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Abstract 

 
Ischemic stroke, typically caused by a clot that blocks a major cerebral artery, is 
a leading cause of death and disability. Despite intense effort, a viable protective 
strategy has yet to emerge. Mitochondrial dysfunction, resulting in metabolic 
collapse and the initiation of numerous cell death pathways, is considered to play 
a pivotal role in ischemic brain injury. Ischemia deprives mitochondria of oxygen 
and glucose necessary to manufacture adenosine triphosphate that fuels ion 
pumping. This causes a massive rise of cytosolic calcium (Ca2+) levels that 
triggers toxic mitochondrial Ca2+ overloading. The mitochondrial Ca2+ uniporter 
complex (MCUcx) mediates high-capacity mitochondrial Ca2+ uptake responsible 
for ischemic cell death. This thesis therefore examined the protective effects of 
the MCUcx inhibitor Ru265 in models of ischemic stroke. Ru265 protected cortical 
neuron and astrocyte cultures from death by a lethal period of oxygen-glucose 
deprivation (OGD). In cortical neuron cultures, this was accompanied by 
preserved mitochondrial respiration and the prevention of changes in MCUcx 

subunit expression. Ru265 also elevated anti-inflammatory cytokine mRNA levels 
in astrocyte cultures and suppressed lipopolysaccharide-induced pro-
inflammatory cytokine mRNA expression in astrocyte and endothelial cell 
cultures. In mice subjected to hypoxic/ischemic (HI) brain injury, intraperitoneal 
injection of Ru265 (3 mg/kg) reduced sensorimotor deficits and infarct volumes. 
However, Ru265 (10 and 30 mg/kg) produced convulsions by a non-MCUcx 

mechanism, perhaps involving P/Q-type Ca2+ channel inhibition. To reduce the 
pro-convulsant effects of Ru265, two strategies were tested. The first employed 
structural analogues of Ru265 termed Os245 and Os245’. Although these 
compounds preserved cell viability and mitochondrial function in the OGD model, 
they still caused convulsions. The second strategy utilized the 
phosphodiesterase 2A inhibitor PF-05180999 to oppose mitochondrial Ca2+ 
overloading by increasing mitochondrial Ca2+ extrusion. Combining low 
concentrations of Ru265 and PF-05180999 that by themselves are not 
neuroprotective, synergistically protected and markedly preserved mitochondrial 
respiration in cortical neuron cultures subjected to a lethal period of OGD. 
Alternative strategies to further improve the safety and efficacy of Ru265 are also 
discussed. These findings support the strong neuroprotective potential of Ru265 
for ischemic stroke and provide methods by which to improve the safety of this 
promising MCUcx inhibitor. 
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Chapter 1: Introduction 

Portions of this thesis appear in the following papers: 

Novorolsky, R.J., Nichols, M., Kim, J.S., Pavlov, E.V., Woods, J.J., Wilson, J.J., 
& Robertson, G.S. (2020). The cell-permeable mitochondrial calcium uniporter 
inhibitor Ru265 preserves cortical neuron respiration after lethal oxygen 
glucose deprivation and reduces hypoxic/ischemic brain injury. J Cereb Blood 
Flow Metab, 40(6), 1172-1181. https://doi.org/10.1177/0271678X20908523 

 
Woods, J.J., Novorolsky, R.J., Bigham, N.P., Robertson, G.S., & Wilson, J.J. 

(2023). Dinuclear nitrido-bridged osmium complexes inhibit the mitochondrial 
calcium uniporter and protect cortical neurons against lethal oxygen-glucose 
deprivation. RSC Chem Biol, 4(1), 84-93. https://doi.org/10.1039/d2cb00189f 

 
Student contributions to the papers: RJN performed the cell viability studies, 

neuronal cell uptake studies, Seahorse XF24 studies, mouse seizure studies, 
statistical analysis, and assisted in the writing of the manuscripts along with 
George S. Robertson, Justin J. Wilson, and Joshua J. Woods.  

 
 
