysis in cortical neurons exposed to OGD. These 

findings suggest that acute MCU inhibition may be a viable therapeutic approach 

for stroke. 
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Chapter 1: Introduction 
 

 

1.1 Stroke subtypes and disease burden 

Strokes are categorized as either ischemic (~85%) or hemorrhagic (~15%). 

Ischemic strokes are caused by the physical blockage of cerebral blood flow, 

usually by plaques and/or thromboembolisms.1 In the case of hemorrhagic 

stroke, blood flow is compromised by rupture of the cerebral vasculature, 

commonly originating from aneurysms or arterio-venous malformations.2 The 

brain is highly sensitive to damage by impaired oxygen and glucose delivery 

resulting from the interruption of cerebral blood flow by either an ischemic or 

hemorrhagic stroke. If blood flow is not quickly re-established, irreversible injury 

will rapidly ensue resulting in permanent neurological deficits and eventually 

death. Brain regions at risk of injury, by reduced blood flow from a stroke, but are 

not yet dead, are referred to as the penumbra which represent a major target of 

neuroprotection. In 2013, the global burden of disease (GBD) study listed stroke 

as the second leading cause of death and third leading cause of permanent 

disability world-wide.2, 3 Although age-standardized stroke induced fatality rates 

have decreased, the annual number of strokes, stroke-related deaths and stroke 

patients with permanent disabilities continues to climb – statistics that are 

expected to increase with our aging population. The GBD study found that from 

1990 to 2013 there were 6.5 million deaths caused by stroke (51% ischemic), 

10.3 million new strokes (67% ischemic) and 25.7 million stroke survivors (71% 
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ischemic) with a total of 113 million disability adjusted life years. From 1990 to 

2013 the GBD study found that stroke incidence increased 60.5% and 78.9% for 

ischemic and hemorrhagic strokes, respectively. This increasing global burden 

imposed by stroke indicates that additional clinical interventions are urgently 

required to both decrease stroke incidence and reduce stroke-induced brain 

damage. 

 

The 2015 Canadian Stroke Best Practice Recommendations for the management 

of acute stroke provides guidelines for the diagnosis and treatment of 

hemorrhagic and ischemic stroke. Neurovascular imaging is first recommended 

to determine the type stroke. In the case of ischemic stroke, current treatment 

options include the thrombolytic agent tissue plasminogen activator (t-PA) and/or 

endovascular thrombectomy (EVT).4 Treatment with t-PA and/or with EVT 

attempts to restore cerebral blood flow; however, these treatments must begin 

within 4.5 and 6 hours, respectively, from the onset of stroke symptoms to be 

effective. Unfortunately, only a minority of patients (<10%) that have suffered an 

ischemic stroke are eligible for t-PA and/or EVT.5 Hence, there is a considerable 

need for a neuroprotective therapy that can be safely administered immediately 

to either hemorrhagic or ischemic stroke patients.  

 

1.2 Ischemic preconditioning and neuroprotection 

The adaptive response from non-injurious periods of hypoxia or ischemia to 

powerfully precondition the brain against injury by a future insult were first 
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described in 1986.6 ,7 Hypoxic preconditioning (HPC) is produced by a transient 

(non-injurious) reduction in cerebral oxygen levels, whereas ischemic 

preconditioning (IPC) is produced by a transient interruption of blood flow to the 

brain. Neuroprotection by HPC or IPC can occur within minutes and last for 

several days.8 This time course is supported by evidence that protective 

mechanisms engaged by HPC and IPC involve both rapid (post-translational 

modifications) and slower processes (transcription and translation).8 The 

profoundly protective effects of HPC and IPC have stimulated intense effort to 

identify the relevant signaling pathways that may be targeted to treat stroke.  

 

Neurons rely heavily on oxidative phosphorylation for ATP production. Multiple 

cellular and signaling mechanisms enable neurons to undergo beneficial 

metabolic adaptations following transient reductions in oxygen and glucose 

delivery. The transcriptional regulating factor HIF-1 plays a key role in activating 

a complex adaptive response responsible for HPC and IPC. HIF-1 is stabilized by 

low oxygen levels resulting in the activation of genes encoding glycolytic 

enzymes, glucose transporters and neuroprotective growth factors such as 

erythropoietin (EPO) and vascular endothelial growth factor (VEGF).8, 9 The 

suppression of ATP production by hypoxia or ischemia also activates the AMP-

activated protein kinase (AMPK) pathway which supports energy production by 

stimulating catabolic, and reducing anabolic, pathways.10 HPC and IPC further 

protect the brain from ischemic damage by activating extracellular signal-related 

kinases (ERK), protein kinase B (Akt), and calcium/calmodulin-dependent 
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kinases II/V (CaMKII/IV) that stimulate the transcriptional regulating factors 

nuclear respiratory factor 2 (Nrf2) and cyclic AMP response element-binding 

protein (CREB). Activation of this signaling network induces robust resistance to 

ischemic brain damage by stimulating the expression of genes encoding growth 

factors, anti-apoptotic factors, proteins that regulate folding machinery, anti-

oxidants, enzymes necessary for energy production and Ca2+ handling  

proteins.8, 11-14 These findings suggest that HPC and IPC profoundly protect the 

brain against ischemic injury by activating a complex neuroprotective signal 

transduction network. Understanding how activation of this network is 

orchestrated is therefore a major goal in stroke research. 

 

1.3 Mitochondrial Ca2+ uptake regulates neuroprotective preconditioning 

Mitochondria play a pivotal role in HPC and IPC by shaping the calcium (Ca2+) 

signaling events that orchestrate neuroprotective signal transduction. However, 

excessive mitochondrial Ca2+ uptake also triggers collapse of this organelle 

implicated in excitotoxic and ischemic neuronal cell death. High-capacity 

mitochondrial Ca2+ uptake is mediated by the mitochondrial Ca2+ uniporter 

(MCU).15 Recently, activity-induced preconditioning has been shown to protect 

primary cultures of mouse hippocampal neurons from excitotoxicity by repressing 

expression of the MCU.16 The resultant decrease in MCU-mediated Ca2+ uptake 

reduced excitotoxic neuronal cell death by attenuating mitochondrial Ca2+ over 

loading.15 Repression of MCU expression was found to be mediated by activation 

of a Calmodulin Kinase II/Npas 4 pathway. These findings therefore suggest that 
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MCU repression may also be an important in vivo mechanism for HPC and IPC. 

The primary goal of my thesis was to determine whether MCU inhibition reduced 

metabolic deficits and neuronal damage in cell-based and mouse models of 

ischemic injury. 

 

In the following sections, I will describe how Ca2+ regulates neuronal 

bioenergetics and recent findings concerning the identification, molecular 

characterization and roles of the MCU in energy metabolism and neuronal cell 

death and survival. 

 

1.4 Neuronal bioenergetics 

It has been known for decades that relative to other organs the brain consumes 

disproportionately high amounts of total oxygen and ATP and relies almost 

exclusively on glucose as an energy source.17 Neuotransmission requires vast 

amounts of energy, primarily to support ionic ATPase activity and vesicle 

recycling that maintain neuronal activity. It has been estimated that pre- and 

post-synaptic activity accounts for 55% of total neuronal ATP consumption in 

active neurons.18 When imposed with large synaptic activity workloads, neurons 

rely heavily on oxidative phosphorylation for the efficient generation of ATP.19 To 

a lesser extent, glycolytic ATP production supports neurotransmission under 

aerobic conditions, however, its contribution to ATP synthesis increases during 

periods of hypoxia.19 Total ATP production generated by oxidative 

phosphorylation has been estimated to account for 93% of all ATP generation, 
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whereas glycolysis has been estimated to contribute 7%.18 These metabolic 

activities are supported by both mitochondrial and glycolytic compartments that 

localize to synapses with an imposed workload.20, 21 Relative to astrocytes, 

neurons shuttle increased amounts of glucose to the pentose phosphate pathway 

to generate NADPH, which is used to regenerate the glutathione pool to combat 

oxidative stress imposed by oxidative phosphorylation.10 This is accomplished by 

the continual degradation of anaphase promoting complex/cyclosome (APC/C-

Cdh-1) that steadily degrades 6-phosphofructo-2-kinase/fructose-2,6-

bisphosphate-3 activity, which otherwise potently induces glycolysis. This further 

substantiates neuronal reliance upon oxidative phosphorylation because of their 

limited capacity to increase glycolytic ATP production and elevate glucose 

consumption via the pentose phosphate pathway.22  

 

1.5  Regulation of neuronal metabolism by Ca2+ 

Mitochondria are trafficked along dynein and kinesin motors to provide metabolic 

support for neurotransmission. Elevated local Ca2+ concentrations act as a 

stopping signal that halts mitochondrial movement, resulting in improved local 

energy delivery.23, 24 The redistribution of mitochondria under imposed workloads 

highlights the importance of proper mitochondrial function and dynamics.25 

Elevated local Ca2+ concentrations also increase mitochondrial-derived ATP 

production.26 Regulation of neuronal metabolism by Ca2+ can occur in the cytosol, 

on the surface of mitochondria and within the mitochondria thus enabling the 

precise spatiotemporal and activity-dependent control of energy production under 



 
 

 
7 

 

different Ca2+ induced workloads.26 Since glucose is the primary energy source 

for neurons, I will now focus on how Ca2+ regulates glucose metabolism by 

glycolysis and oxidative phosphorylation. 

 

Elevated cytosolic Ca2+ activates CaMKII which acts upon glycogen 

phosphorylase to stimulate glycogen breakdown resulting in enhanced glucose 

supply for oxidation. This is a more prominent mechanism in astrocytes than 

neurons.26-28 The higher glycogen pools in astrocytes are thought to supplement 

neuronal activity by increasing metabolite transfer. Under aerobic conditions it is 

thought that lactate is shuttled to neurons under imposed workloads which is 

used to generate ATP through oxidative phosphorylation. This process is called 

the lactate shuttle.18, 29 Astrocytes also appear to shuttle glucose to neurons to 

fuel activity under anaerobic conditions by glycolysis. Although the exact 

mechanisms and direction of metabolite transport are not fully understood, 

disturbances in metabolite transfer between astrocytes/oligodendrocytes and 

neurons have been shown to compromise neuronal function. This strongly 

supports a key role for astrocytes/oligodendrocytes in the metabolic support of 

neurons.30, 31 

 

A second mechanism for the increased metabolic support of neurons is the up-

regulation of Ca2+-dependent metabolite transporters. Metabolite transporters 

respond to increased Ca2+ concentrations through EF-Ca2+ domains in the 

intermembrane space by elevating substrate transfer to mitochondria. There are 
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two main transporters that are modulated by increased Ca2+ concentrations - the 

aspartate/glutamate transporter (Aralar/AGC) and ATP-Mg/Pi (SCaMC3/APC). 

AGC is activated by Ca2+ (half maximal conductance, S0.5 ~ 324 nm) resulting in 

the increased transport of reducing equivalents into the mitochondrial matrix that 

enhances substrate supply for the electron transport chain. Increased AGC 

transport has also been linked indirectly to improved pyruvate supply to the 

matrix thus aiding in the maintenance of substrate supply for the TCA cycle.32-34 

SCaMC3/APC responds to elevated Ca2+ concentrations (S0.5 define ~ 3-4 µM) 

by increasing the electroneutral exchange of ATP-Mg2+ or ADP for HPO4. The 

direction and magnitude of transport is dependent on the relative concentrations 

of substrates for the SCaMC3/APCs which function to maintain the adenine pool 

for the synthesis of ATP.35 

 

Ca2+ is also electrogenically taken up into mitochondria through the MCU.36 Once 

inside the mitochondrial matrix it increases the activity of several 

dehydrogenases, namely pyruvate, isocitrate and alpha-ketoglutarate 

dehydrogenase, all rate limiting steps in providing reducing equivalents for 

complex I.37, 38 This increases TCA cycle flux, elevating the production of 

reducing equivalents, which drive the electron transport chain resulting in 

elevated ATP production. Lastly, increased Ca2+ concentrations in the 

mitochondrial matrix elevate energy production by stimulating ATP synthase 

activity.39 
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1.6  Structural features of the MCU 

The MCU functions as a multiprotein complex (~480 kDa) located on the inner 

mitochondrial membrane where it selectively and electrogenically transports Ca2+ 

into the mitochondrial matrix. The mammalian MCU complex is composed of 

several core proteins composed of the MCU, MCUb and EMRE. The activity of 

this complex is regulated by the adaptor proteins MICU1 and MICU2 as well as 

by an additional MICU3 adaptor protein expressed predominantly in the CNS.40-42 

 

The pore domain of the MCU complex is composed of MCU, MCUb and EMRE 

(essential MCU regulator). The pore domain exhibits five-fold symmetry by a 

predicted pentameric shape composed of MCU and MCUb monomers which 

form a hydrophilic pore.42 Genetic ablation of the MCU results in a near complete 

loss of Ca2+ uptake, implicating its essential role in Ca2+ transport. The MCU is a 

40 kDa protein with 2 coiled coil domains and 2 transmembrane domains 

separated by a short hydrophilic acid linker composed of a DXXE motif.43, 44 The 

carboxylate groups of this DXXE motif are strategically located on the proposed 

pore entrance of the second transmembrane domain, which contributes to the 

selective gating of Ca2+ by the MCU complex.  

 

MCUb shares approximately 50% sequence identity to MCU and contains two 

predicted transmembrane domains. The MCUb subunit contains several key 

acidic amino acid substitutions in the pore facing region that restrict Ca2+ 

transduction.42  Higher MCUb subunit mRNA expression in heart relative to 
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skeletal muscle is consistent with the lower MCU complex activity in heart than 

skeletal muscle.45, 46 This suggests that the relative levels of MCU to MCUb 

represent a mechanism to control absolute Ca2+ flux through the MCU complex. 

EMRE (essential MCU regulator), is a small subunit (~10 kDa) of the MCU 

complex with a single transmembrane domain which is also required for MCU-

mediated complex Ca2+ conductance.40 Co-expression of the MCU and EMRE is 

sufficient to transport Ca2+ with electrophysiological properties that resemble the 

human MCU expressed in yeast.40-42 EMRE is proposed to have dual functions 

where the first is to interact with the MCU to keep it in an open state to conduct 

Ca2+ and the second is to facilitate interactions between the MCU and the 

adaptor proteins MICU1 and MICU2.42 

 

The basic components of the pore domain in the MCU complex interact with 

several adaptor proteins, namely; MICU1, MICU2 and the predominantly CNS-

expressed MICU3. MICU1 is a 54-kDa protein with two highly conserved EF-

hand Ca2+-binding motifs.46, 47 MICU1 inhibits mitochondrial Ca2+ uptake 

suggesting that it is a key component for positive regulation of this uniporter. 

MICU1-silenced cells possess mitochondria constitutively overloaded with Ca2+, 

suggesting that the MICU1 keeps the MCU pore closed under resting cytosolic 

Ca2+ concentrations [Ca2+]c, thus serving as a gatekeeper for the uniporter.48, 49 

MICU1 knockdown increases basal mitochondrial Ca2+ concentrations [Ca2+]m, 

and MICU1-silenced cells display enhanced mitochondrial Ca2+ uptake in 

response to low [Ca2+]c (0.1-2.0 µM). MICU1/2 interact with the basic 
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components of the MCU pore to coordinately regulate channel activity which 

gives rise to the observed sigmoidal response of MCU complex activity under 

differing concentrations of Ca2+. MICU1/2 are localized to the intermembrane 

space and function as gatekeepers of the MCU complex that set the threshold for 

Ca2+ uptake. Although the exact contributions of MICU1 and MICU2 are not 

presently clear, together they function to inhibit mitochondrial Ca2+ uptake at low 

Ca2+ concentrations, preventing futile cycling, while facilitating MCU mediated 

Ca2+ uptake under stimulated conditions for increased energy production.48, 49 

The specific expression of MICU3 in the CNS is of interest to neurobiologists. 

MICU3 is a paralogue of MICU1 and 2, however, the precise role of the MICU3 in 

the CNS remains unclear.50 
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Figure 1.1 Graphical depiction of the mitochondrial Ca2+ uniporter complex  

The MCU channel exhibits pentameric symmetry and is composed of MCU and 
MCUb subunits. MCU subunits are conducive to Ca2+ transport while relative 
increases in MCUb subunits reduce Ca2+ transport capacity. The essential MCU 
regulator (EMRE) interacts with the pore forming domain and is necessary for in 
vitro activity. EMRE also interacts with non-pore forming subunits MICU1 and 2. 
MICU1 and 2 prevent futile Ca2+ signaling at low (0.1-2.0 µM) cytosolic Ca2+ 
concentrations and facilitate Ca2+ entry at higher (>0.2 µM) cytosolic Ca2+ 
concentrations. Reproduced with permission from Rightslink.51 Mammucari, C., 
et al. (2013) Molecular structure and pathophysiological roles of the 
Mitochondrial Ca2+ Uniporter. Biochimica and Biophysica Acta 10: 2457-2464. 
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1.7  Mitochondrial Ca2+ influx and efflux pathways 

Transport of Ca2+ into the mitochondrial matrix requires crossing both the outer 

mitochondrial membrane (OMM) and the inner mitochondrial membrane (IMM). 

Most studies have focused on Ca2+ transport across the IMM because it is 

impermeable to ions and thus requires transporters for ionic movement. The 

abundance of voltage dependent anion channels (VDAC) that span the OMM 

render this membrane relatively permeable to substrates up to 5 kDa.52 Over 

expression of VDAC increases Ca2+ entry into the mitochondrial matrix, whereas 

down-regulation of VDAC decreases Ca2+ entry into the mitochondrial matrix. 

This also implies that VDAC expression levels themselves can modulate 

mitochondrial Ca2+ signalling. VDAC can also exist as 3 isoforms which all 

contribute to similar Ca2+ uptake profiles, however, these isoforms appear to 

have distinct roles in regulating mitochondrial Ca2+ overloading and cell death.52  

 

As previously discussed, transport of Ca2+ across the IMM into the matrix is 

primarily accomplished by the MCU. Although the MCU is the only bona fide 

candidate for the mediation of mitochondrial Ca2+ uptake, several other putative 

mechanisms have been suggested to facilitate Ca2+ uptake across the IMM 

which include: a mitochondrial ryanodine receptor, UCP2/3, LETM1 and the rapid 

uptake mode called Ram.   

 

The mitochondrial ryanodine receptor has only been reported to transport Ca2+ in 

cardiac tissue, however, evidence for a role of this transporter in mitochondrial 
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Ca2+ uptake is complicated by the possibility of endoplasmic reticulum 

contamination.53 A direct role for the UCP2/3 in mitochondrial Ca2+ transport has 

also been challenged with the evidence more in keeping with an indirect effect.54 

Leucine Zipper-EF-hand containing transmembrane protein 1 (LETM1) is a 

Ca2+/H+ antiporter located in the mitochondrial IMM. Currently, the role of this 

antiporter in both mitochondrial Ca2+ uptake and efflux is unresolved. However, 

its significance is supported by impaired mitochondrial calcium dynamics and 

metabolism resulting from heterozygous mutations in LETM1 associated with 

Wolf-Hirschhorn Syndrome.55, 56 The rapid mode of Ca2+ uptake (RaM) was first 

identified as a mechanism for mitochondrial Ca2+ sequestration in liver. 57 Like 

the MCU, RaM activity is blocked by ruthenium red and depends upon the 

mitochondrial membrane potential to drive Ca2+ uptake.57, 58 However, given the 

lack of information concerning the genetic and structural bases for RaM, these 

similarities with the biochemical properties of the MCU may only indicate that 

RaM is a separate conductance state of the MCU.59, 60 

 

Mitochondrial Ca2+ efflux occurs through the mitochondrial Na+/Ca2+ exchanger. 