1.1 The Disease Burden of Stroke  

Stroke is the second leading cause of death and a leading cause of disability in 

the world (Feigin et al., 2022). Most strokes (85%) are ischemic and typically 

caused by a blood clot that blocks a major artery in the brain (Writing Group et 

al., 2016). The remaining strokes (15%) are hemorrhagic and result from the 

rupture of blood vessels in the brain (Writing Group et al., 2016). The brain is a 

highly energetic organ that requires large amounts of oxygen and glucose to 

operate properly. As a result, the brain is very susceptible to damage by impaired 

cerebral blood flow (CBF). This causes neurological deficits which, depending on 

injury severity, may be permanent. Those afflicted by stroke experience a 

reduced quality of life, and also a higher dependence on others for assistance 

with daily living tasks, which places a heavy burden on our society and 

healthcare networks (Anderson et al., 2004; Feigin et al., 2014). In developed 

https://doi.org/10.1177/0271678X20908523
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countries, stroke is the most common cause of acute hospitalization in neurology 

departments, and in individuals over 40 years of age, stroke is the greatest 

contributor to disability adjusted life years (DALY) worldwide (Grefkes & Fink, 

2020). Despite improvements in the prevention of cardiovascular diseases and 

treatment of acute stroke, the absolute number of stroke deaths and DALY are 

still rising due to higher life expectancies and increased population growth 

(Grefkes & Fink, 2020).  

 

Based on data from a sample of high-, middle- and low-income countries around 

the world, the annual treatment, rehabilitation, and indirect costs of stroke have 

been estimated to exceed $700 billion US dollars, and as the population 

continues to age, these costs are expected to be over $1 trillion US dollars by 

2030 (Feigin et al., 2014). In addition, data suggests that by 2050 one out of 

three stroke patients will be 85 or older, suggesting there will be a much greater 

need for higher capacities in stroke care and neurorehabilitation, especially for 

older patients (Howard & Goff, 2012).  

 

In the case of ischemic stroke, the current treatment options include thrombolysis 

with a thrombolytic agent such as tissue plasminogen activator (t-PA) to break 

down the blood clot, and/or endovascular thrombectomy to physically remove the 

blood clot (Casaubon et al., 2016). These treatments are highly effective at 

reducing stroke-related morbidity and mortality, however, only a relatively small 

number of patients meet the treatment eligibility criteria, and treatment must 
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begin within 4.5 and 6 hours (hr), respectively, from the onset of stroke 

symptoms (Grefkes & Fink, 2020; Parker & Ali, 2015). Although these treatments 

reduce mortality, the majority (>50%) of patients are still left with disabling 

neurological deficits (Grefkes & Fink, 2020). Hence, there is an urgent need for 

new stroke therapies that protect the brain from damage and facilitate repair 

necessary for functional recovery. The development of such therapies would be 

enabled by an improved understanding of the mechanisms responsible for brain 

injury and repair after a stroke.   

 

1.2 Mitochondria are Key Players in Energy Production and 

Calcium (Ca2+) Handling 

Mitochondria are organelles that play a vital role in numerous cell processes, 

including energy production, calcium (Ca2+) homeostasis, and regulating cell 

death signalling pathways (Walters & Usachev, 2023). These highly specialized 

organelles are comprised of an outer mitochondrial membrane and an inner 

mitochondrial membrane that creates two compartments known as the 

intermembrane space and mitochondrial matrix (Rizzuto et al., 2012). The outer 

mitochondrial membrane is permeable to all low-molecular-weight solutes, 

whereas the inner mitochondrial membrane is impermeable except by way of 

specific transporters (Rizzuto et al., 2012; Walters & Usachev, 2023). Embedded 

in the inner mitochondrial membrane are the respiratory Complexes I-V that 

constitute the electron transport chain (ETC) (Figure 1.1). These Complexes 

generate a powerful electrochemical gradient known as the mitochondrial 
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membrane potential (∆Ψm) by pumping protons from the matrix to the 

intermembrane space (Nunnari & Suomalainen, 2012; Zhao et al., 2019). The 

∆Ψm is harvested by Complex V, or adenosine triphosphate (ATP) synthase, to 

produce cellular energy in the form of ATP)(Figure 1.1) (Nunnari & Suomalainen, 

2012). Mitochondria are also a major source of reactive oxygen species (ROS) in 

cells (Yang et al., 2018). Electrons that escape from the ETC react with oxygen 

to form ROS that participate in cell signaling pathways which regulate 

proliferation, metabolism, differentiation, and survival (An et al., 2021). However, 

high levels of ROS can be detrimental, resulting in oxidative damage to critical 

cell components, including deoxyribonucleic acids (DNA), proteins, and lipids (Lin 

& Beal, 2006). Under normal physiological conditions in which ATP production is 

efficient, ROS generation is minimal and endogenous antioxidant systems are 

sufficient to prevent injurious ROS accumulation (An et al., 2021). Under 

pathological conditions that compromise mitochondrial function, excessive ROS 

production is thought to overwhelm endogenous antioxidant systems resulting in 

irreversible cell damage (Lin & Beal, 2006). However, anti-oxidant therapies have 

proven to be ineffective in the treatment of stroke, suggesting that ROS 

overproduction is not the primary cause of brain damage (Gilgun-Sherki, 2002).  