This protein has been termed NCLX because it can transport lithium in place of 

sodium.61 NCLX is an isoform of the plasma-membrane NCX family. Lithium 

transport abilities distinguishes the NCLX from plasma membrane sodium/Ca2+ 

exchangers (NCXs) and, unlike NCXs, has been shown by immunogold electron 

microscopy to be localized to the IMM.62  Most recently, a prominent role for the 

NCLX in mitochondrial Ca2+ extrusion has been demonstrated. Cre-mediated 
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excision of NCLX resulted in mitochondrial Ca2+ overloading and sudden cellular 

necrosis that was partially rescued by permeability transition pore (PTP) 

inhibition.63 
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Figure1.2 Mitochondrial Ca2+ - transport mechanisms and metabolic control  

Increases in intermembrane space Ca2+ are sensed through the EF-Ca2+ binding 
domains of Aralar/AGC and SCaMC3 resulting in elevated NADH delivery to 
drive oxidative phosphorylation (AGC) and adenine nucleotides and inorganic 
phosphate (SCaMC3) for ATP production. Ca2+ is electrogenically transported 
into the mitochondrial matrix through the MCU where it activates 
dehydrogenases within the matrix and members of the electron transport chain 
increasing the production of reducing equivalents and ATP. Ca2+ is extruded from 
mitochondria through sodium/Ca2+ exchangers (NCXs) and through the 
mitochondrial permeability transition (mPTP) pore. In the matrix, Ca2+ interacts 
with ATP synthase increasing ATP production. Reproduced with permission from 
John Wiley and sons through Rightslink. Original publication: Llorente-Folch et al. 
(2015) The regulation of neuronal mitochondrial metabolism by calcium. Journal 
of Physiology.26 
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1.8  Mitochondrial involvement in cell death 

The first clue that apoptosis might be regulated by mitochondria came when Bcl-

2 was reported to be localized in the IMM (in fact, it is on the OMM)64 and 

absence of the C-terminal transmembrane domain blocked the ability of Bcl-2 to 

inhibit apoptosis.64 The subsequent molecular dissections of various cell death 

pathways have now firmly established a pivotal role for mitochondria in the 

initiation of apoptosis, necroptosis and necrosis.65, 66 67 In 2009, the 

Nomenclature committee on cell death proposed twelve distinct forms of cell 

death.65 In this thesis, only those pathways involving the mitochondrion will be 

discussed, however, for a more detailed description of the roles played by 

mitochondria in neuronal cell death, the reader is referred to excellent reviews of 

this topic.65 66, 67 

 

The critical requirement of energy production to drive the chemical reactions 

essential for life has strategically positioned mitochondria in the regulation of cell 

death and survival. Indeed, a common feature of apoptosis and necrosis is 

cellular bioenergetic collapse. Severe reductions in ATP levels deprive ion 

pumps of the energy required to maintain ionic homeostasis leading to cellular 

and mitochondrial swelling. This, in turn, activates Ca2+ sensitive proteases, such 

as calpains and cathepsins that perpetuate cellular demise.65, 66 MCU-mediated 

mitochondrial Ca2+ overloading causes mitochondrial swelling that induces the 

formation of a permeability transition pore (PTP). The PTP is formed in the IMM 

where its opening triggers mitochondrial collapse and the release of cytochrome- 
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C and other factors that execute cell death. Opening of the PTP is promoted by 

mitochondrial Ca2+ overloading and the excessive generation of thiol oxidants 

while PTP activity is opposed by magnesium and adenine nucleotides.68 The 

exact molecular identity of the PTP remains heavily debated despite the 

knowledge of its existence since the 1970’s. Although genetic and 

pharmacological studies have shown that cyclophilin D promotes PTP activity 

and that ATP synthase appears to be associated with formation of the PTP, the 

precise structure of the PTP remains elusive.68 

 

Mitochondrial mediated cell death can also be regulated through mitochondrial 

outer membrane permeabilization (MOMP). MOMP is controlled by the balance 

of anti-apoptotic (i.e. Bcl-2 and Bcl-xL) and pro-apoptotic (i.e. Bax and Bak) 

members of the Bcl-2 family, a family now including over 30 members.69 Under 

apoptotic stimuli, pro-apoptotic Bcl-2 family members, such as Bax, oligomerize 

and insert themselves into the mitochondrial outer membrane, inducing its 

permeabilization. MOMP is inhibited by anti-apoptotic factors that physically 

associate pro-apoptotic factors to prevent their insertion, oligomerization and 

permeabilization of the mitochondrial outer membrane.69, 70 Once the outer 

mitochondrial membrane is permeabilized, additional pro-apoptotic factors, such 

as cytochrome C, are released.69 Within the cytosol, cytochrome c interacts with 

apoptosis activating factor (Apaf) and caspase-9 to proteolytically activate 

caspase-3 that is the final executioner of apoptosis.71 MOMP can also induce 

caspase-independent apoptosis by releasing additional pro-apoptotic proteins 
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such as apoptosis inducing factor (AIF) and endonuclease G.72, 72 AIF is tethered 

to the IMM and faces the intermembrane space. Following MOMP, AIF is 

proteolytically cleaved, released and transported to the nucleus where it causes 

chromatin condensation and DNA fragmentation.72 

 

1.9  Mitochondrial dysfunction in neurodegenerative disorders 

Neurons face tremendous challenges in maintaining bioenergetic homeostasis, 

especially at distal sites such as synapses that have large ATP demands.25 Since 

mitochondria supply the majority of ATP in neurons, dysfunction of these 

organelles has disastrous consequences for neuronal bioenergetics and viability. 

Neurotransmission depends heavily on the rapid positioning of healthy 

mitochondria to synaptic regions in urgent need of energy. Although the precise 

mechanisms that regulate mitochondrial movement are poorly understood, 

impaired mitochondrial trafficking has been implicated in numerous 

neurodegenerative and neurological disorders.25 Conversely, improvements in 

the transport of healthy mitochondria to sites at risk of injury improves neuronal 

survival.73, 74 These findings support the importance of mitochondrial motility in 

meeting the dynamic energy demands required for optimal neuronal function. 

 

Neuronal survival also depends on the transport of healthy mitochondria to 

maintain rapid and efficient ATP production. A pivotal role for mitochondrial 

fidelity in neuronal survival is strongly supported by neurological impairments 

associated with many mitochondrial diseases.75 Mitochondrial dysfunction has 
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also been implicated in numerous non-familial acute and chronic 

neurodegeneration such as traumatic brain injury, stroke, Alzheimer’s disease, 

multiple sclerosis and Parkinson’s disease.65 Furthermore, Complex I (methyl-

phenyl-tetrahydropyridine (MPTP); rotenone) and Complex III (3-nitropropionic) 

inhibitors produce neuropathological and behavioural deficits in animals that are 

characteristic of Parkinson’s disease and Huntington’s disease, respectively.76-78 

 

In addition to inefficient ATP production, mitochondrial dysfunction is often 

associated with increased reactive oxygen species (ROS) production.79 

Excessive ROS production causes the local damage of mitochondrial DNA, lipids 

and proteins creating a vicious feedforward cycle of increased mitochondrial 

damage and dysfunction. Adding to the activation of these intrinsic cell death 

pathways, mitochondria can also act as damage associated molecular patterns 

(DAMPs) that induce inflammatory injury.80 These findings provide an important 

link between mitochondrial dysfunction and pathological inflammation observed 

in numerous neurodegenerative conditions.80 

 

Given the complex impact of mitochondrial dysfunction on various aspects of 

neuropathology, mitochondrial-based therapeutics should have broad benefits for 

the prevention and treatment of neurodegenerative disorders by improving 

energy production, decreasing oxidative stress and reducing inflammation. 
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1.10 Flavonoids as potential neurotherapeutics 

Flavonoids are biologically active phenolic compounds abundant in teas, fruits 

and vegetables that have attracted considerable attention for the prevention and 

treatment of Alzheimer’s disease, Parkinson’s disease and stroke.81-83 Habitual 

consumption of dietary flavonoids has been inversely associated with 

neurodegenerative disorders, cardiovascular disease and stroke. One of the 

largest meta-analysis to date covering 11 independent studies including a total of 

356,627 patients found that increased flavonoid consumption was associated 

with reduced stroke-risk.84 This study found a dose-response relationship in 

which there was an associated 9% risk-reduction per 100 mg incremental 

increase of total flavonoid ingestion per day.84 Evidence that a flavonoid-enriched 

diet may reduce stroke-risk is further supported by the neuroprotective effects of 

these compounds against ischemic brain injury in numerous animal studies.85 

 

Over 11,000 flavonoids have been identified to date that exert beneficial effects 

through the modulation of multiple cell signalling pathways.91,86,84, 87 In brain, 

supra-physiologically concentrations (≥10 µM) for several flavonoid subtypes 

activate pro-survival signalling pathways (CREB and Akt), inhibit inflammatory 

signalling (NF-κB), reduce oxidative stress through the activation of Nrf-2, 

increase mitochondrial biogenesis by induction of PGC1-α and suppress platelet 

aggregation and vasodilation by elevating nitric oxide production.88-90 Flavonoids 

therefore exhibit pleiotropic effects that improve cellular bioenergetics, reduce 

oxidative stress and alleviate inflammation - all desirable features for the 
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treatment of a wide-range of neuropathological states. Since mitochondrial 

dysfunctional is a central feature of many neurodegenerative disorders that 

appears to be alleviated by dietary flavonoid supplementation, understanding 

how flavonoids improve mitochondrial function may lead to the development of 

treatments for a broad-array of neurodegenerative disorders.91  

 

1.11 Central hypothesis and research aims 

 

My central hypothesis is that treatments which preserve mitochondrial function 

will be neuroprotective in cell-based and animal models of ischemic brain injury. 

This central hypothesis was tested by completing the following three research 

aims: 

1. Assessment of the effects of combining the dietary flavonoids epicatechin 

and quercetin on mitochondrial function, cell signaling and neuronal 

survival in models of ischemic brain injury. 

2. Examination of the effects of global MCU deletion on hypoxic/ischemic 

brain injury, neuronal Ca2+ handling, bioenergetics and hypoxic 

preconditioning. 

3. Determination of the neuroprotective potential of conditional neuron-

specific MCU deficiency at adulthood against hypoxic/ischemic brain 

injury, mitochondrial bioenergetic deficits and damage. 
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Chapter 2 – Materials and Methods 

2.1 Animals 

All animal experiments were conducted in accordance with the Canadian Council 

of Animal Care and were approved by Dalhousie University committee of 

Laboratory Animals. 

 

2.1.1 C57Bl/6 mice 

Male C57Bl/6 mice aged 8-12 weeks of age were purchased from Charles Rivers 

and allowed to acclimate in the new animal care facility for 1 week prior to use. 

Animals were maintained on a 12/12 hour (h) light dark cycle and had ad libitum 

access to standard chow and water. Animals were gavaged with 37.5 mg/kg 

epicatechin (Sigma-Aldrich) and 37.5 mg/kg quercetin (Sigma-Aldrich) once daily 

for 5 consecutive days and were used for experimentation several hours 

following the final flavonoid dose. 

 

2.1.2 Global mitochondrial calcium uniporter (G-MCU) nulls 

A breeding pair of heterozygous MCU null (MCU+/-) mice was generously 

provided by Dr. Toren Finkel (NIH, Bethesda, MD) and genotyped according to 

methods described by his laboratory.238 Mice were bred as Trios in wild-type x 

wild-type (WT), MCU+/- x MCU+/- and MCU-/- x MCU-/- to generate sufficient 

animals for experimentation. Age matched male animals were used for 

experimentation between 8 and 12 weeks of age. Animals were maintained on a 

12/12 h light dark cycle and given ad libitum access to standard chow and water. 
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2.1.3 Conditional neuron-specific (CNS)-MCU deficient mice 

Thy1-cre/ERT2-eYFP mice (The Jackson Laboratory; Stock No: 012708) were 

crossed with C57Bl/6 MCU-floxed (MCUfl/fl) mice (generously provided by Dr. 

Jeffrey Molkentin, Philadelphia, Ohio, USA) to generate Thy1-cre/ERT2-eYFP+/-

/MCUfl/fl mice. Tamoxifen (80 mg/kg) (Sigma-Aldrich) was administered once 

daily for 5 days by oral gavage to male Thy1-cre/ERT2-eYFP+/-/MCUfl/fl mice 

followed by a 3-week washout period to produce CNS-MCU deficiency. Thy1-

cre/ERT2-eYFP+/- mice which received the same tamoxifen dosing and washout 

period were used as controls. Age-matched male mice were used for 

experimentation between 8-12 weeks of age. Animals were maintained on a 

12/12 h light dark cycle and given ad libitum access to standard chow and water. 

 

2.1.4 Primary cortical neuron cultures 

For the studies described in chapter 3 that investigated the neuroprotective 

properties of epicatechin and quercetin, and chapter 5 that examined the 

neuroprotective effects siRNA-mediated MCU knockdown, embryos were 

harvested from  pregnant C57Bl/6 mice (Charles Rivers at E15-16). For the 

studies described in chapter 4 that examined the effects of global MCU (G-MCU) 

loss on ischemic neuronal damage, CD1 breeding pairs were established in 

house. Breeding pairs were (WT x WT) and (G-MCU null x G-MCU null). 

Breeding pairs were placed together for 3 days and then separated. Pregnant 

female mice were harvested 14 days later producing embryos with an age range 
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of E14-16. Embryonic brains were aseptically removed and placed in Neurobasal 

medium containing 10% fetal bovine serum (FBS) on ice. The meninges were 

then peeled back and the cortices transferred to 35 mm petri dishes containing 

Hanks Balanced salt solution (HBSS; Invitrogen) at 4°C. Cortices were pooled 

and treated with 2 ml of Stem-Pro® Accutase® cell dissociation reagent. The 

cortices were then triturated with a fire polished pipette 3-4 times and allowed to 

incubate for 15 minutes (min) at 37°C. This procedure was repeated a second 

time. Protease activity was inhibited by the addition of 1 ml FBS and the cortical 

tissue was transferred to a 15 ml falcon tube containing 3 ml of neurobasal mix 

(Neurobasal 500 ml + B27 + 500 µM glutamine + 20 µg/ml gentamicin; Life 

Technologies) at 4°C. The solution was then triturated 3-4 more times and 

allowed to settle. The supernatant was then collected and passed through a 40 

micron filter. The neurons were then centrifuged at 300x G for 7 min and 

resuspended in neurobasal mix, counted and plated for experiments. Media 

changes were 60% of the total volume and occurred on the fourth day and every 

third day thereafter. 

 

2.1.5 Oxygen glucose deprivation (OGD) 

Primary cortical neuron cultures were used after 8-10 days in vitro for all OGD 

testing in chapters 3 and 4. Primary cortical neuron cultures were used after 7-8 

days in vitro for all cultures used in chapter 5. Glucose-free balanced salt solution 

(GBSS) was prepared by bubbling nitrogen through the solution to remove 

oxygen. The cultures were then washed twice with oxygen free HBSS and placed 
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in air-tight containers that were purged with a gas mixture of 90% nitrogen, 5% 

carbon dioxide and 5% hydrogen for 5 min. Next, the air-tight containers holding 

the cultures were placed in a 37°C incubator for 1.5 h. OGD was terminated by 

aspirating the HBSS and replacing it with the original media. Cells were then 

harvested for future experiments at the indicated time points.  

 

2.1.6 Drug and siRNA treatments of primary cortical neuron cultures 

Cultures from chapter 3 were pretreated with epicatechin (E), quercetin (Q) or 

E+Q for 24 h before OGD, but not during OGD. Immediately after OGD, 

flavonoids were re-added to the cell cultures with the return of neurobasal media. 

Flavonoids stock solutions were prepared in DMSO (10 mg/ml) and diluted into 

100 µl of neurobasal and then applied to neuronal cultures at final working 

concentrations (0.1-10 µM). DMSO (0.02%) containing neurobasal media was 

used as the control. 

 

Neuronal cultures from chapter 5 were subjected to siRNA mediated knockdown. 

Four days after preparing the primary neuronal cultures, either a non-targeting 

siRNA or siRNA against the MCU [Accell non-targeting and Accell mouse MCU 

(215999), GE Healthcare Bio-sciences Co] was administered at a final 

concentration of 1 µM for 72 h in neurobasal media. 
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2.1.7 Cell viability assays  

2.1.7.1 MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]  

Cell viability was assessed using an MTT (Sigma-Aldrich) assay performed in 48-

well plates that each contained about 150,000 neurons. Briefly, 60 μl of 10 mg/ml 

MTT (dissolved in no phenol red neurobasal) was added to each well. After 

incubation at 37°C for 1.0 h, 5% CO2, the supernatant was removed and the 

formazan crystal was then dissolved in 200 μl/well of dimethyl sulfoxide (DMSO, 

Sigma). The absorbance of each well was then measured at 592 nm with a plate 

reader (ELx 800, BioTek). The absorbance of blank wells (200 μl DMSO) were 

subtracted from the absorbance of all of the other wells. The net absorbance of 

untreated no-OGD control wells were defined as 100% cell viability.  

 

2.1.7.2 Fluorescent Assisted Cell Sorting (FACS) 

Primary cortical neurons were used day 10-14 in vitro for FACS analysis using a 

FACSAria III (BD Biosciences, San Jose, CA, USA). OGD was performed as 

previously described. 88 Briefly, cells were washed in chilled HBSS containing 25 

μg/ml DNAse followed by trypsin (2.5%) treatment for 5 min. The plates were 

then agitated by hand to completely lift the cells from the plates. Trypsin activity 

was terminated by the addition of neurobasal media containing 10% FBS. The 

neurons were then collected and centrifuged at 400x g for 5 min. The 

supernatant was then decanted and the neurons were resuspended in chilled 

HBSS containing 25 μg/ml DNAse and centrifuged at 400x g for 5 min. The 

neurons were then suspended in the binding buffer provided by the manufacturer 
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with the addition of 1% FBS and 25 μg/ml DNAse, to a concentration of 106 

cells/ml. A 100 μl aliquot of this cell suspension was treated with both Annexin V 

conjugated to phycoerythrin (PE) and 7-AAD provided in the PE Annexin V 

Apoptosis Detection Kit (BD Biosciences, Mississauga, Canada). Annexin V 

binds to extracellularly exposed phosphatidylserine. Annexin V-positive cells 

were considered early apoptotic. 7-AAD is a cell impermeant dye that only enters 

cells which have suffered membrane damage. 7-AAD-positive cells were 

considered late apoptotic and/or necrotic. Neurons negative for both PE Annexin 

V and 7-AAD were defined as viable. Percent cell viability in OGD-exposed 

cortical cultures was expressed relative to the number of double negative cells in 

untreated (control) cortical cultures.  

 

2.1.7.3 Trypan Blue Assay 

Neurons were washed with phosphate buffered saline (0.01 M, pH 7.4; PBS) and 

trypsinized with 50 µl of 2.5% trypsin (Sigma) for 3 min. Enzymatic activity was 

stopped by the addition of neurobasal culture medium containing 10% FBS (100 

µl). Neurons were then treated with 150 µl of 0.4 % trypan blue (Sigma) and 

incubated for 10 min at 37°C. Neurons were then counted using a Bio-Rad 

TC20™ automated cell counter.  

 



 
 

 
29 

 

2.1.8 Oxygen Consumptions Rates (OCR) and Extracellular Acidification 

Rates (ECAR) in primary cortical neuronal cultures 

OCR and ECAR measurements were performed for cortical neurons cultured in 

24 well Seahorse plates and read with an XF24 extracellular flux analyzer 

(Seahorse Bioscience). Calibration of sensor cartridges and the XF24 analyzer 

were done according to the manufacturer’s recommendations. Neurons were 

cultured and subjected to OGD according to sections 2.1 and 2.2. 

Experimentation was performed on neurons at 7-9 days in vitro. Culture media 

was replaced 30 min before experimentation with Seahorse assay media (cat# 

102352-000) supplemented with 10 mM Glucose, 2 mM sodium pyruvate and 1 

mg/ml fatty acid free bovine serum albumin (BSA) (chapter 3) or artificial cerebral 

spinal fluid containing: NaCl (120 mM), KCl (3.5 mM), CaCl2 (1.3 mM), KH2PO4 

(0.4 mM), MgCl2 (1 mM) HEPES (20 mM), glucose (15 mM), sodium pyruvate (2 

mM) and fatty acid free BSA (4 mg/ml) (chapters 4 and 5).  Mitochondrial function 

was probed by measuring OCR following the sequential addition of oligomycin (2 

µM), FCCP [carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone] (2 µM), 

rotenone (300 nM) and antimycin (5 µM) (all compounds purchased from Sigma-

Aldrich). Mitochondrial function measurements were performed 1-2 h after OGD.  