 

Mitochondria also play an important role in cellular Ca2+ handling. Ca2+ is 

essential for several cellular processes, including neurotransmission, energy 

metabolism, and intracellular signalling (Rizzuto et al., 2012; Walters & Usachev, 

2023). Mitochondria rapidly buffer cytosolic Ca2+ levels associated with a rise in 
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neuronal activity (Rizzuto et al., 2012; Walters & Usachev, 2023). High-capacity 

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

complex (MCUcx) (Baughman et al., 2011; Rizzuto et al., 2012). The increased 

entry of Ca2+ into the mitochondrial matrix stimulates dehydrogenases that 

generate reducing equivalents which drive ETC activity responsible for ATP 

synthesis (Denton, 2009; Rizzuto et al., 2012). Elevated matrix Ca2+ 

concentrations also increase ATP synthesis by directly activating Complex V 

(Territo et al., 2000). Lastly, increased mitochondrial Ca2+ uptake by the MCUcx 

positions mitochondria at active synaptic sites in urgent need of metabolic 

support by undocking these dynamic organelles from cytoskeletal motor proteins 

(Chang et al., 2011; Niescier et al., 2013).    

 

 

 

 

 

 

 

 

 

 

 

 



6 
 

 

 

 

 

Figure 1.1. Schematic of the Electron Transport Chain (ETC) and ATP Synthase   
 
The electron transport chain consists of complexes embedded in the inner 
mitochondrial membrane that couple redox reactions with the transfer of protons 
(H+) into the intermembrane space, which creates an electrochemical proton 
gradient called the mitochondrial membrane potential (∆Ψm). The ∆Ψm is then 
harvested by ATP synthase to produce energy for the cell in the form of ATP.  
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1.3 Contributions of Mitochondria to Neuronal Injury in Stroke  

The brain is one of the most energy-demanding organs in the body, rendering it 

highly dependent on optimal mitochondrial function to operate properly (An et al., 

2021; Harris et al., 2012). Neurotransmission requires vast amounts of energy, 

mainly to fuel ATP-dependent sodium (Na+)/potassium (K+) pumping and vesicle 

recycling (Harris et al., 2012). To sustain these processes, mitochondria must 

consume high amounts of oxygen and glucose to produce the prodigious 

amounts of ATP required to sustain increased synaptic activity (Harris et al., 

2012). This reliance on oxidative phosphorylation for ATP synthesis renders 

neurons highly susceptible to injury by mitochondrial dysfunction during periods 

of cerebral ischemia (Harris et al., 2012; Vakifahmetoglu-Norberg et al., 2017). 

During ischemic conditions, the lack of oxygen and glucose leads to metabolic 

collapse resulting in depolarization of the neuronal plasma membrane. This 

triggers excessive glutamate release, causing excitotoxicity and the discharge of 

numerous pro-death factors from damaged mitochondria which rapidly destroy 

neurons (Vakifahmetoglu-Norberg et al., 2017; Yang et al., 2018; Zhou et al., 

2021). Furthermore, mitochondrial damage is one of the earliest 

neuropathological events in stroke (Barsoum et al., 2006). These findings 

highlight the importance of preserving mitochondrial function to effectively treat 

stroke.  

 

Impaired mitochondrial dynamics, such as increased mitochondrial fission, have 

been implicated in the initiation of ischemic cell death (Zhou et al., 2021). Also, 
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the disruption of ETC activity due to inadequate oxygen and glucose levels leads 

to reduced ATP production and excessive ROS generation by mitochondria (An 

et al., 2021; Yang et al., 2018). Excessive ROS production results in oxidative 

stress and damage to lipids, proteins, and DNA, which can stimulate apoptosis 

(An et al., 2021). During cerebral ischemia, there is also a sustained 

dysregulation of plasma membrane and endoplasmic reticulum handling of Ca2+, 

which leads to a toxic rise in cytosolic Ca2+ levels (Kristián & Siesjö, 1998). In an 

attempt to buffer cytosolic Ca2+, excessive mitochondrial Ca2+ uptake occurs, 

leading to toxic mitochondrial Ca2+ overloading that irreversibly damages these 

organelles. Mitochondrial Ca2+ overloading also results in the activation of many 

Ca2+-dependent proteases, lipases, and deoxyribonucleases, which further 

exacerbate ischemic cell death (Kristián & Siesjö, 1998; Zhou et al., 2021). 

Additionally, excessive mitochondrial Ca2+ uptake triggers mitochondrial-

mediated cell death by opening the mitochondrial permeability transition pore 

(mPTP) (Vakifahmetoglu-Norberg et al., 2017; Yang et al., 2018). This increases 

the permeability of the inner mitochondrial membrane and suppresses ATP 

synthesis by depleting the ∆Ψm and activating the release of pro-death factors 

into the cytoplasm (Zhou et al., 2021). These pro-death factors include 

cytochrome c, which activates caspase-9 resulting in intrinsic cell death, and 

apoptosis inducing factor, which damages neurons by fragmenting DNA 

(Vakifahmetoglu-Norberg et al., 2017). The opening of the mPTP is 

predominately controlled by Ca2+ overloading, but can be enhanced by oxidative 

stress and ATP depletion during cerebral ischemia (Vakifahmetoglu-Norberg et 
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al., 2017; Zhou et al., 2021). Mitochondrial dysfunction therefore initiates multiple 

cell death pathways implicated in ischemic cell death (Green et al., 2014).   

 

1.4 Structure and Function of the MCUcx  

Mitochondrial Ca2+ overloading is considered to be a pivotal event in ischemic 

cell death (Duchen, 2012). As mentioned earlier, high capacity mitochondrial 

Ca2+ uptake is mediated by the MCUcx, located in the inner mitochondrial 

membrane (Figure 1.2). Ca2+ first passes through the outer mitochondrial 

membrane via voltage dependent anion channels (VDAC), which are the most 

abundant proteins on the outer mitochondrial membrane (Rizzuto et al., 2012). 

Lethal amounts of Ca2+ are then transported across the inner mitochondrial 

membrane and into the matrix via the MCUcx (Figure 1.2B) (Stefani et al., 2011). 

The MCUcx is a dynamic structure consisting of pore-forming subunits and 

regulatory subunits that work together to respond to increases in cytosolic Ca2+ 

levels by efficiently transporting high amounts of Ca2+ into mitochondria (Figure 

1.2B). Since discovery of the mitochondrial Ca2+ uniporter subunit (MCU) that 

creates the MCUcx channel pore (Baughman et al., 2011; Stefani et al., 2011), six 

additional subunits have been identified. These include MCUcx dominant-

negative beta subunit (MCUb), mitochondrial Ca2+ uptake 1, 2, and 3 (MICU1, 

MICU2, and MICU3), essential MCUcx regulator (EMRE), and MCUcx regulator 1 

(MCUR1) (Figure 1.2). How these subunits interact to gate the MCUcx is a rapidly 

evolving area of research that is still not fully elucidated, and is complicated by 

differences in the tissue-dependent expression and activity of certain MCUcx 
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subunits, as well as evidence that some subunits appear to have broad actions 

on mitochondrial function (Garbincius & Elrod, 2022; Walters & Usachev, 2023). 

Nonetheless, through the utilization of cryogenic microscopy images and 

experimentation with cells and mice lacking different subunits of the MCUcx, a 

general framework has been established for how these subunits are arranged 

and function to control mitochondrial Ca2+ uptake.  

 

The pore of the MCUcx is made up of four transmembrane MCU subunits 

(Baradaran et al., 2018; Fan et al., 2018; Nguyen et al., 2018; Yoo et al., 2018) 

(Figure 1.2). Each MCU subunit has two coiled coil domains and two 

transmembrane domains separated by a short hydrophilic acid linker composed 

of a DIME motif, which consists of carboxylate groups that are strategically 

located at the pore entrance and appear to mediate the highly selective gating of 

Ca2+ by the MCUcx (Baughman et al., 2011; Cao et al., 2017; Oxenoid et al., 

2016; Stefani et al., 2011; Yoo et al., 2018). MCUb is considered to be the 

dominant negative subunit of the MCUcx. This transmembrane subunit reduces 

Ca2+ conductance by displacing one or more MCU subunits from the channel 

pore (Lambert et al., 2019; Raffaello et al., 2013) (Figure 1.2). EMRE, found only 

in metazoans, is a protein with a single transmembrane domain (Kovacs-Bogdan 

et al., 2014; Sancak et al., 2013) (Figure 1.2). In the brain, the majority of MCU 

tetramers appear to associate with two EMREs (Watanabe et al., 2022). 

Importantly, EMRE is essential for in vivo MCUcx activity and MCU oligomers 

alone are not sufficient for in vivo uniporter activity (Sancak et al., 2013). MCUR1 
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is another regulator of the MCUcx, that when present further facilitates 

mitochondrial Ca2+ uptake (Mallilankaraman et al., 2012; Tsai et al., 2016) 

(Figure 1.2).  