A minimum of three measurements were performed for each condition. OCR was 

normalized against the total number of live cells (chapter 3 and 4) or protein 

concentration (chapter 5) at the end of the experiment determined by a trypan 

blue assay or the Bio-rad protein assay, respectively.  
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2.1.9 Quantitative PCR (qRT-PCR)  

RNA was extracted with an Aurum total RNA minikit (Bio-Rad, cat# 732-6820) 

from primary neurons. Brain RNA was extracted using an Aurum total RNA Fatty 

and Fibrous Tissue pack (cat#732-6670). The spin protocols were performed 

according to the manufacturer’s instructions. After elution, the quality and 

integrity of the RNA was assessed using a Bio-Rad experion bioanalyzer with an 

RNA StdSns analysis kit. Only RNA with values above 7.5 were used for further 

analysis. RNA was quantified using an Epoch microplate spectrophotometer 

(BioTek Instruments, Vermont, USA). Reverse transcription was carried out with 

the iScript cDNA synthesis kit (Bio-Rad) using 750 ng of template RNA for each 

sample. Negative controls (without the reverse transcriptase present) were run in 

every reaction. qRT-PCR was performed with a SsoFast EvaGreen Supermix kit 

(Bio-Rad) with β-actin, GAPDH, B2M and HPRT1 evaluated as reference genes 

(Table 1). Individual genes were optimized for both annealing temperature and 

concentration. Thus, the qRT-PCR program was: 95°C × 30 seconds (s) + (95°C 

× 5 s + 58°C × 5 s + plate reading) × 40 cycles + melting curve. The melting 

curve programme was a 2 second stop with plate reading for every 0.5°C 

increase from 65°C to 95°C. Each qRT-PCR experiment was performed with a 

Bio-Rad CFX 96 real time system C1000 Touch thermal cycler. All qRT-PCR 

protocols were done in accordance with the MIQE guidelines 92. Analysis was 

performed using the Bio-Rad CFX Manager 3.1 software using the ∆∆Cq 

method.  The primer sets are listed below: 
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Gene Forward Primer Reverse Primer 

Bcl-xL AGCAGGTAGTGAATGAACTCTTTCG CCATCCAACTTGCAATCCGACTC 

BAX TGCTGATGGCAACTTCAACTG GATCAGCTCGGGCACTTTAGTG 

MT-ND2 GGGCATGAGGAGGACTTAACCAAAC TGAGGTTGAGTAGAGTGAGGGATGG 

NCX-1 AAAGAGTGCAGTTTCTCCCTTG TGAAGCCACCTTTCAATCCTC 

NCX-2 ATGGCTCCCTTGGCTTTGATG CAGCGGTAGGAACCTTGGC 

NCX-3 GTGAACCGAAATGGATGGAACG TCACCCAATACTGGCTTTCCC 

PMCA2 AAAGAGAAGTCGGTGCTTCAG GTGTGCATTCCGTCAGCCA 

β-actin GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC 

GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA 

B2M TTCTGGTGCTTGTCTCACTGA CAGTATGTTCGGCTTCCCATTC 

HRPT TCAGTCAACGGGGGACATAAA GGGGCTGTACTGCTTAACCAG 

 

PGC-1α CAATGAATGCAGCGGTCTTA GTGTGAGGAGGGTCATCGTT 

Bcl-2 ATGCCTTTGTGGAACTATATGGC GGTATGCACCCAGAGTGATGC 

MT-ATP6   AATTACAGGCTTCCGACACAAAC TGGAATTAGTGAAATTGGAGTTCCT 

 

2.1.10 Multiplexed Enzyme Linked Immunoassays (ELISAs) 

Multiplex ELISAs were performed using Bio-Plex® reagents purchased from Bio-

Rad (Mississauga, Ontario) to measure levels of phospho-Akt (Ser-473; cat# 

171V60001M), Phospho-CREB (Ser-133; cat# 171V50028M), Total-Akt (cat# 

171V60001M) and Total-CREB (cat# 171V60013M). Primary cortical neuron 

cultures were treated with vehicle (0.02% DMSO), E, Q or E+Q (0.1 or 0.3 µM) 

for 30 min, washed and lysed using reagents purchased from Bio-Rad 

(cat#171304006M). In the case of the lysis buffer, phenylmethanesulfonyl 

fluoride was included to reach a final concentration of 2 mM immediately prior to 
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use. Protein samples (100 µg/ml) were then added to Bio-Plex® plates loaded 

with the capture antibody and allowed to incubate for approximately 15 h on a 

shaker set at 400 rotations per min (rpm). Next the wells were washed and 

treated with the detection antibody for 30 min in the dark with shaking at 400 

rpm. The wells were then washed, treated with streptavidin-phycoerythrein, 

washed and analyzed using a Bio-Plex® 200 system that employs Luminex® 

xMAP® technology. 

 

The phosphorylation of pyruvate dehydrogenase was examined using a multi-

species pyruvate dehydrogenase complex magnetic bead panel (cat# PDHMAG-

13K, EMD Millipore). This kit is a multiplex ELISA for total pyruvate 

dehydrogenase as well as three serine (Ser) phosphorylated isoforms: PDH (Ser 

232), PDH (Ser 293) and PDH (Ser 300). Analyses were performed using 

primary neurons derived from WT or G-MCU null embryos cultured for 8-10 days 

treated with 1 of the 3 conditions: control, glutamate (Sigma-Aldrich) or 

ionomycin (Cayman Chemicals). Controls were naïve to any treatment and 

harvested directly from the neurobasal media. Glutamate samples were treated 

with glutamate (25 μM) for 30 minutes and immediately harvested. Ionomycin 

samples were treated with ionomycin (2 μM) for 30 minutes and immediately 

harvested. Samples were split into 2 aliquots – one for protein concentration 

determination and one for PDH analyses. Protein concentration was determined 

using the Bio-Rad protein assay (Cat# 500-0006). All procedures were done in 

accordance with the manufactures instructions and analyzed on a Bio-Plex ® 200 
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system. Protease and phosphatase inhibitor cocktails (EMD chemicals cat # 

535140 and 524629) were also added to the lysis buffer following the 

manufacture’s suggestions. 

 

2.1.11 Confocal imaging of cytosolic calcium concentrations [Ca2+]c and the 

mitochondrial membrane potential 

Neurons were seeded onto 35 mm imaging dishes at a density of 106/dish and 

maintained as described in section 2.1. Imaging was performed on days 8-10 in 

vitro. Neurons were pretreated with Fluo-4 AM (5 µM; Sigma-Aldrich) for 30 

minutes in a 37°C incubator prior to imaging. This was followed by replacement 

of the culture media with artificial cerebral spinal fluid (aCSF: 120 mM NaCl, 3.5 

mM KCl, 1.3 mM CaCl2, 0.4 mM KH2P04, 1mM MgCl2, 20 mM HEPES, 15 mM 

glucose, 2mM pyruvate and 4 mg/ml fatty acid free BSA, pH 7.2). 

Tetramethylrhodamine methylester (TMRM, 50 nM; Sigma-Aldrich) was then 

loaded for 10 min followed by imaging with a Zeiss LSM meta 510 confocal 

microscope using a 40X magnification oil immersion lens to measure the 

mitochondrial membrane potential. TMRM was excited using a 543 nm laser and 

the emission detected at 560 nm. A 488 nm Argon laser was used to excite Fluo-

4 with the emission detected at 505-550 nm to measure [Ca2+]c. Laser intensity 

was kept to a minimum to avoid bleaching for both lasers (held between 1.8-

2.0% of maximum laser output). Pinhole size varied among experiments and 

ranged between 60-90 µm. Images were captured with scanning area resolution 

of 1024 x1024. Thapsigargin (TG, 5 µM; Sigma-Aldrich) was added to estimate 
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Ca2+ stored in the endoplasmic reticulum. FCCP (2 µM) was added next to 

measure the effects of complete mitochondrial depolarization on the Fluo-4 and 

TMRM signals.  

 

2.1.12 Hypoxic preconditioning (HPC) 

 

Wild-type (WT) or G-MCU null mice were placed in a chamber maintained at 

36.5C and vented with 8% oxygen balanced with nitrogen flowing at a rate of 4 

l/min for 50 min to induce HPC. Mice that served as sham controls for HPC were 

placed in the same apparatus maintained at 36.5C except the chamber was 

vented at 4 l/min with normal atmospheric air (20% oxygen) for 50 min. 

 

2.1.13 Hypoxic-ischemic (HI) brain injury 

Common carotid artery occlusion followed by placement in a low oxygen 

chamber to produce HI brain injury in mice was adapted from the method 

developed by Levine for rats 93. All procedures were ethically approved by the 

University Committee on Laboratory Animals at Dalhousie University. Male mice 

(8-12 weeks of age) were anesthetized using isoflurane (3% with medical oxygen 

at a flow rate of 3 l/min). The ventral portion of the neck was shaved and cleaned 

with soluprep and betadiene (SoluMed Inc; Laval, QC Canada and Purdue 

Frederick Inc; Pickering, ON, Canada, respectively). Anesthesia was maintained 

with 3% isoflurane with an oxygen flow rate of 1.0 l/min. To alleviate pain 

following recovery, mice were injected intraperitoneally (i.p.) with ketoprofen (5 

mg/kg; Cayman Chemicals). An incision (1 cm) was made with a scalpel to 
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expose the sternohyoid and sternomastoid muscles. The left carotid artery was 

isolated and removed from the vagus nerve by blunt dissection. The common  

carotid was then permanently occluded using a high temperature electrocautery 

pen (Bovie Instruments; St. Perersberg, FL, USA). Incomplete occlusions and/or 

animals displaying blood loss were immediately euthanized and excluded from 

the study. Following a 2-3 h recovery period, animals were placed in a low 

oxygen chamber (8% oxygen balanced with nitrogen, flow rate 4 l/min). Following 

the low oxygen chamber, mice were removed and individually housed to recover 

for 24 h.  Animals in chapters 3 and 4 were placed in the hypoxia chamber for 40 

minutes. Animals in chapter 5 were placed in the hypoxia chamber for 50 

minutes. 

 

2.1.14 Neuroscore to assess general conditions of sensorimotor 

behavioural deficits 

A comprehensive behavioural assessment of sensorimotor deficits produced by 

HI brain injury was performed using a neuroscore scale developed by Dr. Ulrich 

Dirnagl (Charité - Universitätsmedizin Berlin, Germany). Scores ranged from 0 

(healthy) to 56 (the worst performance in all categories) and represented the sum 

of scores for 6 general deficit categories (hair, ears, eyes, posture, spontaneous 

activity and epileptic behaviour categories) and 7 focal deficits categories (body 

symmetry, gait, climbing on angled surface, circling behaviour, front limb 

symmetry, compulsory circling, whisper response to light touch).  

 



 
 

 
36 

 

The 6 general deficit categories were scored as follows: 1. Hair. Mouse observed 

on an open bench top (OBT) without interference: 0 - Hair neat and clean, 1 - 

Localized piloerection and dirty hair in 2 body parts (typically nose and eyes); 2 - 

Piloerection and dirty hair in more than 2 body parts. 2. Ears. Mouse on observed 

on an OBT without interference. Mouse then stimulated by snapping fingers. 0 – 

Normal reaction, ears are stretched laterally and behind; 1 – Partial reaction, 

ears stretched laterally but not behind (one or both); 2 – No reaction to noise. 3. 

Eyes. Mouse on OBT. Observed with no interference. 0 - Open, clear, quickly 

follow the surrounding environment/movement. 1 - Open and characterized by 

aqueous mucus. Slowly follow the surrounding environment; 2 - Open and 

characterized by dark mucus; 3 - Ellipsoidal shaped and characterized by dark 

mucus; 4 - Closed. 4. Posture. Mouse placed on the palm and swung gently. 0 - 

The mouse stands up in the upright position with the back parallel to the palm. 

During the swing, it stands rapidly; 1 - The mouse stands humpbacked. During 

the swing, it flattens the body to gain stability; 2 - The head or part of the trunk 

lies on the palm; 3 - The mouse lies on one side, barely able to recover into the 

upright position; 4 - The mouse lies in a prone position, not able to recover/stand. 

5. Spontaneous Activity. Mouse on OBT. No interference. 0 - The mouse is alert 

and explores actively; 1 - The mouse seems alert but it is calm and sluggish; 2- 

The mouse explores intermittently and sluggishly, 3 - The mouse is somnolent 

and numb, few movements on the spot; 4 - No spontaneous movements. 6. 

Epileptic behaviour. Mouse on OBT. The worst behaviour is recorded during the 

whole observation period. 0 – None; 3 - The mouse is reluctant to handling, 
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shows hyperactivity; 6 - The mouse is aggressive, stressed and stares at 

environment; 9 - The mouse shows hyper-excitability, chaotic movements and 

presence of convulsion during handling or after handling; 12 - Generalized 

seizures associated with wheezing and unconsciousness. 

 

The 7 focal deficits categories were scored as follows: 1. Body Symmetry. Mouse 

on OBT, observation of resting behaviour, the nose-tail line observed. 0 - Normal 

(normal posture, tail is straight); 1 - Slight asymmetry (body leans on one side 

with fore- and hind-limbs beneath the body, tail is slightly bent); 2 - Moderate 

asymmetry (body leans on one side with fore and hind-limbs stretched out, tail is 

slightly bent); 3 - Prominent asymmetry (body bent, one side is on the OBT, tail is 

bent); 4 - Extreme asymmetry (highly bent, on one side constantly lies on the 

OBT). 2. Gait. Mouse on OBT, undisturbed movements. 0 - Normal. Flexible, 

symmetric and quick; 1- Stiff, inflexible. Walks humpbacked, slower than normal; 

2 - Limping with asymmetric movements; 3 - Trembling, drifting, falling; 4 - Does 

not walk spontaneously (gently pushed with pen to stimulate walking. If mouse 

takes no more than 3 steps, then receives a score of 4). 3. Climbing. Place 

mouse on a gripping surface 45 degrees to OBT. Placed in the centre of the 

surface and observed. 0 - Normal, climbs quickly to the top; 1 - Climbs with 

strain, limb weakness apparent; 2 - Holds onto slope, does not slip or climb; 3 - 

Slides down slope, unsuccessful effort to prevent fall; 4 - Slides immediately, no 

effort to prevent fall. 4. Circling behaviour. Mouse observed on OBT. 0 - Absent. 

Turns equally to both sides; 1 - Predominately one sided turns; 2 - Circles to one 

sides, not constantly; 3 - Circles constantly to one side; 4 - Pivoting, swaying or 
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no movement. 5. Forelimb symmetry. Mouse suspended by the tail. Movements 

and position of forelimbs are observed. 0 - Normal. Both forelimbs are extended 

towards the bench and move actively; 1 - Light asymmetry. Contralateral limb 

does not extend entirely; 2 - Marked asymmetry. Contralateral forelimb bends 

towards the trunk. The body slightly bends on ipsilateral side; 3 - Prominent 

asymmetry. Contralateral forelimb adheres to the trunk; 4 - Slight asymmetry. 

Body/limb movement. 6. Compulsory circling. Forelimbs on bench. Hind-limbs 

are suspended by the tail. This position reveals the presence of contralateral limb 

palsy. 0 - Absent. Normal extension of both forelimbs; 1 - Tendency to turn to 

one side. The mouse extended both forelimbs, but starts to turn preferably to one 

side; 2 - Circles to one side. The mouse turns towards one side with a slower 

movement compared to healthy mice; 3 - Pivots to one side sluggishly. The 

mouse turns towards one side failing to perform a complete circle; 4 - Does not 

advance. The front part of the trunk lies on the bench. Slow and brief 

movements. 7. Whisker Response. Mouse on the bench. Using a pen, whiskers 

touch gently at the tip of the ears from behind, first one on the side with a lesion, 

then on the contralateral side. 0 - Normal symmetrical response. The mouse 

turns the head towards the stimulated area and withdraws from the stimulus; 1 - 

Light asymmetry, the mouse withdraws slowly when stimulated on the ischemic 

side. Normal response on the contralateral side; 2 - Prominent asymmetry. No 

response when stimulated on the side contralateral to ischemic injury. Normal 

response on the contralateral side; 3 - Absent response on the contralateral side, 

slow response when stimulated on the ipsilateral side; 4 - Absent response, no 

response when stimulated on the ipsilateral or contralateral sides. Single blinding 

was used for behavioural analysis. 
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2.1.15 Measurement of infarct volume using TTC 

Infarct volume was evaluated using TTC (2,3,5-Triphenyltetrazolium chloride; 

Sigma-Aldrich) staining. Mice were humanely euthanized by injection of sodium 

pentobarbital (150 mg/kg; i.p.) and perfused with PBS. The brain was rapidly 

removed and cut into 1 mm coronal sections that were stained with PBS 

containing 2% TTC for 15 min at 37 °C. Sections were then fixed in PBS 

containing 4% formaldehyde for 20 min and stored in PBS containing 1% 

formaldehyde until image analysis. Images were captured with a Canon 

PowerShot SD1400IS Digital ELPH 14.1 megapixel camera. The area 

encompassing the infarct for 5 serial sections (1 mm thick) that spanned bregma 

3.0 mm to -2.0 mm was calculated and converted into a volume using image J 

(version 1.48v). 

 

2.1.16 Histological analysis of neuronal damage by Fluorojade staining 

Mice were injected intra-peritoneally (i.p.) with an overdose of pentobarbital (150 

mg/kg) and perfused transcardially with saline (10 ml) followed by 0.1 M 

phosphate buffer containing 4% paraformaldehyde (pH=6.5; 10 ml) to fix the 

brain. The brain was then removed and post-fixed in 0.1 M phosphate buffer 

containing 2% paraformaldehyde for 24 h followed by cryoprotection for 48 hr in 

0.1 M phosphate buffer containing 30% sucrose. The brain was then frozen and 

coronal sections 30 µm thick were cut at the level of dorsal hippocampus (-1.7 to 

-1.9 mm from bregma) and striatum (1.18 to 0.98 from bregma) with a cryostat. 
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Sections were stained with Fluoro-Jade (FJ; AG325-30MG; EMD Millipore 

Canada) according to the manufacturer’s recommendations. Slides were then 

cover-slipped with Fluorescence-preserving VECTASHIELD Mounting medium 

(Vector, H-1,000) and observed under a Zeiss fluorescence microscope 

equipped with a computer-assisted image analysis system. FJ staining was 

quantified by determining the area occupied by FJ-positive neurons in CA1 

region of the dorsal hippocampus (150 x 300 µm), motor cortex (300 x 300 µm) 

and dorsolateral striatum (300 x 300 µm).   

 

2.1.17 Transmission electron microscopy 

Mice were injected with an overdose of pentobarbital (150 mg/kg, i.p.) and 

perfused transcardially with saline (10 ml) followed by 0.1 M phosphate buffer 

containing 2.5% glutaraldehyde (10 ml) to fix the brain. Whole brains were fixed 

in 2.5% glutaraldehyde in PBS (pH 7.4) over night and processed in the EM Core 

Facility (Dalhousie University). Briefly, the samples were rinsed 3 times in 0.1 M 

sodium cacodylate buffer and fixed in 1% osmium tetroxide for 2 hr and, after 

dehydration, embedded in epon araldite resin. Sections 100 nm thick were cut 

with an ultramicrotome and placed on 300 mesh copper grids which were stained 

with 2% aqueous uranyl acetate, rinsed and treated with lead citrate, then rinsed 

and air dried. Images were captured with a Jeol Jem 1230 transmission electron 

microscope at 80 kV attached to a Hamatsu ORCA-HR digital camera. The 

effects of HI brain injury on mitochondrial damage were assessed in the 

ipsilateral CA1 region of the dorsal hippocampus. Mitochondria were considered 
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damaged if the integrity of the cristae were compromised. Ten photomicrographs 

from each animal were captured from the ipsilateral dorsal hippocampus and 

mitochondria (categorized as either healthy or damaged) were manually counted.  

 

2.1.18 NAD+/NADH and pyruvate measurements 

WT or G-MCU null mice were subjected to sham conditions or HI-induced brain 

injury as previously described. Thirty min later, all animals were humanely 

euthanized with an overdose of sodium pentobarbital (150 mg/kg, i.p.) and then 

perfused transcardially with saline (10 ml). The brains were then rapidly removed 

and the ipsilateral striatum and hippocampus dissected on ice and snap frozen in 

liquid nitrogen. Striatal NAD+ and NADH levels (abcam ab65348, Toronto, ON, 

Canada) and hippocampal pyruvate concentrations (ab65342) were determined 

according to the manufacturer’s instructions. 