 

MICU1, MICU2, and MICU3 each have similar mass and two canonical Ca2+ 

binding EF hands (Csordas et al., 2013; Sancak et al., 2013). MICU1 forms 

homodimers or heterodimers with MICU2 or MICU3 that interact with the rest of 

the MCUcx (Patron et al., 2019; Sancak et al., 2013; Wang et al., 2014) (Figure 

1.2). These proteins are involved in enhancing channel activity by modifying the 

gating properties of the MCUcx to favour the open confirmation of the channel in 

response to a rise in intracellular Ca2+ levels (Fan et al., 2020; Garbincius & 

Elrod, 2022; Walters & Usachev, 2023) (Figure 1.2). MICU3, expressed 

predominately in brain and skeletal muscles, has a greater affinity for Ca2+ than 

MICU2. This enables MICU1/3 dimers to become activated at lower cytosolic 

Ca2+ concentrations than MICU1/1 or MICU1/2 dimers (Kamer et al., 2017; 

Patron et al., 2014; Patron et al., 2019). MICU3 therefore supports the high 

metabolic needs of neurons by allowing small and fast increases of cytosolic 

Ca2+ concentrations associated with enhanced glutamatergic signaling to 

increase MCUcx activity (Ashrafi et al., 2020; Patron et al., 2019). However, the 

ability of MICU3 to lower the Ca2+ threshold for MCUcx activation comes at the 

cost of increasing the risk of injurious mitochondrial Ca2+ overloading.  
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Although there is still much to uncover regarding the functions of these subunits, 

especially in the brain, multiple studies have demonstrated that disrupting the 

function of several MCUcx subunits can lead to neurodegenerative and 

neurodevelopmental disorders (Llorente-Folch et al., 2015; Logan et al., 2014; 

Shamseldin et al., 2017; Singh et al., 2022). Mutations that result in the loss of 

function or regulation of subunits such as MICU1, MICU2, or EMRE, have been 

associated with impaired mitochondrial function, muscle weakness, cognitive 

deficits, and abnormal involuntary movements in humans (Konig et al., 2016; 

Logan et al., 2014; Shamseldin et al., 2017; Singh et al., 2022). These findings 

emphasize the importance of the presence and proper functioning of various 

MCUcx subunits for mitochondrial function and Ca2+ homeostasis, and provide 

insights into how aberrant MCUcx activity may contribute to neuronal injury. 
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Figure 1.2. Functional architecture of the MCUcx 
 
The MCUcx is located in the inner mitochondrial membrane and is comprised of 
transmembrane pore forming subunits (MCU and MCUb) and regulatory subunits 
(MCUR1, EMRE, MICU1, MICU2, and MICU3) (A). Elevated Ca2+ levels increase 
Ca2+ binding to MICU1/1, MICU1/2, or MICU1/3 dimers that exposes positively 
charged amino acids in MICU1 (B). This strengthens the association of MICU1 
with negatively charged amino acids in EMRE, which displaces the dimer from 
the channel pore, resulting in increased Ca2+ influx into the mitochondrial matrix.  
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1.5 Mitochondrial Ca2+ Efflux  

Mitochondrial Ca2+ efflux occurs through the mitochondrial Na+/Ca2+/lithium (Li+) 

exchanger (NCLX) (Figure 1.3). The NCLX is a member of the plasma 

membrane Na+/Ca2+ exchanger (NCX) superfamily, but exhibits some 

distinguishing features that contribute to its mitochondrial Ca2+ efflux activity 

(Palty et al., 2010). The NCLX is localized to the inner mitochondrial membrane 

and although structurally similar to NCX, operates under different ionic conditions 

and membrane potentials (Palty et al., 2010). As its name suggests, the NCLX 

has the unique ability to transport Na+ or Li+ in exchange for Ca2+. The NCLX 

appears to import 3 Na+ or Li+ ions in exchange for the export of 1 Ca2+ ion, 

making the NCLX an electrogenic pump that utilizes the ∆Ψm to drive cation 

exchange (Islam et al., 2020; Lytton, 2007; Roy et al., 2017) (Figure 1.3). The 

NCLX also exhibits unique characteristics in its regulatory domain. Unlike the 

regulatory domain of NCX which harbours an allosteric Ca2+ binding site 

(Khananshvili, 2017), the NCLX regulatory domain contains several 

phosphorylation sites, notably protein kinase A (PKA) and Ca2+/calmodulin-

dependent kinase 2 sites, that control NCLX activity (Katoshevski et al., 2021) 

(Figure 1.3). PKA activity increases NCLX activity through phosphorylation at 

these sites (Katoshevski et al., 2022; Kostic et al., 2018; Kostic et al., 2015). The 

PKA site is also controlled by other players, most notably phosphodiesterases 

(PDE). PKA is allosterically activated by a rise in cyclic adenosine 

monophosphate (cAMP), which in turn is degraded by PDEs (Acin-Perez et al., 

2009; Conti & Beavo, 2007). Inhibition of PDEs therefore causes PKA activation 
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by increasing cAMP levels, which in turn enhances NCLX activity by increasing 

phosphorylation of its regulatory domain (Kostic et al., 2018; Kostic et al., 2015; 

Rozenfeld et al., 2022). In addition, the NCLX regulatory domain contains a 

cluster of positively charged residues that are thought to act like a channel 

voltage sensor, which might allow this cluster to adjust NCLX activity in response 

to changes in the ∆Ψm (Kostic et al., 2018) (Figure 1.3). 

 

A reduction in NCLX activity can also contribute to mitochondrial Ca2+ 

overloading through a decrease in mitochondrial Ca2+ efflux. The electrogenic 

nature of NCLX exchanger activity renders it susceptible to inhibition by 

depolarization of the ∆Ψm during cerebral ischemia. Depolarization of the ∆Ψm 

thus increases the risk of toxic mitochondrial Ca2+ overloading by suppressing 

NCLX activity (Giorgio et al., 2018; Kostic et al., 2018). Hence, loss of NCLX 

activity is another potential mechanism by which toxic mitochondrial Ca2+ 

overloading may occur in ischemic stroke.     
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Figure 1.3. Representative model of the NCLX showing the regulatory domains 
and sites 
 
The NCLX regulatory loop is located between the two catalytic α1 and α2 
domains. NCLX has a ∆Ψm sensing allosteric site as well as a PKA-dependent 
phosphorylation site Ser258. The ∆Ψm provides the driving force for the 
electrogenic transport of three Na+ or Li+ ions for one Ca2+ ion. Phosphorylation 
of Ser258 by PKA increases NCLX activity.  
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1.6 The Neurovascular Unit (NVU) 

The neurovascular unit (NVU) is the basic component of the blood brain barrier 

(BBB). This intricate structure is comprised of vascular cells (smooth muscle 

cells, endothelial cells, and pericytes), glia (astrocytes, oligodendrocytes, and 

microglia), and neurons that communicate with each other to regulate CBF 

(Iadecola, 2004; Kugler et al., 2021) (Figure 1.4). Historically, research 

surrounding neurodegenerative disorders and stroke has predominately focused 

on neuronal cell death and the destruction of other components of the NVU has 

been largely ignored (Lo et al., 2003). Recent evidence suggests that damage to 

these other components of the NVU further exacerbates injury during stroke, and 

failure to preserve the functions of this intricate structure contributes to poor 

outcomes and recovery post-stroke (Cai et al., 2017; Lo et al., 2003). In addition 

to neurons, this thesis will therefore address the role of mitochondrial Ca2+ 

overloading in two other major components of the NVU, astrocytes and 

endothelial cells.  

 

Endothelial cells form the wall of cerebral blood vessels (Iadecola, 2004) (Figure 

1.4). Tight junctions between endothelial cells create a physical barrier that 

impedes the paracellular diffusion of ions, macromolecules, and other polar 

solutes (Stamatovic et al., 2008) (Figure 1.4). Endothelial cells also act as a 

biochemical barrier by selectively transporting nutrients into the brain from the 

blood and exporting solutes and metabolite waste products out of the brain and 

into the blood (Iadecola, 2004; Stamatovic et al., 2008). This is achieved by 
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transporters, receptors, and ion channels situated on the luminal and/or 

abluminal membranes of endothelial cells (Iadecola, 2017; Loscher & Potschka, 

2005). Endothelial cells also secrete a rich repertoire of cytokines and trophic 

factors in response to different stimuli such as dysregulation of the BBB and 

tissue damage (Lo et al., 2003; Verma et al., 2006).  

 

Astrocytes are a type of glial cell that serve a variety of functions within the brain, 

including providing energy to neurons, communicating with other cell types, 

maintaining BBB integrity, and supporting neurogenesis (Bantle et al., 2021; Lo 

et al., 2003; Sofroniew & Vinters, 2010). Astrocytes extend endfoot processes 

that cover the entire abluminal surface of cerebral blood vessels (Mathiisen et al., 

2010) (Figure 1.4). This configuration allows for bidirectional signalling between 

astrocyte endfeet and endothelial cells, which is essential for the regulation of 

cerebral vascular function and maintenance of NVU integrity (Gordon et al., 

2007; Muoio et al., 2014; Petzold & Murthy, 2011). 