 

2.1.19 Forebrain mitochondrial isolation 
 

Mice were euthanized by overdose injection of sodium pentobarbital (150 mg/kg, 

i.p.) followed by decapitation. Brains were immediately removed and the 

forebrain (cortex, hippocampus, thalamus, striatum and hypothalamus) placed in 

chilled isolation buffer [300 mM sucrose, 5 mM Tris-HCl, 2 mM EDTA, 0.5 mg/ml 

bovine serum albumin (BSA)]. The forebrains were then cut into small pieces and 

immediately homogenized with a dounce homogenizer. The forebrain 

homogenate was spun at 1000 xG for 10 min. The supernatant was then 

transferred to a new tube of isolation buffer and spun at 6500 xG for 10 min. The 
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supernatant was then discarded and the pellet was homogenized in 300 mM 

sucrose and 5 mM Tris-HCl, and spun at 6500 xG for 10 min. The supernatant 

was then discarded and the pellet containing mitochondria was homogenized in 

300 mM sucrose and 5 mM Tris-HCl, creating a concentrated stock mitochondrial 

preparation which was used for subsequent experiments. 

 

2.1.20 Mitochondrial Ca2+ uptake 

Mitochondria were diluted in 2 ml of measuring buffer composed of mannitol (210 

mM), sucrose (70 mM), MgCl2 (5 mM), KH2PO4 (0.1 mM), calcium green 5-N (2 

µM), rotenone (1 µM), succinate (10µM), Tris-HCl (5mM), pH 7.4, with or without 

ruthenium red (RR; 5 µM, data not shown). Uptake was monitored by calcium 

green 5-N fluorescence with excitation at 506 nm and emission at 532 nm. 

Fluorescence was monitored over sequential additions of calcium to raise free 

Ca2+ concentrations by 5 µM increments. Each experiment was terminated with 

the addition of carbonyl cyanide p-triflouromethoxyphenylhydrazone (FCCP, 10 

µM).  

 

2.1.21 Ca2+-induced mPTP opening  

Forebrain mitochondria were reconstituted in the measuring buffer that contained 

CGP-37157 (10 µM; Tocris Bioscience) to inhibit the mitochondrial Na+/Ca2+ 

exchanger. Tetramethylrhodamine methyl ester (TMRM, Sigma-Aldrich) was 

loaded at a concentration of 0.125 μM. Opening of the mPTP in WT mitochondria 

was induced by sequential additions of Ca2+ to raise the free Ca2+ concentrations 
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by 10, 25, 100 and 100 µM. Since G-MCU null mitochondria did not show Ca2+-

induced mPTP opening, FCCP (10 µM) was added to confirm depolarization of 

the mitochondrial membrane potential. 

 

2.1.22 Western Blotting 

Western blotting using antibodies against the MCU (1:1000) (D2Z3B, Cell 

Signalling) and β-actin (1:2500) (A2066, Sigma-Aldrich) was performed on 

protein extracts from the hippocampus to confirm MCU deficiency. Proteins were 

separated on a 5% stacking and 10% acrylamide gel run for 30 minutes at 50 V 

and at 150V until approximately 0.5-1.0 cm from the bottom of the gel. Transfer 

to PVDF membrane was run at 350 mA for 20 minutes.  PVDF membranes were 

blocked using 5% dehydrated milk solution for 1 hour and washed three times 

with TBS-T. Primary antibodies were incubated overnight at 4°C and then 

washed three times with TBS-T.  Appropriate secondary antibodies were run at a 

concentration twice that of the primary antibody. Bands were visualized using a 

GE healthcare Amersham ECL Prime western blotting detection kit (RPN2232) 

and imaged with a Bio-Rad ChemiDoc™ Touch (732BR0710). Semi-quantitative 

analysis was performed using Image J analysis. 

 

2.1.23 Statistics and calculations 
 

2.1.23.1 Chapter 3 Statistics and calculations 

A one-way ANOVA followed by group comparisons with the Tukey’s post hoc test 

was used to assess the effects of E, Q or E+Q on cell viability, OCR, mRNA 
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levels for Bcl-2, PGC-1α, MT-ND2 or MT-ATP6 and the phosphorylation of Akt 

and CREB as well as the effects of L-NG-Nitroarginine methyl ester on 

neuroprotection by E or Q was used to assess potential differences in infarct 

volume between mice pretreated with water or E+Q before HI.  

A combinatorial index was used to measure the drug interactions between the 

flavonoids. The combinatorial index is calculated as written below: 

𝐶𝐼 =
𝐶 𝑎, 𝑥 

𝐼𝐶 𝑥, 𝑎
+

𝐶 𝑏, 𝑥 

𝐼𝐶 𝑥, 𝑏
  

Here, Ca,x  and Cb,x  are the concentrations of each drug, when used in 

combination, to achieve  X% drug effect. ICa,x  and ICb,x  are the concentrations of 

drug, when used individually, to achieve the same X% drug effect. When used in 

chapter 3, the effect used for calculations was the viability changes as measured 

by FACS analysis. 

 

2.1.23.2 Chapter 4 Statistics and calculations 

A two-way ANOVA followed by group comparisons with the Bonferroni's post-hoc 

test was used to assess potential differences between WT and G-MCU nulls for 

neuroscores, central neuron loss, cortical neuron viability loss after OGD, cortical 

neuron phosphorylation levels of PDH, cortical neuron OCRs and ECARs, 

NAD+/NADH ratios and pyruvate concentrations and mRNA levels in the 

hippocampus. An unpaired t-test was used to assess potential differences for 

mitochondrial damage and complex I (MT-ND2) mRNA levels between WT and 

G-MCU null mice.  
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2.1.23.3 Power calculations for group sizes  

Power calculations were performed to determine the group sizes required to 

detect statistical differences for the animal experimentation. A group size of 12 

mice with a standard deviation of 75% was needed to detect an 80% difference 

between the means for measurements of neuroscores, neuronal cell counts, 

NAD+/NADH and pyruvate concentrations with 100% accuracy for an alpha (α) 

level of 0.05. 

2.1.23.4 Chapter 5 statistics and calculations 

Power calculations were performed to determine the group sizes required to 

detect statistical differences for the animal experimentation. A group size of 8 

mice with a standard deviation of 45% was needed to detect a 50% difference 

between the means for measurements of neuroscores and neuronal cell counts 

an alpha level of 0.05. Mann-Whitney tests were performed to assess potential 

differences between control and CNS-MCU deficient mice for neuroscores and 

mitochondrial damage. A two-tailed unpaired t-test was used to assess potential 

differences in MCU mRNA levels and cortical neuron viability loss after OGD. A 

two-way ANOVA followed by group comparisons with the Bonferroni's post-hoc 

test was used to assess potential differences between control and MCU-

knockdown cortical neuron OCRs and ECARs and cortical neuron PDH 

phosphorylation levels. 
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Chapter 3 - Synergistic Neuroprotection by Quercetin and Epicatechin: 

Activation of Convergent Mitochondrial Signalling Pathways 

 

3.1 Introduction and Rationale 

Flavonoids are a diverse group of polyphenolic compounds comprised of 

approximately 9000 members that have received considerable attention for the 

prevention and treatment of stroke.85,86 These compounds have excellent 

safety,94-96 efficacy in a wide variety of models for ischemic stroke 97, 98 and when 

consumed in the form of a flavonoid-enriched diet may reduce the risk of 

stroke.99, 100 Flavonols (quercetin) and flavan-3-ols (epicatechin), abundant in 

apple peel, are implicated in the protective effects of a flavonoid-enriched diet 

against stroke.81, 101-103 

 

I have proposed that these flavonoid sub-types activate distinct signal 

transduction pathways that converge on the mitochondrion, resulting in 

synergistic improvements in respiratory performance that confer profound 

resistance to ischemic brain injury.87 In keeping with this hypothesis, oral 

administration of the flavonoid-enriched fraction AF4 (isolated from the peel of 

Northern Spy apples) improved mitochondrial function and reduced motor 

deficits, pro-inflammatory cytokine expression and damage in the central nervous 

system (CNS) of mice subjected to an experimental stroke or experimental 

autoimmune encephalomyelitis.88, 89 Epicatechin (E) and quercetin (Q) account 

for over 80% of the total phenolic content of AF4.88 Cyanidin is a minor flavonoid 
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component that, together with chlorogenic acid, comprises most of the remaining 

phenolic content of AF4. Each of these four compounds exhibit anti-oxidant, anti-

inflammatory and neuroprotective properties in a broad array of models for 

ischemic brain injury.97, 98, 104, 105 However, the effects of combining these 

compounds on neuronal mitochondrial function and resistance to ischemic brain 

damage have not been systematically studied. 

 

I first compared the effects of E, Q, cyanidin and chlorogenic acid, either alone, 

or in combination, on the survival of primary cultures of mouse cortical neurons 

exposed oxygen glucose deprivation (OGD) that models energy depletion and 

reduced oxygen levels in ischemic stroke. These studies showed that combining 

E and Q (E+Q) synergistically reduced the death of cultured neurons exposed to 

a lethal period of OGD. Addition of cyanidin and chlorogenic acid did not 

enhance neuroprotection by E+Q suggesting that E and Q are primarily 

responsible for neuroprotective effects of AF4. Since mitochondrial collapse 

plays an important role in ischemic brain damage,87, 106, 107 I next compared the 

effects of E, Q and E+Q on key aspects of mitochondrial function and examined 

the signaling mechanisms that mediate neuroprotection by these flavonoids. 

Findings from these studies suggest that the activation of protein kinase B (Akt) 

and the elevation of cytosolic Ca2+ concentrations [Ca2+]c by E and Q, 

respectively, synergistically improve key aspects of neuronal mitochondrial 

function, conferring marked resistance to ischemic damage. Oral administration 

of E+Q reduced brain damage in a mouse model hypoxic/ischemic (HI) brain 
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injury suggesting that combined treatment with these flavonoids may have 

therapeutic utility for the treatment of stroke.   

 

3.2 Results 

 

3.2.1 Cyanidin and chlorogenic acid fail to enhance neuroprotection by E+Q 

Primary cortical neuron cultures subjected to OGD were used to model neuronal 

cell death resulting from ischemic/reperfusion injury.108 I first determined the 

duration of OGD required to produce about a 50% loss in cell viability, as 

detected by a MTT assay, for subsequent experimentation (figure 3.1A). Relative 

to control cultures, cell viability was progressively reduced 24 h after 30, 60, 90, 

120, 150 and 180 min of OGD to 91.5 ± 2.5, 78 ± 3.5, 49 ± 4.0, 35 ± 5.0, 30 ± 2.0 

and 23 ± 2.0% (mean ± SEM), respectively. A duration of 90 min (1.5 h) of OGD 

was therefore selected to assess flavonoid-mediated neuroprotection. 

Pretreatment for 24 h with E (1 μM) or Q (1 μM), modestly elevated cell viability 

after OGD to 62.5 ± 3.3% and 65 ± 4.9%, respectively (figure 3.1B). By contrast, 

E+Q (1 μM) appeared to synergistically increase cell viability (92 ± 6.1%). 

Neuroprotection by E+Q in combination with the other major AF4 phenolics, 

cyanidin (C) and chlorogenic acid (D), was no better than that observed with E+Q 

alone (E+Q+C, 79 ± 9.2%; E+Q+C+D, 72 ± 7.8%). Note that for each 

combination the individual flavonoids concentrations were proportionately 

reduced to maintain a total concentration of 1 μM. Neuroprotection by E+Q (1 

μM) was reduced to 66.1 ± 4.4% by delaying addition to 0.5 h before OGD, 

indicating that pretreatment is required for full protection (data not shown). 
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Figure 3.1  Protective effects of epicatechin, quercetin, cyanidin and 
chlorogenic acid against a lethal period of oxygen glucose deprivation  

A) OGD duration-cell viability response relationship for primary cultures of mouse 
cortical neurons. Exposure to 90 min of OGD produced about a 50% loss of 
viability 24 h later as assessed by an MTT assay. *p<0.05, **p<0.01 and 
***p<0.001 relative to no OGD. B) Percent cell viability 24 h after OGD (1.5 h) for 
cortical neuron cultures pretreated with vehicle (DMSO 0.02%), Q, E, E+Q, 
E+Q+C or E+Q+C+D (1 µM) for 24 h before OGD. Each bar represents the mean 
± SEM of data from 6 experiments performed in duplicate (N=72 wells). *p<0.05, 
** p<0.01 relative to vehicle. p<0.05 relative to E or Q.  
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3.2.2 E+Q synergistically protected cortical neurons against OGD-induced 

cell death  

Detailed concentration-response relationships for neuroprotection by E, Q and 

E+Q against OGD were performed next using the more sensitive method of 

Fluorescence Activated Cell Sorting (FACS) to count viable neurons. Cortical 

neuron cultures were pretreated with vehicle (DMSO 0.02%; 0 µM), Q, E or E+Q 

(0.1-10 µM) for 24 h and then subjected to OGD (1.5 h). Neurons were incubated 

24 h later with Annexin V-PE and 7AAD. Viable (no staining), early apoptotic 

[Annexin V-PE (+)], late apoptotic [Annexin V-PE (+)/7AAD (+)] and necrotic 

[7AAD (+)] cells were detected using a FACS Aria III instrument. A-E: 

Representative scatter plots showing viable (blue), apoptotic (magenta) and 

necrotic (red) neurons in control (no OGD) or OGD-exposed cultures pretreated 

with vehicle, Q, E or E+Q (figure 3.2A-E). Relative to OGD-exposed cultures 

pretreated with vehicle, Q or E (0.3 µM), E+Q (0.3 µM; E 0.15 µM + Q 0.15 µM) 

increased cell viability and reduced apoptosis. Concentration-response 

relationships for neuronal viability in OGD-exposed cultures were performed in 

cortical cultures pretreated with Q, E or E+Q (0.1-10 µM) (figure 3.2F). Relative 

to control cultures (no OGD), neuronal viability was reduced from 42-49% by 90 

min of OGD. Pretreatment with E, Q or E+Q produced concentration-dependent 

increases in neuronal survival after OGD. Moreover, sub-µM concentrations of 

either E or Q were sufficient to increase neuronal survival [E (0.1 μM = 57.7 ± 

2.0%; 0.3 μM = 65.2 ± 4.6%), Q (0.3 μM = 61.8 ± 6.9%)]. By comparison, 

equivalent concentrations of E+Q (0.1 μM = E 0.05 μM + Q 0.05 μM; E+Q 0.3 μM 
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= E 0.15 μM + Q 0.15 μM) produced larger increases in viable neurons [E+Q (0.1 

μM = 67.2 ± 2.1%; 0.3 μM = 80.6 ± 3.1%)]. However, increasing concentrations 

of E, Q or E+Q beyond 0.3 μM did not produce further increases in 

neuroprotection. Isobologram analyses of the resultant concentration-response 

data for Q, E and E+Q generated a combination index (CI) = 0.7 for E+Q, 

indicating synergism (CI<1.0 = synergism) 109 and thus confirming that 

pretreatment with E+Q synergistically protected cortical neuron cultures against 

OGD-induced cell death. 
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Figure 3.2  Epicatechin plus quercetin synergistically protect cortical 
neurons from damage by a lethal period of oxygen glucose deprivation 

Cortical neuron cultures were pretreated with vehicle (DMSO 0.02%; 0 µM), Q, E 
or E+Q (0.1-10 µM) for 24 h and then subjected to OGD (1.5 h). A-E) 
Representative scatter plots showing viable (blue), apoptotic (magenta) and 
necrotic (red) neurons in control (no OGD) or OGD-exposed cultures pretreated 
with vehicle, Q, E or E+Q. F) Bar graph showing the concentration-response 
relationships for neuronal viability in OGD-exposed cultures pretreated with Q, E 
or E+Q. Each bar represents mean ± SEM of data from 5 experiments; n=5. 
*p<0.05 relative to cultures pretreated with vehicle and exposed OGD. #p<0.05 
relative to E or Q (0.1 µM). p<0.05 relative to E+Q (0.1 µM).  
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3.2.3 E+Q enhanced mitochondrial respiration in OGD-exposed cortical 

neurons 

To establish the effects of a neuroprotective concentration of E, Q or E+Q (0.3 

µM) on cellular bioenergetics, mitochondrial respiratory parameters including 

basal respiration, maximal respiration, spare respiratory capacity (SRC), ATP 

production and proton leak were measured with a Seahorse Extracellular Flux 

analyzer (figure 3.3A). Oxygen consumption rates (OCR) are expressed as 

percent change relative to basal respiration (100%). The SRC in cortical neurons 

treated with vehicle (V; 0.02% DMSO) for 24 h was 70% (figure 3.3B). E, Q or 

E+Q (0.3 µM) elevated SRC to 110% (figure 3.3B). OGD reduced the SRC from 

70 to 30% in vehicle-treated cultures (figure 3.3C). E or Q (0.3 µM) failed to 

prevent this OGD-induced loss of the SRC. By contrast, pretreatment with E+Q 

(0.3 µM) maintained the SRC in OGD neurons at 110%, consistent with the 

possibility that preserved mitochondrial function contributed to neuroprotection by 

this flavonoid combination. 
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Figure 3.3 E+Q enhances mitochondrial respiration in OGD-exposed 
cortical neurons  

A) Mitochondrial respiratory parameters including basal respiration, maximal 
respiration, spare respiratory capacity, ATP production and proton leak 
measured with a Seahorse efflux analyzer. Oxygen consumption rates (OCR) are 
expressed as percent change relative to basal respiration (100%). B) OCR in 
cortical neurons treated for 24 h with vehicle (V; 0.02% DMSO), E, Q or E+Q (0.3 
µM). C) Mitochondrial respiration in cortical neurons 2 h after OGD (1.5 h). Each 
point represents the mean ± SEM of data from 3 experiments performed in 
quintuplicate. *p<0.05 relative to vehicle, p<0.05 relative to all other groups.  
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3.2.4 E+Q increased anti-apoptotic and mitochondrial gene expression in 

OGD-exposed neurons 

Quantitative RT-PCR was used to measure the effects of neuroprotective 

concentrations of E, Q or E+Q (0.1 or 1 µM) on mRNA levels for proteins that 

inhibit apoptosis (Bcl-2), promote mitochondrial biogenesis (PGC-1α) or comprise 

the electron transport chain [MT-ND2 (Complex I subunit) and MT-ATP6 

(Complex V subunit)] in control and OGD-exposed neuronal cultures (figure 3.4). 

Consistent with neuroprotection by E and E+Q (0.1 µM), Bcl-2 mRNA levels were 

elevated by these flavonoids in neurons subjected to OGD. Similarly, superior 

neuroprotection produced by E+Q (1.0 µM) was accompanied by a larger 

increase in Bcl-2 mRNA levels relative to E or Q (1.0 µM). The formation of new 

mitochondria (biogenesis) is initiated by the transcriptional regulating factor PGC-

1α 110, 111. E+Q (0.1 or 1.0 µM) elevated the expression of PGC-1α to a greater 

extent than E or Q (0.1 or 1.0 µM). Consistent with the potential induction of 

mitochondrial biogenesis by E+Q (0.1 and 1.0 µM), MT-ND2 and ATP6 mRNA 

levels were also elevated by E+Q (0.1 or 1.0 µM) and more than by E or Q (0.1 

or 1.0 µM) alone. These findings suggest that an elevation of mitochondrial gene 

expression may contribute to preservation of the SRC after OGD by E+Q.  
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Figure 3.4  E+Q produces supra-additive increases in pro-survival (Bcl-2, 
PGC-1α) and mitochondrial gene expression (MT-ND2 and MT-ATP6) in 
cortical neurons after OGD 

Levels of mRNAs are expressed relative to values for control cultures that were 
not subjected to oxygen glucose deprivation (OGD). Primary cultures of mouse 
cortical neurons were pretreated with vehicle (DMSO, 0.02%; 0 µM flavonoid) or 
E or Q or E+Q (0.1 or 1 µM) for 24 h before OGD (1.5 h) and mRNA levels 
measured 12 h later by qRT-PCR. *p<0.05 relative to vehicle (0 µM), p <0.05 
relative to all other groups. Each bar shows the mean ± SEM of data from 3 
experiments performed in quadruplicate, n=3. 
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3.2.5 Activation of Akt and CREB phosphorylation by E and Q 

Neuroprotective concentrations of E and E+Q (0.1 and 0.3 µM) increased the 

phosphorylation of Akt at Ser-473. Activation of Akt stimulates pro-survival 

signaling, synaptic plasticity and mitochondrial biogenesis in neurons by 

phosphorylating Ser-133 of CREB that induces PGC-1α gene expression.112-115 

Consistent with the activation of this pathway, E and E+Q (0.1 and 0.3 µM) 

elevated the phosphorylation of CREB (Ser-133) (figure 3.5) and increased 

mRNA levels for PGC-1α (figure 3.4). E and E+Q (0.1 µM) increased both CREB 

phosphorylation and mRNA levels for Bcl-2. Lastly, at a concentration of 1.0 µM, 

Q also enhanced CREB phosphorylation.  
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Figure 3.5  E and Q increase the phosphorylation of protein kinase B (Akt) 
and cAMP response element binding protein (CREB) in primary cultures of 
mouse cortical neurons 

Primary cultures of mouse cortical neuron were treated with vehicle (DMSO, 
0.02%; 0 µM flavonoid) or E or Q or E+Q (0.1 or 0.3 µM) for 30 minutes followed 
by total protein extraction. Levels of Akt, phosphorylated Akt (Ser-473; pAkt), 
CREB and phosphorylated CREB (Ser-133; pCREB) were determined by ELISA 
in the protein extracts. Phosphorylation of Akt and CREB are shown as the 
relative levels of pAkt to Akt and pCREB to CREB. *p<0.05 relative to vehicle (0 
µM), p <0.05 relative to all other groups. #p<0.05 relative to Q. Each bar shows 
the mean ± SEM of data from 3 experiments performed in duplicate, n=3. 
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3.2.6 Q increases Ca2+ spikes, [Ca2+ ]c and the mitochondrial membrane 

potential 

 

Q increased the frequency of cytosolic Ca2+ oscillations which coincided with 

increased mitochondrial membrane potential. These measures were elevated in 

a concentration dependent manner by Q.  
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Figure 3.6  Quercetin stimulates Ca2+ signaling and elevates the 
mitochondrial membrane potential 

A) Confocal image of cortical neurons co-loaded with probes for the 
mitochondrial membrane potential (TMRM, red signal) and cytoplasmic Ca2+ 

(Fluo-4, green signal). B: Time dependent measurements of fluorescent signals 
from representative individual Regions Of Interest (ROI: Boxes in A). Increasing 
concentrations of quercetin (0.3 and 3.0 µM; arrows) stimulated Ca2+ oscillations 
(green spikes) and increased the mitochondrial membrane potential (red trace). 
Thapsigargin (TG; 5 µM) was added to estimate Ca2+ stored in the endoplasmic 
reticulum. FCCP (2 µM) induced complete mitochondrial depolarization and 
released Ca2+ from the mitochondrial matrix into the cytoplasm as evidenced by 
the increase in the Fluo-4 signal. Results are representative of 3 experiments 
performed in duplicate, n=3. Scale bar 5 µm. 
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3.2.7 The NOS inhibitor L-NAME blocked protection by E or Q against OGD-

induced loss of neuronal cell viability  

The induction of hypoxic preconditioning against OGD-induced neuronal cell 

death is blocked with the NOS inhibitor N-nitro-L-arginine and mimicked by NO 

donors.136 Since E has been shown to increase NOS activity in endothelial 

cells,137 I examined the effects of NOS inhibition with L-NG-Nitroarginine methyl 

ester (L-NAME) on neuroprotection by E against the loss of cell viability produced 

by OGD (1.5 h). Relative to control cultures, OGD (1.5 h) reduced cell viability to 

44 ± 4.2% (figure 3.7A). Pretreatment (24 h) with L-NAME (1 µM) did not alter 

viability after OGD (47.3 ± 4.1%) while E (0.3 µM) increased cell viability to 65.1 

± 7.0%. However, inclusion of L-NAME (1 µM) with E (0.3 µM) blocked 

neuroprotection by E (50.3 ± 3.1%). Q activates endothelial NOS (eNOS) in a 

Ca2+-dependent manner.138, 139 This suggests that Q-induced increases in [Ca2+]c 

may precondition cortical neurons against OGD by activating NOS. I therefore 

examined the effects of NOS inhibition on neuroprotection by Q. Pretreatment 

with Q (1 µM; 24 h) increased cell viability after OGD from 52.0 ± 3.5% to 69.0 ± 

6.0% (figure 3.7B). Inclusion of L-NAME (1 µM) with Q (1 µM) reduced cell 

viability to 47 ± 5.9% indicating that NOS activity is also required for 

neuroprotection by this flavonoid.    
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Figure 3.7 The NOS inhibitor L-NAME blocks protection by E and Q against 
OGD-induced loss of neuronal cell viability as by an MTT assay  

A) Viability of cortical neurons pretreated (24 h) with vehicle (0.02% DMSO), L-
NAME (1 µM), E (0.3 µM) or L-NAME (1 µM) + E (0.3 µM) 24 h after OGD (1.5 
h). B) Viability of cortical neurons pretreated (24 h) with vehicle (0.02% DMSO), 
L-NAME (1 µM), Q (1.0 µM) or L-NAME (1 µM) + Q (1.0 µM) 24 h after OGD (1.5 
h). *p<0.05 relative to all other groups. Each bar shows the mean ± SEM of data 
from 3 experiments performed in quadruplicate, n=3. 
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3.2.8 Oral administration of E+Q reduced HI brain injury 

In a final experiment, I determined whether oral administration of E+Q reduced 

brain damage in mice subjected to HI. Two groups of adult C57Bl/6 mice were 

dosed orally with either E+Q [75 mg/kg: E (37.5 mg) + Q (37.5 mg)] or water (8 

ml/kg) once daily. Following five consecutive days of drug administration, all mice 

were subjected to HI (40 min). Infarct volume was measured 24 h later by 

staining of serial brain sections with the vital dye triphenyl tetrazolium chloride 

(TTC) (figure 3.8A). Relative to vehicle-treated mice, E+Q reduced the average 

infarct volume from 70 ± 6 mm3 to 38 ± 7 mm3 that represents a 46% reduction in 

infarct volume (figure 8B).  
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Figure 3.8 Oral administration of E+Q reduces HI brain injury 

Mice were dosed orally with vehicle (water; 8 ml/kg) or E+Q (75 mg/kg) once 
daily. Five days later, all mice were subjected to HI and infarct volume measured 
24 hrs later by TTC staining of brain sections (Top panel). E+Q significantly 
reduced infarct volume (mm3) (Bottom panel). *p<0.05 relative to water. Scale bar 
0.5cm.  
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3.3 Discussion 
 

The majority of cell-based studies have used concentrations of 5-10 µM of either 

E or Q to reduce the death of cultured neurons exposed to excitotoxins,140-143 

free radical generators,143-147 mitochondrial toxins148-150 or OGD.140, 143, 151-156 Oral 

administration of these compounds to rodents at doses equivalent to amounts 

that appear to reduce the risk of neurodegenerative disorders95, 157, 158 are 

neuroprotective in models for stroke, Alzheimer’s disease and multiple sclerosis, 

but only produce brain concentrations in the sub-µM range (0.1-0.4 µM).89, 117, 119, 

159, 160 The relevance of findings from neuronal cell culture studies that have 

utilised flavonoid concentrations above 1 µM to assess their neuroprotective 

effects in vivo is therefore questionable.87, 157, 161-163 Hence, I have compared the 

neuroprotective effects of E, Q and E+Q on cultured neurons subjected to OGD 

at therapeutically relevant concentrations (0.1-1.0 µM). These compounds were 

selected for assessment based on their high content in the flavonoid-enriched 

fraction AF4 that we have shown to reduce motor deficits and CNS damage in 

mice subjected to HI brain injury and experimental autoimmune 

encephalomyelitis.88, 89 The protective effects of AF4 against OGD were not 

examined because it is composed mainly of Q glycosides88 that must be 

metabolised to generate the more biologically active Q aglycone.164, 165 
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3.3.1 E+Q synergistically protected cortical neurons against OGD-induced 

cell death 

Primary cortical neuron cultures subjected to OGD were used to model neuronal 

cell death resulting from cerebral ischemia 108. OGD (90 min; 1.5 h) reduced cell 

viability to 49.0 ± 4.0% of control cultures (figure 1A). Pretreatment with E (1 μM) 

or Q (1 μM) modestly elevated cell viability after OGD to 62.5 ± 3.3% and 65 ± 

4.9%, respectively (figure 3.1B). By contrast, E+Q (1 μM) appeared to 

synergistically increase cell viability (80.6 ± 6.1%). Neuroprotection produced by 

E+Q in combination with the other major AF4 phenolics, cyanidin (C) and 

chlorogenic acid (D), was no better than that observed with E+Q alone. These 

findings indicate that E and Q are primarily responsible for the neuroprotective 

effects of AF4. Neuroprotection by E+Q was reduced when they were added only 

0.5 hr before OGD (data not shown). This result is supported by numerous 

reports showing that flavonoid pretreatment for 24 h produces maximal 

neuroprotection by allowing sufficient time for adaptive changes in gene 

expression to occur that help resist oxidative damage.88, 140, 151, 153, 155, 156, 166 

Detailed concentration-response relationships for neuroprotection by E, Q and 

E+Q against OGD were performed using the more sensitive method of 

Fluorescence Activated Cell Sorting (FACS) to count viable neurons (figure 3.2). 

Relative to control cultures (no OGD), neuronal viability was reduced to 

approximately 45% by only 90 min of OGD. Pretreatment (24 h) with E, Q or E+Q 

produced a concentration-dependent increase in the resistance of cortical 

neurons to OGD-induced death (figure 3.2F). Moreover, sub-µM concentrations 
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of either E (0.1 μM) or Q (0.3 μM) were sufficient to increase neuronal survival. 

By comparison, equivalent concentrations of E+Q were more effective at 

protecting cortical neurons against OGD-induced death. Isobologram analyses of 

the resultant concentration-cell viability response data for E, Q and E+Q 

generated a combination index (CI) = 0.7 for E+Q (synergism: CI<1.0),109 

confirming that pretreatment with E+Q synergistically protected cortical neuron 

cultures against OGD. These findings suggest that E+Q are neuroprotective at 

the sub-µM concentrations achieved in the brain following oral administration of 

these compounds.  

 

 

3.3.2 E+Q prevented spare respiratory capacity loss after OGD 

The effects of E, Q and E+Q on key aspects of mitochondrial function were 

assessed in cortical neuron cultures using a Seahorse Bioscience XF24 

Extracellular Flux Analyzer (XF24). The XF24 creates a transient, 7 µl chamber 

in specialized microplates enabling oxygen concentrations associated with 

respiring neurons to be determined in real time. Oxygen consumption rate (OCR) 

is a measure of electron transport chain activity.167 Oligomycin (ATP synthase 

inhibitor; 2 µM) blocks oxidative phosphorylation yielding a measure of cellular 

ATP production (figure 3.3A).168, 169 The remaining OCR after oligomycin 

treatment represents proton leak across the mitochondrial membrane.170 To 

determine the maximal OCR that cells can sustain, the proton ionophore 

(uncoupler) FCCP (2 μM) was injected. Use of FCCP at a concentration of 2 μM 

was established by titration studies. The difference between basal and maximal 
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OCR is termed spare respiratory capacity (SRC).171 The SRC enables neurons to 

cope with the added energetic demands imposed by neurotransmission.169  

 

Treatment with E, Q or E+Q (0.3 µM) for 24 h increased the SRC from 70% to 

110%. Relative to control neurons (figure 3.3B), the SRC was reduced to from 70 

to 30% by OGD (figure 3.3C). This loss was not reversed by E or Q (0.3 µM), 

although there was a non-significant trend for preservation of the SRC by E 

(p=0.1 relative to vehicle treated cultures). By contrast, E+Q (0.3 µM) completely 

prevented loss of the SRC in OGD neurons. Since SRC also confers resistance 

against oxidative injury,168, 172 these findings suggest that preservation of the 

SRC in OGD neurons contributed to neuroprotection by E+Q. 

 

3.3.3 E+Q increased anti-apoptotic and mitochondrial gene expression in 

OGD-exposed neurons 

Expression of mRNA was measured for proteins that inhibit apoptosis (Bcl-2), 

promote mitochondrial biogenesis (PGC-1α) and members of the electron 

transport chain [MT-ND2 (Complex I subunit) and MT-ATP6 (Complex V 

subunit)] under both control and OGD-exposed neuronal cultures (figure 3.4).   

E+Q (0.1 µM and 1.0 µM) consistently induced similar or greater expression 

levels, relative to E or Q individually at the same concentration, for Bcl-2, PGC-

1α, MT-ND2 and MT-ATP6.  These findings suggest an induction of 

mitochondrial biogenesis and mitochondrial-associated anti-apoptotic gene 
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expression that may contribute to the superior preservation of the SRC after 

OGD by E+Q.  

 
 

3.3.4 Activation of Akt and CREB phosphorylation by E and Q 

The flavonoids E and E+Q (0.1 and 0.3 µM) increased the phosphorylation of Akt 

at Ser-473, which activates a variety of pro-survival signaling pathways involved 

in synaptic plasticity and mitochondrial biogenesis in neurons. Akt stimulates 

these pathways by activating CREB via phosphorylation of Ser-133 of this 

transcriptional factor. Activated CREB then induces PGC-1α gene expression 

resulting in elevated mitochondrial biogenesis.112-115 Consistent with CREB 

activation, E and E+Q (0.1 and 0.3 µM) induced the downstream phosphorylation 

of CREB (Ser-133) (figure 3.5) and increased mRNA expression for PGC-1α 

(figure 3.4). E has previously been shown to increase CREB phosphorylation 

(Ser-133) in cortical neuron cultures in an Akt-dependent manner (0.1 and 0.3 

µM).116 E reduced neuronal viability loss by OGD occurred at low concentrations 

(0.1-0.4 µM; figure 3.2) achieved in brain following ingestion of neuroprotective 

doses of this flavonoid.117-119 Hence, this pathway may be relevant for the 

neuroprotective effects of this flavonoid in animals. E and E+Q (0.1 µM) 

increased both CREB phosphorylation and mRNA levels for Bcl-2. These 

findings are in keeping with the ability of CREB to promote neuronal survival by 

directly activating cAMP response elements (CRE) that drive Bcl-2 

expression.120-122 Lastly, at a concentration of 1.0 µM, Q also enhanced CREB 

phosphorylation. This suggests that a convergence of signaling pathways 
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activated by E and Q enabled E+Q (0.1 µM) to produce a larger increase in 

CREB phosphorylation than E (0.1 µM).  

 

3.3.5 Q increases Ca2+ spikes, [Ca2+ ]c and the mitochondrial membrane 

potential 

The increased frequency of spikes in cytosolic Ca2+ induced by Q resulted in 

elevated [Ca2+]c and mitochondrial membrane potential indicative of enhanced 

cellular bioenergetics.123 Within 1-10 minutes of the addition of Q (10 µM) to 

Jurkat cells, this flavonoid is selectively detected in mitochondria.124 It has been 

estimated that this preferential mitochondrial accumulation enables Q to reach 

concentrations over 100 times greater in mitochondria than in the extracellular 

space.124 This exquisite mitochondrial targeting is complimented functionally by 

evidence that flavonols (kaempferol and Q) increase mitochondrial Ca2+ 

uptake125, 126 and neuronal activity127, 128 by directly activating the mitochondrial 

Ca2+ uniporter (MCU) located in the inner mitochondrial membrane.125 The 

primary role of mitochondrial Ca2+ is to stimulate energy production129, 130 which is 

achieved by the allosteric activation of mitochondrial enzymes necessary for 

generating reducing equivalents,129 metabolic substrates131 and electron 

transfer.132 The increase in mitochondrial membrane potential produced by Q 

that drives ATP production is therefore suggestive of improved mitochondrial 

efficiency. Q also elevates [Ca2+]c by activating L-type Ca2+ channels,133 α7 

nicotinic acetylcholine receptors134 and ryanodine channels135 indicating that a 
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variety of mechanisms may account for the ability of this flavonoid to increase 

Ca2+ spikes, [Ca2+ ]c and the mitochondrial membrane potential. 

 

3.3.6 NOS inhibition blocks neuroprotection by E or Q 

The NOS inhibitor L-NAME blocked protection by E or Q against OGD  

(figure 3.7). These findings suggest that both E and Q precondition neurons 

against ischemic injury by activating NOS and stimulating NO production. Strong 

evidence indicates that NO participates in the signaling events responsible for 

hypoxic and ischemic preconditioning.173-175 In neuronal cultures, protection by 

hypoxic preconditioning against OGD-induced cell death is blocked with the NOS 

inhibitor N-nitro-L-arginine and mimicked by NO donors.136 In mice lacking either 

eNOS or neuronal (nNOS), the neuroprotective effects of ischemic 

preconditioning are lost.176 Relative to WT littermates, central neurons of eNOS 

knockout mice have reduced mitochondrial gene expression and DNA content 

indicative of depressed mitochondrial function.177, 178 The loss of neuronal 

energetic capacity following either genetic ablation or pharmacological inhibition 

of eNOS results in increased susceptibility to oxidative damage.177, 179, 180 

Furthermore, eNOS or nNOS deficiency prevents NO-dependent signaling 

events that orchestrate the adaptive changes in neuronal mitochondria 

responsible for hypoxic177 or ischemic preconditioning.176, 181 NO is produced in 

cortical neurons by both eNOS and nNOS182-184 and these enzymes are activated 

by elevated [Ca2+]c,185-188 another key signaling event in hypoxic 

preconditioning.189, 190 In endothelial cells, E activates eNOS in a Ca2+-
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independent manner by stimulating protein kinase B (Akt)-induced 

phosphorylation of this enzyme.137 By contrast, Q stimulates NO production in a 

Ca2+-dependent manner.191, 192 Consequently, I speculate that E+Q may 

synergistically increase NOS activity (eNOS and/or nNOS) in neurons by 

activating both Ca2+-independent and Ca2+-dependent signaling pathways that 

converge on these enzymes.  

 

3.3.7 Oral administration of E+Q reduced HI brain injury 

Although administration of either E153 or Q193-196 has been shown to reduce 

ischemic brain injury, the benefits of combining these compounds have not been 

reported. Two groups of adult (male) C57Bl/6 mice were dosed orally with either 

E+Q [75 mg/kg: E (37.5 mg) + Q (37.5 mg)] or water (8 ml/kg) once daily. Five 

days later, all mice were subjected to HI (40 min). Infarct volume was measured 

24 hr later by staining of serial brain sections with the vital dye triphenyl 

tetrazolium chloride (TTC) (figure 3.8A). Relative to vehicle-treated mice, E+Q 

reduced the average infarct volume from 70 ± 6 mm3 to 38 ± 7 mm3 (figure 3.8B). 