 

Given the many important functions and the exquisite sensitivity of the NVU to 

ischemic damage, it is critical that we learn how to protect this intricate structure 

in order to effectively treat ischemic stroke. (Schaeffer & Iadecola, 2021). The 

NVU responds to the dynamic metabolic demands required for brain activity by 

rapidly altering CBF. The phenomenon, known as neurovascular coupling, 

depends heavily on mitochondrial Ca2+ uptake to rapidly buffer cytosolic Ca2+ and 

stimulate energy production in major cellular components of the NVU, such as 
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neurons, astrocytes, and endothelial cells (Iadecola, 2004, 2017). However, this 

also results in the NVU being highly susceptible to the lethal mitochondrial Ca2+ 

overloading during an ischemic stroke (Duchen, 2012; Halestrap, 2006). In 

addition, many of the activities of the NVU are energetically demanding, so 

reductions in ATP production and oxidative stress during ischemia can result in 

diminished function and damage of this complex structure (Cai et al., 2017; 

Grubb et al., 2021; Lo et al., 2003). Breakdown of the BBB also occurs during 

ischemic conditions, which contributes to a dysregulation of ion homeostasis, and 

the increased entry of injurious metabolites and proteins into the brain (Cai et al., 

2017; Verma et al., 2006). Furthermore, aging, a risk factor for poor stroke 

outcomes, is known to suppress NVU repair (Cai et al., 2017; Shin et al., 2022). 

The intricacy and importance of the NVU to overall brain health, and its 

susceptibility to damage, highlights how preserving this structure is paramount 

for the effective treatment of stroke.  
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Figure 1.4. Schematic of the major structural and cellular components of the 
NVU 
 
The NVU is an intricate structure comprised of vascular cells (endothelial cells, 
and pericytes), glia (astrocytes, oligodendrocytes, and microglia), and neurons 
that communicate with each other to regulate CBF. Endothelial cells that line the 
capillary lumen form tight junctions which oppose the movement of metabolites 
and proteins into the brain. Astrocytes extend endfoot processes that cover the 
abluminal surface of cerebral blood vessels, sense changes in neuronal activity, 
and communicate with other components of the NVU through the release of 
signalling molecules.   
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1.7 Exacerbation of Brain Injury in Stroke by Inflammation  

One characteristic common to neuronal injury is the presence of 

neuroinflammation. High levels of inflammation in the brain are associated with 

many different neurodegenerative disorders (Bantle et al., 2021; González-Reyes 

et al., 2017; Jayaraj et al., 2019; Li et al., 2019). A key feature of both endothelial 

cells and astrocytes is their ability to release cytokines upon activation (Choi et 

al., 2014; Verma et al., 2006). Depending on the stimuli, these cell types release 

pro-inflammatory cytokines that exacerbate NVU damage, or anti-inflammatory 

cytokines and trophic factors that promote NVU repair (Choi et al., 2014; Li et al., 

2019; Verma et al., 2006). During an ischemic stroke, reduced CBF, oxidative 

stress, and mitochondria damage stimulates the release of pro-inflammatory 

cytokines from astrocytes and endothelial cells that fosters a pro-inflammatory 

environment, which contributes to brain damage (Anrather & Iadecola, 2016; 

Crack & Wong, 2008; Jurcau & Simion, 2022). Inflammation-induced cell death is 

thought to cause secondary injury, which occurs during the acute phase of 

recovery (first 7 days) following the reestablishment of CBF after an ischemic 

stroke (Grefkes & Fink, 2020; Jayaraj et al., 2019).  

 

The inflammatory cascade in an ischemic stroke is initiated after vessel occlusion 

due to stagnant blood flow, activation of intravascular leukocytes, and the release 

of pro-inflammatory mediators from the ischemic tissues (Anrather & Iadecola, 

2016; Jurcau & Simion, 2022). Stagnant blood flow induces shear stress on 

vascular endothelium, leading to the release of molecules that recruit leukocytes 
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which initiate an inflammatory response in neighbouring cell types (Anrather & 

Iadecola, 2016; Jurcau & Simion, 2022). This also contributes to the breakdown 

of the BBB, which increases immune cell infiltration into the brain. The unique 

location of brain endothelial cells also allows them to secrete cytokines into both 

the brain and the blood circulation, and therefore exert inflammatory effects in 

both the brain and periphery (Verma et al., 2006). Mitochondrial Ca2+ overloading 

during ischemia can also trigger the release of mitochondrial damage-associated 

molecular patterns (DAMPs) from injured and dying neurons that stimulate 

microglia and astrocytes to release pro-inflammatory cytokines, which promote 

neuroinflammation and cell death (Anrather & Iadecola, 2016).  

 

The restoration of blood flow after cerebral ischemia can trigger reperfusion injury 

(Al-Mufti et al., 2018). Immune activation is thought to worsen reperfusion injury 

following endovascular therapy by damaging the NVU (Iadecola et al., 2020). 