This 46% reduction in infarct volume produced by E+Q is comparable in 

magnitude to that observed previously with AF4 (figure 3.2)88 suggesting that E 

and Q are primarily responsible for the neuroprotective effects of this flavonoid-

enriched fraction. 
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3.3.8 Proposed model for the activation of convergent cell signaling 

pathways by E and Q  

To provide a framework for future experimentation, I have developed a model 

that describes the cell signaling pathways implicated by my findings in the 

mediation of neuroprotection by E and Q (figure 3.9). This model proposes that E 

and Q synergistically increase the resistance of neurons to ischemic damage by 

activating distinct signal transduction pathways that converge on NOS and 

CREB. Concordant activation of NOS and CREB is proposed to synergistically 

elevate mitochondrial Ca2+ handling, gene expression and respiratory 

performance resulting in profound resistance against ischemic neuronal cell 

death. 
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Figure 3. 9 Convergent signaling pathways proposed to mediate synergistic 
neuroprotection by epicatechin and quercetin 

Thin solid and dashed lines show pathways activated by E and Q, respectively. 
The thick line shows a hypothesized convergent activation of nitric oxide 
synthase (NOS). 1) Q enters the mitochondrial matrix via the adenine nucleotide 
translocator (ANT). 2) Q activates the mitochondrial Ca2+ uniporter (MCU), 
stimulating Ca2+ entry into the mitochondrial matrix. 3) Elevated Ca2+ 

concentrations increase electron transport chain activity. 4) Extrusion of Ca2+ by 
the mitochondrial Na+/Ca2+ exchanger (NCX3). 5) Elevated cytosolic Ca2+ 

concentrations stimulate nitric oxide (NO) production by NOS and activate 
Ca2+/calmodulin-dependent kinases II and IV (CaMKII/IV). 6) CaMKII undergoes 
autophosphorylation then activated CaMKII phosphorylates and shuttles CaKMIV 
to the nucleus triggering further CREB phosphorylation. 7) E stimulates 
phosphoinositide 3-kinase (PI3K)-induced phoshorylation of protein kinase B 
(Akt). 8) Activated Akt phosphorylates NOS, further stimulating NO production. 9) 
NO stimulates cAMP response element-binding protein (CREB) binding to 
DNA.10) Akt activates CREB by phosphorylation. 11) Activated CREB promotes 
the expression of genes that protect mitochondria (Bcl-2) and enhance 
mitochondrial biogenesis (PGC-1α) indicated by increased expression of the 
mitochondrial encoded genes MT-ND2 and MT-ATP6. 
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3.3.9 Q: Cellular uptake and MCU-mediated activation of NOS and CREB 

activities 

Flavonoids are substrates for a variety of transporters that include the sodium 

(Na+)-dependent glucose transporter (SGLT1),197 bilitranslocases,198 ATP-

binding cassette transporters199 and organic cation transporters (OCTs).200 

SGLT1 mediates absorption of Q from the gut201 while movement of this 

flavonoid across the blood brain barrier appears to involve ATP-binding cassette 

transporters.202 Q is then rapidly transported into neurons203 that express 

functional OCT3.204 However, the transport mechanism responsible for the 

massive accumulation of Q in mitochondria is unclear.124 The most abundant 

protein in the mitochondrial inner membrane is the adenine nucleotide 

translocator (ANT) with which Q is known to interact.205 This suggests that ANT 

may concentrate Q in the mitochondrial matrix (figure. 3.9, Box 1). Within this 

compartment, Q is able to increase mitochondrial Ca2+ concentrations [Ca2+]m 

and neuronal activity by activating the MCU125, 127, 128 (figure. 3.9, Box 2). The 

resultant increase in [Ca2+]m enhances ATP synthesis129, 130 by increasing the 

production of reducing equivalents,129 metabolic substrates131 and electron 

transfer132 (figure. 3.9, Box 3). Elevation of [Ca2+]m by hypoxic preconditioning 

has recently been shown to protect neurons from damage by a subsequent 

ischemic insult by stimulating activity of the mitochondrial Na+/Ca2+ exchanger 

(NCX3).206 This suggests that Q-induced increases in [Ca2+]m may also engage 

this protective mechanism that prevents an injurious rise in [Ca2+]m responsible 

for ischemic neuronal cell death207 (figure. 3.9, Box 4). The elevation in [Ca2+]c 
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produced by Q is proposed to activate NOS and Ca2+/calmodulin-dependent 

protein kinase II (CaMKII) (figure. 9, Box 5). A central role for NOS activation is 

supported by the complete inhibition of Q-mediated neuroprotection with L-NAME 

(figure. 3.7B). With respect to CaMKII, activation of this kinase has been linked to 

the extension of lifespan in C. elegans208 and prevention of lead-induced 

neurotoxicity by Q.209 Activated CaMKII phosphorylates CaMKIV at Thr-196 and 

shuttles this kinase to the nucleus where it directly phosphorylates CREB210 

triggering Bcl-2 and mitochondrial expression177, 211, 212 (figure. 3.9, Box 6). Q is 

therefore hypothesized to precondition neurons against ischemic injury by 

activating an MCU/CaMKII/IV/CREB pathway.  

 

3.3.10 E activates Akt resulting in elevated NOS and CREB activities 

E is thought to activate a cell surface receptor positively coupled to 

phosphatidylinositol-3-kinase (PI3K)-mediated activation of Akt, however, the 

identity of this receptor is unknown213 (figure. 3.9, Box 7). In endothelial cells, E 

initiates PI3K-Akt signalling that activates NOS137, 213, 214 by phosphorylating this 

enzyme at Ser-1177.215 My own findings (figure. 5A) as well as those of 

Schroeter et al. (2007) indicate that E also stimulates Akt phosphorylation in 

cortical neurons. Since Akt activates NOS137, 214 and E-induced neuroprotection 

was completely inhibited by L-NAME (figure. 7A), it seems likely that E may also 

activate NOS in neurons in an Akt-dependent manner. As a consequence, Akt-

mediated phosphorylation of NOS may act to further enhance the Ca2+-

dependant activation of this enzyme by Q (figure. 3.9, Box 8). NO stimulates 
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CREB-mediated mitochondrial biogenesis by nitrosylating CREB and CREB-

accessory proteins that enhance CREB binding to the CRE in the PGC-1α 

promoter.216, 217 The increase in CREB-driven gene expression (Bcl-2 and PGC-

1α)122, 212 that accompanies neuroprotection by E+Q is consistent with this 

mechanism (figures. 3.4 and 3.9, Box 9). Akt also promotes mitochondrial gene 

expression, neuronal survival and synaptic plasticity by phosphorylating Ser-133 

of CREB that triggers PGC-1α expression112-115 (figure. 3.9, Box 10). CREB is 

therefore proposed to be a second major point of convergence between signaling 

pathways activated by E+Q. This hypothesis is supported by the ability of E+Q 

(0.1 µM) to produce a larger elevation of CREB phosphorylation than E or Q (0.1 

µM) (figure. 3.5). Lastly, the convergent activation of NOS and CREB is proposed 

to mediate the profound increases in mitochondrial gene expression produced by 

E+Q (figures. 3.4 and 3.9, Box 11) that results in a complete preservation of the 

SRC and profound neuroprotection following an ischemic insult. I acknowledge 

that this model is limited by evidence that E and Q interact with a wide variety of 

cellular targets which may contribute to the neuroprotective effects of these  

compounds.169,163,224 Nevertheless, I feel that this model will serve as a useful 

framework to guide future studies on the pharmacological bases for flavonoid-

mediated neuroprotection.  
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Chapter 4: Global Ablation of the Mitochondrial Calcium Uniporter 

Increases Glycolysis in Cortical Neurons Subjected to Energetic Stressors 

 

4.1 Introduction and Rationale 
 

Stroke is the second leading cause of death in the world population.218 

Approximately 16 million first-ever strokes occur globally each year, causing a 

total of 5.7 million deaths.218 Nearly half of stroke survivors suffer disabilities that 

force them to seek the assistance of others for daily living which places a 

considerable burden on their family, friends and the health care system.219 The 

staggering human and economic costs inflicted by stroke have driven an 

intensive effort to understand how the brain can be rendered more resistant to 

damage by a stroke.220, 221 HPC activates powerful adaptations that dramatically 

protect the brain from subsequent damage by cerebral ischemia.222-224 Clinical 

studies suggest that these protective mechanisms render patients which have 

experienced a transient ischemic attack more resistant to brain damage by a 

subsequent stroke.225 Identification of the signaling events that mediate HPC are 

therefore of considerable therapeutic interest.220, 221 

 

Mitochondria are strategically positioned to sense and respond to elevations in 

cytosolic Ca2+ concentrations [Ca2+]c that range from the physiological to  

toxic.35, 226 Each neuron contains about 1000-2000 of these dynamic organelles 

that are rapidly transported by kinesin motors to synaptic sites in urgent need of 

metabolic support for neurotransmission.227, 228 Mitochondria also play a pivotal 
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role in orchestrating the Ca2+ signaling events that activate complex genetic 

networks, which protect neurons by enhancing mitochondrial Ca2+ handling, anti-

oxidant defense, energy production and biogenesis.177, 224 These key features 

enable mitochondria to exert exquisite positive control over the neuroprotective 

events implicated in HPC.222, 229, 230 However, mitochondria can also promote 

neuronal cell death. Excessive mitochondrial Ca2+ uptake triggers the formation 

of a mPTP that executes both apoptotic231, 232 and necrotic233-235 cell death. 

Identification of the transport mechanisms for increased mitochondrial Ca2+ 

uptake that promote neuronal cell death and survival may thus open new 

therapeutic avenues for the prevention of ischemic brain injury.223, 236, 237 

 

The MCU is responsible for rapid and high capacity mitochondrial Ca2+ uptake in 

the heart.238 Genetic identification of the MCU in 2011239, 240 has enabled the 

generation of various genetic mouse lines in which MCU activity is blocked by 

either global MCU deletion,238 cardiac-specific expression of a dominant-negative 

MCU (DN-MCU)241, 242 or inducible cardiac MCU ablation at maturity.243, 244 

Experimentation with these genetic lines has clearly demonstrated that the MCU 

is required for both adaptive and destructive increases of mitochondrial Ca2+ 

uptake in the heart.238, 241-244  

 

In view of the considerable implications of these findings for ischemic brain 

damage, I have examined the effects of global MCU (G-MCU) deficiency on Ca2+ 

uptake and Ca2+-induced mPTP opening by forebrain mitochondria, resistance of 
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primary cortical neuron cultures to oxygen-glucose deprivation-induced viability 

loss, various aspects of neuronal energy production and the ability of HPC to 

prevent central neuron loss and sensorimotor deficits in a model of hypoxic-

ischemic (HI) brain injury.  

 

4.2. Results 

 

4.2.1 Global MCU deficiency impairs Ca2+ uptake and inhibits Ca2+-induced 

mPTP opening by forebrain mitochondria  

I first examined Ca2+ uptake and Ca2+-induced opening of the mPTP in forebrain 

mitochondria isolated from WT or G-MCU null mice. As expected, Ca2+ uptake 

into MCU deficient forebrain mitochondria was inhibited (figure 4.1.A) in the same 

manner to that observed for heart mitochondria isolated from these global MCU 

knockouts.238 Ca2+-induced mPTP opening in brain mitochondria that lacked the 

MCU was also inhibited (figure 4.1.B). Global MCU deficiency therefore 

suppressed both mitochondrial Ca2+ uptake and Ca2+-induced mPTP opening, 

considered to be pivotal events in ischemic neuronal cell death.107, 234 
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Figure 4.1 Mitochondrial Ca 2+ uptake and Ca 2+-induced mitochondrial 
permeability transition pore (mPTP) opening 

A) Mitochondrial Ca 2+ uptake and B)  Ca 2+-induced mitochondrial permeability 
transition pore (mPTP) opening in brain mitochondria isolated from WT and      
G-MCU null mice. These data are representative of the results from three 
separate experiments.  
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4.2.2 MCU deletion blocked HPC but not HI brain injury 

In a second series of experiments, I assessed the effects of global MCU 

deficiency on HPC using a model of HI brain injury that impairs sensory-motor 

function by damaging the motor cortex, dorsolateral striatum and dorsal 

hippocampus. HPC was induced 24 hr before HI by exposure to a low oxygen 

atmosphere (8% O2) for 50 min. Control mice for HPC were simply placed in the 

experimental apparatus under normal atmospheric conditions (20% O2) for the 

same amount of time. HI brain injury was induced 24 hr later. HI-induced 

behavioural deficits were measured 24 hr later using a comprehensive scoring 

system of neurological function. Immediately afterwards, neuronal damage in the 

dorsolateral striatum, motor cortex and CA1 region of the dorsal hippocampus 

was measured by quantifying Fluoro-Jade-positive neurons in these brain 

regions using Image J. Despite the inhibition of mitochondrial Ca2+ uptake and 

Ca2+-induced mPTP opening in G-MCU deficient brain mitochondria, global MCU 

null mice displayed comparable HI-induced sensorimotor deficits (figure 4.2) and 

central neuronal damage [dorsolateral striatum (figure 4.3), motor cortex  

(figure 4.4) and CA1 region of the dorsal hippocampus (figure 4.5)] as WT mice. 

These findings demonstrate that MCU-mediated mitochondrial Ca2+ uptake is 

dispensable in the progression of HI brain injury. HPC profoundly attenuated HI-

induced sensorimotor deficits (figure 4.2) and central neuronal damage 

[dorsolateral striatum (figure 4.3), motor cortex and CA1 region of the dorsal 

hippocampus (figures 4.4 & 4.5)]. However, HPC failed to decrease HI-induced 
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sensorimotor deficits and central neuronal damage for MCU nulls (figure 4.3F) 

indicating that global MCU loss interfered with HPC. 
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Figure 4.2  Neuroscores for WT and global MCU null mice after HI 

Neuroscores for wild-type (WT) and global MCU null mice after HI brain injury 
that were subjected to sham conditions or HPC. Mice were graded on a 56-point 
scale that rated increased levels of neurobehavioural impairment. *p<0.05, Two-
way ANOVA followed by Bonferroni's post-hoc test. 
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Figure 4.3  Fluorojade (FJ)-positive neurons damaged by HI brain injury in 
the dorsolateral striatum of WT and G-MCU nulls 

Fluorojade (FJ)-positive neurons damaged by HI brain injury in the dorsolateral 
striatum of WT (C) and G-MCU nulls (E) subjected to sham conditions (A) or 
HPC (D, F). Top right panel (B) - HI damage quantified by determining the area 
occupied by FJ-positive cells within the indicated sector of dorsolateral striatum 
(insert, top left panel). *p<0.05, Two-way ANOVA followed by Bonferroni's post-
hoc test. Scale bar = 150 µm. 
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Figure 4.4  Fluorojade (FJ)-positive neurons damaged by HI brain injury            
in the hippocampus of WT and G-MCU nulls 

Fluorojade (FJ)-positive neurons damaged by HI brain injury in the CA1 region of 
the hippocampus of WT (A, C, D) and G-MCU nulls (E, F) subjected to sham 
conditions or HPC. (B) HI damage quantified by determining the area occupied 
by FJ-positive cells within the indicated sector of CA1 (insert, top left panel).  
*p<0.05, Two-way ANOVA followed by Bonferroni's post-hoc test. Scale bar = 
150 µm.   

0

5

1 0

1 5

2 0

2 5

H I  H P C -H I    H I  H P C -H I

W T M C U  n u ll

*

D
a

m
a

g
e

 A
r
e

a
 (

m
m

2
)

D o rs a l H ip p o c a m p u sB

C                     WT-HI D           WT-HPC+HI

E            MCU null-HI F  MCU null-HPC+HI

A            WT-Control

AP -2.06



 
 

 
87 

 

 

Figure 4.5  Fluorojade (FJ)-positive neurons damaged by HI brain injury            
in the motor cortex of WT and G-MCU nulls 

Fluorojade (FJ)-positive neurons damaged by HI brain injury in the motor cortex 
of WT (A, C, D) and G-MCU nulls (E, F) subjected to sham conditions or HPC. 
(B) HI damage quantified by determining the area occupied by FJ-positive cells 
within the indicated sector of CA1 (insert, top left panel). *p<0.05, Two-way 
ANOVA followed by Bonferroni's post-hoc test. Scale bar = 150 µm.   
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4.2.3 Ultrastructural features of neuronal mitochondria were similar in WT 

mice and G-MCU nulls before and after HI brain injury  

Electron microscopic analyses showed that the morphology of mitochondria in 

the CA1 region of global MCU nulls appeared normal and comparable to that of 

WT mice (figure 4.6). The disrupted morphology (loss of cristae integrity) and 

degree of mitochondrial damage in the dorsal hippocampus of WT and G-MCU 

null mice after HI brain injury were also the same (figure 4.7). 
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Figure 4.6  Electron microscopic images of mitochondria in the CA1 region 
of the dorsal hippocampus of control or HI injured WT and G-MCU null 
mice 

Control mitochondria from both WT and G-MCU nulls display clear double 
membrane structure with well-formed cristae. Following HI brain injury both WT 
and G-MCU nulls display damaged cristae and reduced electron density. 
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Figure 4.7  Relative of percentage of damaged mitochondria detected 2 hrs 
after HI  

Images of 1024 mitochondria from the ipsilateral CA1 region in WT or G-MCU 
mice were visually assessed for damage (loss of double membrane or cristae 
integrity. *p<0.05, Mann-Whitney U test. Each bar represents the mean ± SEM 
(n=3/group). 
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4.2.4 G-MCU deletion did not alter the susceptibility of cortical neurons to 

ischemic cell death 

To determine whether global MCU deficiency alters the resistance of central 

neurons to ischemic injury, cell viability loss produced by oxygen glucose 

deprivation (OGD) was compared in primary cultures of cortical neurons derived 

from WT and global MCU null mice. Neurons exposed to OGD undergo rapid 

energetic decline, failure of ATP-dependent ion pumps, excessive reactive 

oxygen species generation, N-methyl-D-aspartate receptor hyper-stimulation and 

mitochondrial dysfunction resulting in both apoptotic and necrotic cell death.245 

Consistent with my in vivo findings, OGD produced the same degree of cell 

viability loss for WT and G-MCU deficient cortical neurons (figure 4.8). Global 

MCU deletion therefore does not alter the susceptibility of central neurons to 

OGD-induced damage. 
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Figure 4.8 Global MCU ablation of the MCU did not confer protection to 
cortical neurons subjected to OGD 

Primary neurons obtained from either WT or global MCU null were subject to 
either sham or 1.5h OGD. Cell viability was measured 24 h following OGD using 
the MTT assay. Global MCU ablation in neurons did not confer protection to 
OGD. *p<0.05, Two-way ANOVA followed by Bonferroni's post-hoc test.  
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4.2.5 G-MCU null neurons exhibited hyper-phosphorylation of the pyruvate 

dehydrogenase complex 

Consistent with findings using cardiac or skeletal myocytes, phosphorylation of 

the PDH complex at all 3 serine sites (pS233, pS292, pS300; figure 4.5A-C) were 

dramatically increased in MCU null relative to WT cortical neurons.238, 242-244 In 

total, PDH phosphorylation was elevated by 3-fold in MCU null relative to WT 

neurons (figure 4.9). Exposure to glutamate (25 µM; 30 min) and ionomycin (2 

µM; 30 min) decreased the relative levels of PDH phosphorylation by comparable 

amounts in WT and G-MCU null cortical neurons (figure 4.9). However, by 

comparison to WT neurons, PDH in G-MCU null neurons was significantly hyper-

phosphorylated across basal, glutamate and ionomycin stimulated conditions 

(figure 4.9). These findings indicate that mitochondria in G-MCU null neurons 

may utilize alternative Ca2+ transport and/or metabolic substrates to regulate 

energy metabolism.35, 246 
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Figure 4.9 PDH phosphorylation levels of WT and global MCU under basal 
and stimulated conditions 

PDH phosphorylation levels for pSer232 (A), pSer293 (B), pSer300 (C) and total 
pSer (D) in WT and global MCU null cortical neurons under control conditions or 
30 min after stimulation with glutamate (25 μM) or ionomycin (2 µM). p<0.001, 
Two-way ANOVA followed by Bonferroni's post-hoc test (n=7/group).  
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4.2.6 G-MCU null neurons displayed reduced spare respiratory capacity 

offset by increased glycolytic rates 

Oxygen consumption rates (OCR) under control and oligomycin-inhibited 

conditions were comparable for both WT and G-MCU null neurons, indicating a 

similar reliance on mitochondrial oxidative phosphorylation for basal ATP 

production (figure 4.10). PDH hyper-phosphorylation is known to suppress 

tricarboxylic acid flux.247 Despite PDH hyper-phosphorylation in G-MCU null 

neurons, basal OCRs were comparable to WT neurons. Two possibilities may 

account for unaltered basal OCRs in G-MCU null neurons: 1) residual 

unphosphorylated PDH provides sufficient substrate supply247 and 2) alternative 

substrates and metabolic pathways generate the necessary reducing equivalents 

to maintain oxidative phosphorylation.35, 246 When stimulated with FCCP, which 

induces maximal respiratory capacity by dissipating the mitochondrial membrane 

potential and uncoupling Complex I-IV activity from ATP synthase, G-MCU null 

cortical neurons showed a reduced spare respiratory capacity compared to WT 

neurons. This was accompanied by an increase in ECARs for G-MCU null 

relative to WT neurons indicating an enhanced reliance on glycolysis for ATP 

production during energetic stress (figure 4.10). Treatment with both rotenone 

and antimycin A resulted in matching OCR reductions for both WT and G-MCU 

nulls (figure 4.10). However, ECARs for G-MCU null neurons remained elevated 

above those for WT neurons after Complex I (rotenone) and Complex I/III 

(rotenone + antimycin A) inhibition (figure 4.10). These findings suggested that 

G-MCU null neurons employ glycolysis to meet increased metabolic demands. 
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4.2.6 Glycolytic induction by OGD was accompanied by Complex I 

suppression in G-MCU null neurons  

OCRs were also measured 1 hr post OGD (figure 4.10). This delay provided a 

measure of the early impact of in vitro ischemic/reperfusion injury on 

mitochondrial respiration and glycolysis. Relative to WT neurons after OGD, G-

MCU null neurons displayed reduced OCRs under basal, oligomycin-inhibited 

and FCCP-stimulated conditions indicating a diminished capacity to produce 

energy by oxidative phosphorylation (figure 4.10). By contrast, G-MCU neurons 

showed a marked increase in ECARs compared to WT neurons after OGD 

(figure 4.10). This result further supports an increased dependence of MCU null 

neurons on glycolysis for energy production during metabolic stress. The 

formation of glycolytic compartments was recently discovered in neurons at sites 

of local synaptic activity, where I propose these sites are enhanced in G-MCU 

nulls relative to WT.248 Following all measurement conditions after OGD, ECARs 

for G-MCU null neurons remained higher than those for WT neurons. Treatment 

with rotenone reduced OCRs in WT neurons to those seen in G-MCU neurons 

thus demonstrating that reduced Complex I activity was responsible for deficient 

mitochondrial respiration in G-MCU null neurons.  
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4.2.7 Forebrain NADH and pyruvate concentrations were reduced in G-MCU 

nulls subjected to HI 

Forebrain NAD+/NADH ratios (striatum) and pyruvate (hippocampus) 

concentrations were measured in WT and G-MCU null 30 min after exposure to 

HI (figure 4.10). Relative to WT mice, striatal NAD+/NADH ratios were increased 

in G-MCU nulls indicating decreased NADH levels. NADH is consumed by 

lactate dehydrogenase to convert pyruvate to lactate for ATP synthesis. The 

lower concentrations of pyruvate in the hippocampus of MCU nulls compared to 

WT mice after HI further supports the increased glycolytic capacity of global MCU 

deficient mice (figure 4.10). The increased glycolytic consumption of NADH may 

thus suppress Complex I activity in G-MCU null neurons by depleting reducing 

equivalents needed to drive oxidative phosphorylation.249  To rule out the 

differences in NADH consumption due to different Complex I levels, complex I 

expression was measured by qRT-PCR (figure 4.11). 
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Figure 4.10 Analysis of mitochondrial function under basal conditions and 
after OGD  

OCRs (A, C) and ECARs (B, D) for WT and G-MCU null neurons under control 
conditions (A and B) or 1 hr after OGD (C and D). *p<0.05, Two-way ANOVA 
followed by Bonferroni's post-hoc test (n=4/group). Striatal NAD+/NADH ratios (E) 
and hippocampal pyruvate (F) concentrations isolated from the ipsilateral 
hemisphere of wild-type (WT) and G-MCU null mice 30 min following exposure to 
sham conditions or HI. *p<0.05, Two-way ANOVA followed by Bonferroni's post-
hoc test. 
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Figure 4.11 Relative mRNA levels of complex I member MT-ND2 in WT and 
global MCU cortical neurons   

Relative mRNA levels for the Complex I member (MT-ND2) detected by qRT-
PCR in MCU null and WT cortical neurons. There was no difference between 
these conditions as indicated by an unpaired t-test, p>0.05, N.S. 

  

0 .0

0 .5

1 .0

1 .5

   W T                M C U  n u llR
e

la
ti

v
e

 E
x

p
r
e

s
s

io
n

(M
T

-N
D

2
)



 
 

 
100 

 

4.2.7 Global MCU ablation and HPC increased the expression of apoptosis-

related and Ca2+ handling genes in the hippocampus 

I compared mRNA levels for BCL-2 family members (BCL-XL and BAX), 

Na+/Ca2+ ecxhangers from the plasma membrane (NCX-1, NCX-2, NCX-3) and 

PMCA-2 in the hippocampus of WT and global MCU null mice subjected to sham 

conditions or HPC. Relative to WT mice, levels of mRNAs for BCL-XL, BAX, 

NCX-1, NCX-2, NCX-3 and PMCA-2 were elevated by 2-3 fold in global MCU 

nulls (figure 4.12). HPC increased levels for all mRNAs in the hippocampi of WT 

mice. Except for a modest elevation of PMCA-2 mRNA levels (50%; figure 4.12), 

HPC did not produce a further induction of these genes in global MCU nulls 

(figure 4.12).  
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Figure 4.12 Relative levels of mitochondrial apoptotic mediators and 
plasma membrane Ca2+ handling genes 

Relative levels of BCL-XL (7A), BAX (7B), NCX-1 (7C), NCX-2 (7D), NCX-3 (7E) 
and PMCA-2 (F) mRNAs detected in the dorsal hippocampi of WT or G-MCU null 
mice 4 hr after exposure to sham conditions or HPC (50 min of global hypoxia). 
*p<0.05, Two-way ANOVA followed by Bonferroni's post-hoc test. Each bar 
represents the mean ± SEM (n=7/group).   
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4.3 Discussion 

 

4.3.1 Unaltered HI brain injury in global MCU nulls despite the inhibition of 

mitochondrial Ca2+ uptake and Ca2+-induced mPTP opening 

I have observed that global MCU deletion suppressed the uptake of Ca2+ by 

forebrain mitochondria (figure 4.1A). Ca2+-induced mPTP opening, that executes 

both apoptotic231 and necrotic234, 250 neuronal cell death, was also blocked in 

forebrain mitochondria isolated from global MCU nulls (figure 4.1B). Despite this 

inhibition of mPTP opening, global MCU nulls were not protected from HI-

induced sensorimotor deficits (figure 4.2) and brain injury (figures 4.3-4.5) nor 

were cortical neurons isolated from these animals rendered more resistant to cell 

viability loss after a lethal period of OGD (figure 4.8). Electron microscopic 

analyses showed that mitochondria in the CA1 region of global MCU nulls also 

displayed similar morphological features of damage as WT mice after HI brain 

injury (figures 4.6 and 4.7). These findings are consistent with evidence that 

complete MCU ablation during development activates alternative mitochondrial 

Ca2+
 handling mechanisms that compensate for global MCU ablation.242-244  
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4.3.2 Metabolic regulation by mitochondrial Ca2+uptake was impaired in 

global MCU nulls   

Since developmental inhibition of the MCU has been reported to increase the 

phosphorylation of PDH in cardiac myocytes,238, 242 I measured the 

phosphorylation levels for S232, S293 and P300 of PDH in WT and MCU null 

cortical neurons (figure 4.9). Relative to WT neurons, all of these PDH sites were 

hyper-phosphorylated in MCU cortical neurons resulting in about a 300% 

increase of total PDH phosphorylation (figure 4.9). Phosphorylation of these 3 

sites by at least 4 PDH kinases (PDKs) produces additive reductions in PDH 

activity.247 The hyper-phosphorylation of PDH in MCU null neurons is likely 

explained by decreased mitochondrial Ca2+ uptake required to stimulate 

dephosphorylation by PDH phosphatases.247 However, elevations of cytosolic 

Ca2+ by glutamate or ionomycin still triggered the dephosphorylation of PDH in 

MCU null cortical neurons (figure 4.9). Since dephosphorylation of each of these 

3 sites is mediated by Ca2+-induced phosphatases, these results suggest that 

MCU null cortical neurons use alternative mitochondrial Ca2+ transport 

mechanisms to regulate metabolic activity. This line of reasoning is further 

supported by my measurements of forebrain NADH and pyruvate levels in WT 

and MCU nulls. Under control conditions NADH and pyruvate were similar in WT 

and MCU nulls (figure 4.10). As a result, increased PDK activities driven by 

differences between the concentrations of these metabolic substrates cannot 

account for the hyper-phosphorylation of PDH in G-MCU null neurons.247 
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4.3.3 The induction of glycolysis by metabolic stress depleted NADH levels 

and suppressed Complex I activity in G-MCU null cortical neurons 

To establish the effects of compensations for global MCU ablation on the 

metabolic function of cortical neurons, I compared the glycolytic rates and 

several aspects of mitochondrial performance in respiring cortical neurons 

derived from WT and global MCU nulls. These studies showed that basal 

respiration by G-MCU null neurons were unaltered despite a considerable 

reduction in mitochondrial Ca2+
 uptake (figures 4.1 and 4.10). However, relative 

to WT neurons, maximal respiratory capacity stimulated with FCCP (2 µM) was 

reduced in G-MCU null neurons. This was accompanied by higher ECARs for G-

MCU null than WT neurons (figure 4.10). Since increased lactate production is 

principally responsible for elevated neuronal ECARs,251 these results reflect an 

increased reliance of G-MCU null neurons on glycolysis to produce ATP during 

increased energetic demand. This finding is consistent with recent evidence that 

active synaptic sites are fueled by the dynamic formation of glycolytic 

compartments.248 I also found that striatal NADH levels are reduced following HI 

in G-MCU nulls relative to WT mice (figure 4.10). This suggests that enhanced 

glycolysis depletes G-MCU null cortical neurons of NADH required to fuel 

oxidative phosphorylation causing a decrease in FCCP-induced maximal 

respiration (figure 4.10). This is supported by the pronounced inhibitory effects of 

OGD on mitochondrial respiration in G-MCU null neurons. Relative to WT 

neurons, G-MCU null neurons displayed greater reductions in basal respiration, 
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ATP production and maximal respiration after OGD (figure 4.10) that were 

closely associated with increased ECARs for each of these conditions  

(figure 4.10). Interestingly, FCCP produced a further burst of ECAR in G-MCU 

null neurons that rapidly declined to levels below those seen at baseline. I also 

interpret these findings as being reflective of an increased dependence on 

glycolysis for metabolic support that rapidly consumed NADH resulting in energy 

depletion. Rotenone normalized OCR in WT neurons to levels observed in G-

MCU null neurons (figure 4.10) demonstrating that Complex I activity in G-MCU 

null neurons was suppressed after OGD. However, because my experiments 

were performed just 1 hr post OGD, I cannot rule out the possibility that the 

metabolic shift towards glycolysis is transient in surviving G-MCU nulls neurons.  

 

The OCR experiments were performed in the presence of 2 mM pyruvate. 

Standard neurobasal media contains only 0.22 mM pyruvate that corresponds 

closely with the concentration of pyruvate (0.175 mM) detected in brain  

(figure 4.10). Pyruvate concentrations should therefore not have been a limiting 

factor for the respiration and Complex I activity of G-MCU null neurons. I also 

measured mRNA levels for the complex I member (MT-ND2) by qRT-PCR in G-

MCU null and WT cortical neurons. There was no significant difference between 

WT and G-MCU deficient cortical neurons (figure 4.11). This indicated that 

reduced Complex I expression was not responsible for the lower OCRs of global 

MCU null relative to WT neurons following FCCP treatment or OGD. 
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4.3.4 Global MCU deficiency produced similar effects as HPC on apoptosis-

related and Ca2+ handling gene expression in the hippocampus 

Global MCU deficiency engaged mechanisms shared by HPC known to oppose 

impairments in mitochondrial function and cytosolic Ca2+ handling genes that 

promote ischemic brain damage.229, 230, 236 There was a remarkable concordance 

between hippocampal patterns of elevated gene expression for mitochondrial 

apoptosis-regulators (BCL-XL, BAX), Na+/Ca2+ exchangers from the plasma 

membrane (NCX-1, NCX-2, NCX-3) and the ATP-driven Ca2+ plasma membrane 

transporter (PMCA-2) in sham G-MCU nulls and WT mice subjected to HPC 

(figure 4.12F). These increases are consistent with adaptations in G-MCU nulls 

that compensate for chronic impairments in Ca2+ homeostasis.242 

 

4.3.5 Global MCU nulls failed to benefit from HPC 

Although HPC reduced HI-induced neurological deficits and brain injury in WT 

mice, G-MCU nulls failed to benefit from HPC. Apart from a modest 50% 

elevation of mRNA levels for PMCA-2 (figure 4.11F), HPC failed to produce a 

further increase in the hippocampal expression of BAX, BCL-XL, NCX-1, NCX-2, 

NCX-3 in global MCU null mice (figure 4.12A-E). These findings indicate that 

developmental compensations for constitutively impaired Ca2+ handling in global 

MCU nulls may have disrupted signaling mechanisms necessary for HPC. In 

keeping with these findings, constitutive MCU inhibition in the heart increases the 

expression of mitochondrial apoptosis-regulators (BCL-2 and BAX), stimulates 

NCX activity and sensitizes mitochondrial-mediated cell death pathways.242 This 
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coupled with an increased reliance on glycolysis that supresses Complex I 

activity may have contributed to the inability G-MCU nulls to benefit from HPC. 

Such adverse effects of these long-term compensations may also account for the 

failure of global MCU deletion to reduce mitochondrial damage, central neuron 

loss and neurological deficits following HI brain injury. 
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Chapter 5: Conditional Cre-mediated Ablation of the Mitochondrial Calcium 

Uniporter in Forebrain Neurons Protects Mice from Hypoxic/Ischemic Brain 

Injury 

 

5.1 Introduction and rationale 

Neurons depend heavily on mitochondria to buffer cytosolic Ca2+ concentrations 

and meet the dynamic metabolic demands imposed by neurotransmission.35, 171, 

252 However, mitochondria can also trigger neuronal cell death. Excessive 

mitochondrial Ca2+ uptake triggers the formation of mPTP that executes both 

apoptotic231, 232 and necrotic233-235, 250 ischemic neuronal damage. Identification of 

the transport mechanisms for increased mitochondrial Ca2+ uptake that promote 

neuronal cell death and survival may thus open new therapeutic avenues for the 

prevention of ischemic brain injury.223, 236, 237  

 

The mitochondrial Ca2+ uniporter (MCU) is responsible for rapid and high 

capacity mitochondrial Ca2+ uptake in the heart.238 Genetic identification of the 

MCU in 2011239, 240 has enabled the generation of various genetic mouse lines in 

which MCU activity is blocked by either global MCU deletion,238 cardiac-specific 

expression of a dominant-negative MCU (DN-MCU)241, 242 or inducible cardiac 

MCU ablation at maturity.243, 244 Experimentation with these genetic lines has 

shown that conditional, but not constitutive (global MCU nulls or DN-MCU mice), 

MCU inhibition protects the heart from destructive increases of mitochondrial 

Ca2+ uptake.238, 241-244 
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Given the considerable implications of these findings for ischemic neuronal cell 

death, I have recently examined the effects of global MCU (G-MCU) deletion on 

HI brain injury.253 Consistent with previous studies that examined the effects of 

constitutive MCU inhibition on ischemic heart damage, G-MCU nulls were not 

protected from sensorimotor deficits or neuronal damage following HI brain 

injury.253 Energetic stress enhanced glycolysis and depressed Complex I activity 

in G-MCU null, relative to wild-type (WT), cortical neurons. HI reduced forebrain 

NADH levels more in global MCU nulls than WT mice suggesting that increased 

glycolytic consumption of NADH suppressed Complex I activity. These findings 

suggest that metabolic compensations for global MCU loss compromised 

resistance to ischemic injury.253 To avoid these compensations, I have generated 

a novel transgenic line enabling the MCU to be selectively deleted at maturity in 

forebrain neurons. I show that these mice are resistant to HI brain injury and do 

not display metabolic compensations observed in global MCU nulls. 

 

5.2 Results 

Western blotting showed that MCU levels were reduced by over 80% in the 

hippocampus of CNS-MCU deficient mice (figure 5.1A). Relative to control (Thy1-

cre/ERT2-eYFP) mice, CNS-MCU deficient mice displayed less severe 

sensorimotor deficits 24 h following HI (figure 5.1B). This was accompanied by 

decreased neuronal damage detected by Fluoro-Jade C staining in the dorsal 

hippocampus (CA1), dorsolateral striatum and motor cortex of CNS-MCU 

deficient mice compared to controls (figure 5.1C-K). EM images in the CA1 
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region of the hippocampus revealed mitochondrial damage 2 h following HI for 

control mice that was reduced in CNS-MCU deficient mice (figure 5.1 L-N). 

These results demonstrate that CNS-MCU deficiency protected mice from HI-

induced sensorimotor deficits and neuronal damage. The accompanying 

reductions in mitochondrial damage suggest that MCU deficiency protected 

neurons by decreasing mitochondrial Ca2+ overloading and permeability 

transition pore opening implicated in ischemic neuronal death.234, 250 

 

I next examined the effects of siRNA mediated MCU knockdown on the loss of 

cell viability in primary cortical neuron cultures following OGD. This experimental 

approach was used for two reasons: (A) Thy1 is weakly expressed during 

embryonic development and (B) primary cortical neurons cultures do not tolerate 

treatment with 4-hydroxytamoxifen.254, 255 I found that siRNA-mediated MCU 

knockdown reduced MCU mRNA and protein levels by 80% and 50%, 

respectively (figure 5.2A and B). This degree of siRNA-mediated MCU 

knockdown has previously been shown to decrease N-methyl-D-aspartate-

induced mitochondrial Ca2+ uptake in neurons.16 MCU knockdown increased cell 

viability 24 hr following OGD from 48% (control siRNA) to 71% (MCU siRNA; 

figure 5.2C). These findings further support the protective effects of decreased 

neuronal MCU levels against ischemic injury.  

 

Phosphorylation of the pyruvate dehydrogenase (PDH) complex is rapidly 

reduced by the elevation of Ca2+ levels in the mitochondrial matrix.129, 253, 256 I 
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therefore measured the phosphorylation status of the complex to determine if 

siRNA-mediated MCU knockdown altered Ca2+ mediated changes in 

mitochondrial metabolism. Knockdown of the MCU did not alter phosphorylation 

of the PDH complex (figure 5.2D). Elevation of cytosolic Ca2+ concentrations with 

glutamate (25 µM, 30 minutes) also produced comparable reductions in the 

phosphorylation of PDH for control and MCU-knockdown cultures (figure 2D). 

The residual MCU-mediated Ca2+ uptake in MCU-knockdown neurons was 

therefore sufficient to regulate mitochondrial metabolism. By contrast, PDH 

phosphorylation in cortical neuron cultures derived from global MCU nulls was 

increased under basal and glutamate-stimulated conditions.253 Unlike CNS-MCU 

deficient mice, global MCU nulls were not resistant to HI brain injury.253 These 

findings suggest that there is an optimal level of MCU inhibition for 

neuroprotection.  

 

To determine if mitochondria function was preserved by MCU-knockdown, I 

measured oxygen consumption rates (OCR) and extracellular acidification rates 

(ECAR), before and 1 h after OGD, using a Seahorse xF24 analyzer. 

Mitochondrial function was probed by the sequential addition of oligomycin (2 

µM), FCCP (2 µM), rotenone (300 nM) and antimycin A (5 µM). OCR or ECAR 

levels following these treatments were comparable in control and MCU-

knockdown neurons before OGD (figure5. 2E and G). After OGD, both basal and 

FCCP-induced maximal respiration were reduced to greater extents in control 

than MCU-knockdown neurons (figure 5.2F). These results indicate the presence 
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of a larger pool of functional mitochondria in MCU-knockdown neurons. ECARs 

following OGD were similar for the control and MCU-knockdown cortical neuron 

cultures (figure 5.2H). By contrast, I have previously shown that ECARs are 

markedly elevated for cortical neuron cultures derived from global MCU nulls 

following energetic stress induced by FCCP or OGD.253 Acute MCU-knockdown 

therefore did not produce metabolic compensations associated with reduced 

resistance to ischemic injury. 
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Figure 5.1 CNS-MCU deficient mice are protected from HI-induced motor 
deficits, neuronal and mitochondrial damage 

 A) MCU protein levels for control and CNS-MCU deficient mice. B) Neuroscores 
for control and CNS-MCU deficient mice after HI brain injury. Mice were graded 
on a 56-point scale that rated increased levels of neurobehavioural impairment. 
C) Quantification of Fluoro-Jade (FJ)-positive neurons damaged by HI brain 
injury in the dorsolateral striatum, CA1 region of the dorsal hippocampus and 
motor cortex of control and CNS-MCU deficient mice. D-L) Representation 
images of FJ-positive neurons in control mice 24 hours after sham HI surgery 
(Control-Sham HI; D, G and J) or HI (Control-HI; E, H and K) or CNS-MCU 
deficient mice (24 after HI (CNS-MCU Deficient-HI; F, I and L) the dorsolateral 
striatum, CA1 region of the dorsal hippocampus and motor cortex.  HI damage 
was quantified by determining the area occupied by FJ-positive neurons within 
the indicated sectors of dorsolateral striatum, dorsal hippocampus and motor 
cortex (blue box for each of the inserts for D, G and J). M and N, Representative 
EM images showing intact (thin arrows) or damaged (thick arrow) mitochondria 
within neurons of the CA1 region of the dorsal hippocampus of 24 hours after HI 
in a control and CNS-MCU deficient mouse. O) Quantification of mitochondrial 
damage in the CA1 region of the dorsal hippocampus of 24 hours after HI in 
control and CNS-MCU deficient mice, n=4. *p<0.05 relative to control mice. 
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Figure 5.2 MCU knockdown protects primary cortical neuron cultures from 
the loss of cellular viability and mitochondrial function by OGD 

A) Relative mRNA levels for primary cortical neuron cultures 72 hours after 
treatment with a non-targeting (NT) siRNA or siRNA against the MCU (siRNA 
MCU). B) MCU protein levels for NT and siRNA MCU cortical neuron cultures. C) 
Cell viability 24 hours after OGD for NT siRNA and siRNA MCU cortical neuron 
cultures. D) Phosphorylation levels for pyruvate dehydrogenase (PDH) under 
basal and glutamate-stimulated conditions for NT siRNA and siRNA MCU cortical 
neuron cultures. E-H) Oxygen consumption rates (OCR) an extracellular 
acidification rates (ECAR) under control conditions (E and G) or 1 hour after 
OGD (F and H) before and after the addition of oligomycin (2 µM), FCCP (2 µM), 
rotenone (300 nM) and antimycin A (5 µM) in NT and siRNA MCU cortical neuron 
cultures. *p<0.05 relative to NT controls (A, C and F) or treatment with glutamate 
(50 µM) for 30 minutes (D). 
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5.3 Conclusions 

I have shown that CNS-MCU deficiency protected mice from HI-induced motor 

deficits and forebrain neuron damage. Mitochondrial ultrastructure in the 

hippocampus of CNS-MCU deficient mice was also preserved following HI. Acute 

siRNA-mediated MCU knockdown also protected cortical neuron cultures from 

viability loss and mitochondrial deficits following OGD. Lastly, MCU-knockdown 

did not cause metabolic impairments previously observed in global MCU nulls. 253 

My results suggest that MCU inhibitors have therapeutic potential for the acute 

management of ischemic/reperfusion brain injury.  
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Chapter 6: Discussion 

Stroke remains a leading cause of death and disability worldwide.4 Mitochondrial 

dysfunction has been strongly implicated in the pathophysiology of stroke and 

numerous other neurodegenerative disease.257 Mitochondria profoundly shape 

stroke-induced damage by the regulating Ca2+ buffering, cellular bioenergetics, 

free radical production and the threshold for both apoptotic and necrotic neuronal 

cell death. This thesis has investigated the impact of both pharmacologic and 

genetic manipulations that alleviate mitochondrial stress on the resistance of 

neurons to ischemic damage. 

 

6.1 Ischemia/reperfusion-induced mitochondrial dysfunction and neuronal 

damage 

Neurons heavily depend on oxidative phosphorylation for continual ATP 

production to support neurotransmission. Due to their dependence on oxidative 

phosphorylation, neurons are very sensitive to damage by compromised oxygen 

delivery.258 A major detrimental consequence of energy failure is the suppression 

of ATP-dependent ion pumps that causes a lethal disruption of ionic 

homeostasis.  The immediate threat from a loss of ionic homeostasis is cellular 

swelling. The subsequent rise in intracellular Ca2+ concentrations initiates 

mitochondrial-mediated apoptotic neuronal cell death.257 With prolonged periods 

of ischemia, total bio-energetic collapse occurs resulting in cellular necrosis.259 

Currently, the only effective therapeutic interventions for stroke are the 

administration of t-Pa or the endovascular restoration of blood flow.4 Although 
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limited to the acute treatment of stroke, these therapies improve clinical 

outcomes by restoring blood flow in brain regions at risk of irreversible damage. If 

oxygen supply is restored to neurons, they face a second insult termed 

reperfusion injury.259 The return of oxygen to mitochondria in neurons with 

elevated intracellular Ca2+ concentrations, created by the suppressed activity of 

ATP-dependent Ca2+ pumps, can result in mitochondrial Ca2+ overload. 123 The 

restoration of oxygen allows mitochondria to begin restoring mitochondrial 

membrane potential (Ψm). However, restoration of the Ψm in the presence of 

elevated cytosolic Ca2+ levels promotes the electrogenically-driven uptake of 

lethal amounts of Ca2+ into mitochondria. The MCU mediates this excessive  

mitochondrial Ca2+ uptake that triggers neuronal cell death. 244 

 

Ca2+ overloading initiates formation of the mitochondrial permeability transition 

pore that executes cell death. Excessive mitochondrial Ca2+ uptake following 

reperfusion also triggers the over-production of reactive oxygen species (ROS) 

that promote oxidative injury. The resultant mitochondrial damage impairs the 

efficiency of oxidative phosphorylation resulting in a further leak of ROS from the 

electron transport chain resulting a vicious cycle of ROS-induced ROS 

production.237  

 

Flavonoids have been shown to reduce neuronal injury in cell-based and animal 

models of stroke by increasing anti-oxidant defense, inhibiting pro-inflammatory 

enzymes and enhancing cellular bioenergetics.90 These findings coupled with 
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epidemiological links between reduced stroke incidence and increased dietary 

consumption of these polyphenolic compounds have resulted in considerable 

interest in their therapeutic applications for stroke. Since mitochondrial 

dysfunction is a central feature of ischemic neuronal cell death, a major goal of 

this thesis was to examine the effects of two common dietary flavonoids, 

quercetin and epicatechin, on neuronal mitochondrial function in models of 

ischemic stroke. 

 

Quercetin and epicatechin were selected to investigate the effects of dietary 

flavonoids on neuronal mitochondrial function based on evidence that the apple 

peel-derived phenolic fraction termed AF4 was highly-protective in a mouse 

model of hypoxic/ischemic brain injury.88 AF4 is comprised mainly of quercetin 

and epicatechin that account for about 85% of the total phenolic content of this 

apple peel extract.88 Oral administration of AF4 also protected mice subjected to 

the experimental autoimmune encephalomyelitis (EAE) model of multiple 

sclerosis from spinal cord damage.89 Neuroprotection by AF4 was associated 

with reduced spinal cord neuroinflammation and the elevated expression of 

genes that mediate mitochondrial biogenesis and remyelination.89 These findings 

suggested that AF4 promoted recovery from EAE by stimulating mitochondrial 

function.  

 

I have shown that epicatechin and quercetin synergistically protected cortical 

neurons from ischemic/reperfusion injury by dramatically improving various 
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aspects of mitochondrial performance. These actions were found to be mediated 

by the activation of distinct neuroprotective signaling pathways that converge on 

the mitochondrion. This resulted in elevated spare respiratory capacity known to 

increase the resistance of neurons to cytosolic Ca2+ overloading by improving 

mitochondrial Ca2+ handling and energetics. Epicatechin activated protein kinase 

B (Akt) while quercetin increased Ca2+-mediated activity that caused synergistic 

elevations of CREB phosphorylation when these flavonoids were combined. A 

second major point of convergence was nitric oxide synthase (NOS) known to be 

activated at distinct sites by Akt and CamKII/V. Inhibition of NOS activity blocked 

neuroprotection by both epicatechin and quercetin. Based on these findings, I 

have proposed that the convergent benefits of increased CREB and NOS activity 

on mitochondrial biogenesis and energetics mediated synergistic neuroprotection 

by epicatechin and quercetin. These findings therefore provide mechanistic 

support for the benefits of a flavonoid-enriched diet in reducing the risk of stroke 

injury.260 

 

Quercetin was shown to increase Ca2+ which recapitulated the increased 

cytosolic Ca2+ loads that mediate hypoxic preconditioning (HPC). The resultant 

elevation of mitochondrial Ca2+ uptake by HPC is known to stimulate 

mitochondrial biogenesis, improve antioxidant defence and enhance Ca2+ 

handling by increasing the expression of ionic plasma and mitochondrial 

membrane Ca2+ transporters. More recently, activity-induced neuroprotection in 

primary cultures of mouse hippocampal neurons has been linked to down-
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regulation of MCU levels. The reduction of MCU levels protects neurons from 

glutamate-induced excitotoxicity by preventing mitochondrial Ca2+ overloading. 16  

Quercetin has also been shown to stimulates MCU activity in cultured neurons 

and brain. 125 Taken together, these findings suggest that MCU activity is 

modulated as part of a physiological adaption to increased neuronal activity that 

mediates HPC and can also be activated with small molecules (flavonoids) to 

increase the resistance of neurons to excitotoxic/ischemic damage. Flavonoids 

may therefore serve as chemical pharmacophores that can be optimized to 

generate therapeutics with superior oral bioavailability, brain penetration and 

potency to increase resistance to stroke by modulating MCU activity. 

 

The MCU functions to match metabolic demand with metabolic output but also 

may promote injurious mitochondrial Ca2+ overloading.243, 244 Modulation of MCU 

expression levels that maximize the response to metabolic demand, while 

minimizing mitochondrial Ca2+ overload could potentially render cells more 

resistant to ischemic insults. This proposal is further substantiated by a genetic 

neurodegenerative disorder resulting from loss of function of the negative MCU 

regulator known as MICU1.48, 49 Ablation of MICU1 function increases 

mitochondrial Ca2+ uptake resulting in a disorder characterized by myopathy, 

learning disability and neurodegeneration. Based on these findings, my next 

goals were therefore to establish the effects of global and conditional MCU loss 

on mitochondrial Ca2+ uptake, gene expression, cellular biogenetics and 

resistance to ischemic neuronal cell death.  
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6.2 Metabolic compensations for global MCU ablation compromise 

resistance to ischemic brain injury 

I first used global MCU (G-MCU) knockout mice to investigate the effects of 

constitutive loss of this mitochondrial Ca2+ transporter on the resistance of 

forebrain neurons to ischemic damage. As expected, forebrain mitochondria 

isolated from G-MCU nulls displayed markedly reduced Ca2+ uptake and Ca2+-

induced mPTP opening. Despite evidence that these effects should have been 

neuroprotective, G-MCU nulls and wild-type (WT) mice had similar HI brain 

damage. However, the protective effects of HPC against HI brain injury in WT 

mice failed to occur in G-MCU nulls. In resolution of these seemingly discrepant 

findings, I showed that metabolic adaptations for G-MCU loss rendered cortical 

neurons more susceptible to Complex I suppression after OGD that models 

ischemia/reperfusion damage. Relative to WT cortical neurons, G-MCU null 

neurons depended more heavily on glycolysis to produce ATP following 

energetic stress. HI was found to deplete the G-MCU null forebrain of reducing 

equivalents (NADH) that are required to drive Complex I activity. The resultant 

energetic collapse may thus have promoted ischemic/reperfusion neuronal injury 

despite reduced mitochondrial Ca2+ uptake. To withstand the detrimental effects 

of chronically impaired mitochondrial Ca2+ uptake, G-MCU nulls appear to 

employ genetic adaptations common to HPC. These adaptations included the 

induction of mitochondrial apoptosis regulators and Ca2+ transporters that 

improve Ca2+ handling. However, such adaptations were insufficient to reduce HI 

brain damage and may also have interfered with the signaling pathways 
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necessary for neuroprotection by HPC in G-MCU nulls. These results suggest 

that long-term compensations for constitutive MCU inhibition negate the 

protective effects of MCU ablation.253 

 

6.3 Conditional MCU ablation in forebrain neurons at adulthood protects 

mice form HI brain injury 

To avoid developmental compensations resulting from global MCU deficiency, I 

generated a transgenic line enabling the MCU to be deleted selectively in 

forebrain neurons at adulthood. This was done by crossing Thy-1 CreERT2 –YFP 

mice with animals in which the MCU had been floxed. Administration of 

tamoxifen to the offspring activated Cre-mediated deletion of the MCU in Thy-1 

expression forebrain neurons. The MCU was also silenced in primary neuronal 

cultures by siRNA-mediated MCU knockdown. Western blotting revealed that 

MCU levels in the hippocampus of conditional neuron-specific (CNS)-MCU nulls 

were reduced by about 80%. MCU knockdown by siRNA exposure for 3 days 

reduced MCU levels in cortical neuron cultures by approximately 50%. Both 

CNS-MCU deficient mice and MCU knockdown in primary cortical neuron 

cultures were protected from injury by experimental conditions that mimicked the 

effects of a stroke. Unlike G-MCU null neurons, MCU knockdown did not reduce 

spare respiratory capacity or increase glycolysis in primary cortical neuron 

cultures. Moreover, MCU knockdown preserved spare respiratory capacity 

following OGD. Electron microscopic analysis in the hippocampus of CNS-MCU 

deficient mice exposed to HI brain injury confirmed that MCU deficiency reduced 
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neuronal mitochondria damage. MCU deficiency therefore appeared to increase 

the resistance of neurons to ischemic damage by preserving mitochondrial 

function. The absence of metabolic changes following MCU knockdown 

suggested that reductions in MCU activity of 50% were well-tolerated and did not 

impair mitochondrial Ca2+ signaling. The ability of residual MCU activity to 

maintain an adequate response to increased energetic demand was further 

supported by similar basal and Ca2+-stimulated levels of PDH phosphorylation in 

control and MCU deficient neurons. These findings support the safety and 

efficacy of acute MCU inhibition for the treatment of ischemic stroke. 

 

6.4 Transcriptional repression of the MCU is neuroprotective without 

disrupting mitochondrial activity 

MCU mRNA levels are suppressed by activity-dependent increases in Ca2+ 

signaling mediated by the activation CamKII that stimulates the transcriptional 

regulating factor NPAS4 15. NPAS4 partially reduces MCU activity (~50%) by 

transcriptional repression of the MCU. Activity-dependent activation of this Ca2+ 

signaling pathway thus protects neurons from excitotoxic damage by reducing, 

but not completely inhibiting, MCU-mediated Ca2+ uptake. The presence of a 

physiological mechanism that protects mitochondria from excessive Ca2+ uptake 

without compromising Ca2+-induced oxidative phosphorylation further supports 

the therapeutic viability of MCU inhibitors. This is an attractive therapeutic 

approach because MCU inhibitors need only achieve brain concentrations 

sufficient to reduce MCU activity by about 50%. The failure of G-MCU nulls to be 
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protected from HI brain injury suggests that the complete inhibition of MCU 

activity should be avoided.253 Mitochondria play a central role in buffering 

cytosolic Ca2+. Hence, the complete absence of MCU activity could threaten 

neuronal viability by disrupting Ca2+ homeostasis. A total suppression of 

mitochondrial Ca2+ uptake may also impair neuronal function by inhibiting Ca2+-

induced increases in mitochondrial respiration. This hypothesis is supported by 

the compensatory increases of mRNA levels for plasma and mitochondrial 

membrane Ca2+ transporters observed in the hippocampus of G-MCU nulls. 

These adaptions, known to improve Ca2+ handling, likely enable G-MCU null 

neurons to harness alternative mitochondrial Ca2+ transport to regulate Ca2+ 

homeostasis and energy production. This was suggested by the ability of 

ionomycin- and glutamate-induced increases in cytosolic Ca2+ to promote the 

dephosphorylation of mitochondrial enzyme PDH in G-MCU null neurons. These 

findings further suggest that partial rather than complete inhibition of the MCU 

would be a better therapeutic strategy to protect the brain from damage by a 

stroke. 

 

6.5 Future studies to validate the MCU as a drug target 

Current therapies for stroke require the identification of whether the insult is 

ischemic or hemorrhagic. Administration of t-PA to hemorrhagic strokes may 

causes fatal bleeding. Brain imaging must be performed first to rule out if 

hemorrhagic stroke is responsible for the interruption of cerebral blood flow.4 The 

delay required to make a diagnosis of ischemic stroke delays t-PA administration 
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resulting in increased injury by extending the hypoxic insult.261 The ideal 

neuroprotectant should be of immediate therapeutic benefit regardless of 

whether the stroke is hemorrhagic or ischemic. In the case of ischemic stroke, 

this treatment should also extend the efficacy and therapeutic window for t-PA. 

Future studies showing that CNS-MCU deficient mice are also protected from 

hemorrhagic stroke would further support the therapeutic development of brain 

penetrant MCU inhibitors. In this regard, the MCU inhibitor ruthenium red has 

been found to reduce brain damage in rodent model of subarachnoid 

hemorrhage model.262 However, ruthenium red and chemically-related MCU 

inhibitors do not readily cross the blood-brain-barrier and block other Ca2+ 

transport mechanisms.263 Nevertheless, these studies support the therapeutic 

potential of MCU inhibitors for the acute treatment of hemorrhagic stroke.  

 

As previously mentioned, MCU expression is suppressed as a part of a 

neuroprotective signal transduction pathway activated by Ca2+-sensitive kinases. 

Kaempferol and quercetin have been shown to stimulate the MCU, either by 

increasing cytosolic Ca2+ levels and/or possibly by direct activation of this 

mitochondrial Ca2+ transporter.127, 128 This suggests that it may be possible to use 

these flavonoids to activate Ca2+ signaling pathways that suppress MCU activity. 

These compounds may thus precondition neurons against injury by a stroke. 

Numerous epidemiological studies have found a link between increased dietary 

consumption of these flavonoids and a reduced risk of stroke. My findings 

provide mechanistic support for the therapeutic use of quercetin and epicatechin 
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to reduce the risk of stroke, particularly in high-risk populations (diabetics, 

hypertensives, obese individuals and smokers).81, 81, 83, 264 

 

In addition to the therapeutic potential of prophylactically reducing MCU levels, 

those who have suffered a stroke may also benefit from the neuroprotective 

benefits of acute MCU inhibition. Interestingly, minocycline has been suggested 

to exert neuroprotective properties in animals and humans by blocking MCU 

activity.265-267 These studies provide compelling rationale to develop a more 

selective and potent MCU inhibitor. 

 

6.6   Limitations 

Stroke is a highly heterogenous condition that affects people in diverse ways 

making it difficult to accurately model in animals. As such, no in vivo model is 

able to fully recapitulate all aspects of stroke. This thesis utilized the 

Levine/Vannucci model of HI brain injury. Two hours following permanent 

occlusion of the common carotid artery by electrocauterization or two tied 

sutures, animals were placed in a sealed chamber, immersed in a 37°C water 

bath, flushed with hypoxic gas (8% oxygen content) to induce the infarct. Mice 

used in this thesis were males of 8-12 weeks of age.  

 

This model has several limitations. The first major limitation is the high mortality 

rate, which increases with recovery time. Animals were thus allowed to recover 

for 24 hours to limit animal loss. My findings are thus relevant to only the 

relatively early events responsible for HI brain injury. I have therefore not 
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investigated long-term pathophysiology processes such as neuroinflammation 

that may also contribute to stroke damage. Additionally, healthy and young male 

mice aged 8-12 weeks were used to limit mortality. The young age of these mice 

is therefore not reflective of aged humans at higher risk of a stroke. Multiple co-

morbidities are also frequently observed in older humans that are not observed in 

healthy and younger male mice. Typical mortality rates observed in the mouse 

model I have employed for 40-50 minutes of HI are 30-40% within the first 24h 

and increased with prolonged recovery times.268 By contrast, the mortality rate for 

ischemic stroke is higher at 57%.269 However, it would not have been ethically 

justifiable to increase the HI duration to match the human morality rate.  

 

As the mice were placed in a closed container to induce HI, this limited the ability 

to obtain hemodynamic and cerebral blood flow measurements. This problem 

has been addressed by other groups using a modified procedure in which the low 

oxygen gas was delivered during anesthesia by a face mask instead of in a 

closed chamber, but was not used in this thesis in order to increase animal 

throughput.268 This modified model reduced cerebral blood flow to approximately 

20% of baseline while in the hypoxic chamber, cerebral blood flow returned to 

approximately 40% of baseline upon return to normoxic conditions. The poor 

reperfusion achieved following return to normoxic conditions represents another 

limitation since full reperfusion does not occur. Reductions in cerebral blood flow 

to less than 25% of baseline have been shown to achieve infarction with a high 

probability (>90%).268  These findings may account for the failure to produce HI 
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brain injury in more than 60% of the experimental subjects. Placing animals in 

the hypoxic chamber also results in systemic hypoxia that impacts tissue beyond 

the desired brain region. Although the combination of both hypoxia and the 

occlusion of a common carotid artery are required to induce a unilateral infarct, 

global hypoxia will alter normal physiological responses and energy 

production.270 

 

Primary cortical neuron cultures were used as the experimental system to 

investigate the neuron specific effects of flavonoid treatments and MCU inhibition 

on mitochondrial function, energy metabolism, gene expression, kinase activation 

and cell viability following OGD. The neuronal cultures were derived from the 

cortices of embryos at days 14-16 in utero and used at days 7-10 in vitro. These 

neurons by nature are embryonic and developmentally immature. The properties 

of these embryonic neurons therefore differ from adult neurons. Additionally, the 

primary cultures which are composed primarily of neurons (95% pure) and thus 

do not represent the diverse cellular population, such as endothelial cells, 

microglia, astrocytes, oligodendrocytes and neurons found in brain. Although 

permitting neuron-specific investigations, the physiological impact of these other 

cell types on neurons and of neurons on these other cell types were not 

modeled. 
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