Although the precise mechanisms are not clear, excessive ROS production by 

dysfunctional mitochondria appears to exacerbate inflammation by activating the 

redox sensitive transcription factor, nuclear factor-kappa-B (NF-κB), and the 

NLRP3-inflammasome pathway (Blaser et al., 2016; Song et al., 2017; 

Vallabhapurapu & Karin, 2009). This triggers the increased production of 

numerous pro-inflammatory cytokines by astrocytes and endothelial cells, and 

elevates the expression of cellular adhesion molecules on the surface of 

endothelial cells (Shi et al., 2019). Mitochondrial damage generates DAMPs that 

further increase injurious pro-inflammatory signalling (Bantle et al., 2021; Joshi et 



23 
 

al., 2019). These findings suggest that mitochondrial dysfunction and damage 

also contribute to brain injury after a stroke by driving inflammation. Drugs that 

preserve mitochondrial function may therefore further improve clinical stroke 

outcomes by suppressing inflammation.  

 

1.8 Inhibitors of the MCUcx as Neuroprotective Agents   

Mitochondrial dysfunction and mitochondrial Ca2+ overloading are widely 

accepted as early pathological events in ischemic injury that trigger multiple cell 

death pathways (Duchen, 2012; Halestrap, 2006). Therefore, preserving 

mitochondrial function by inhibiting the MCUcx to prevent mitochondrial Ca2+ 

overloading has emerged as an attractive therapeutic approach for the treatment 

of ischemic stroke. This therapeutic approach is supported by evidence that 

selective deletion of the MCU in cardiac myocytes and Thy-1 expressing neurons 

at sexual maturity protects mice from ischemic/reperfusion injury in the heart and 

brain, respectively (Kwong et al., 2015; Luongo et al., 2015; Nichols et al., 2018). 

Based on these findings, compounds that inhibit the MCUcx should confer similar 

protective benefits.  

 

The ruthenium (Ru)-based complex Ru360, found in Ruthenium Red (RuRed), 

has been used for decades to study the effects of MCUcx inhibition (Broekemeier 

et al., 1994; Moore, 1971). Although Ru360 and RuRed are effective MCUcx 

inhibitors in isolated mitochondria and permeabilized cells, their use in intact cells 

and animals is limited by poor cell permeability, toxicity, and low-yielding and 
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challenging chemical synthesis (Nathan & Wilson, 2017; Velasco et al., 1995; 

Woods et al., 2020). In 2019, the Wilson laboratory developed a novel Ru-based 

inhibitor, termed Ru265, by introducing structural modifications to Ru360 (Woods 

et al., 2019)(see Figure 3.1 in Chapter 3). Ru265 demonstrated superior cell-

permeability and greater MCUcx inhibitory potency relative to Ru360 in human 

embryonic kidney (HEK293) cells and can be synthesized without a strenuous 

purification process (Woods et al., 2019). This compound also prevented the loss 

of the ∆Ψm in neonatal ventricular myocytes subjected to hypoxia/reoxygenation 

injury through suppression of mitochondrial Ca2+ overloading (Woods et al., 

2019).  

 

These findings suggest Ru265 should also be an effective neuroprotective agent 

in ischemic stroke by suppressing MCUcx-mediated mitochondrial Ca2+ 

overloading. Therefore, the ability of Ru265 to protect neurons and the brain from 

ischemic injury was investigated in this thesis. To obtain insights into how certain 

structural properties contribute to the biological activities of Ru265, additional 

compounds were generated by introducing structural modifications to Ru265. 

These compounds include the nitro-bridged osmium (Os) analogues Os245, 

Os245’, and the adamantane containing analogues RuOAd, and OsOAd (see 

Figure 6.1 in Chapter 6). The ability of these analogues to protect against 

ischemic injury was also examined in this thesis. 
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1.9 Models of Injury  

In this thesis, an in vitro model of ischemic/reperfusion injury, an in vitro model of 

inflammation, and an in vivo model of hypoxia/ischemia were employed to 

assess the therapeutic potential of MCUcx inhibition for ischemic stroke. For the in 

vitro experiments, primary cortical neuron cultures, primary cortical astrocyte 

cultures, and the human brain endothelial cell line termed HBEC-5i were used to 

assess the neuroprotective and anti-inflammatory effects of the different MCUcx 

inhibitors. Adult male C57Bl/6 mice were used in the in vivo experiments.  

 

Oxygen-glucose deprivation (OGD) was used to model ischemic/reperfusion 

injury in cultured cells. The OGD method consists of placing cell cultures into 

glucose-free media bubbled with an anaerobic gas mixture to remove oxygen, 

and then placing the cultures into a sealed hypoxic chamber containing 

anaerobic gas for a set time at physiological temperatures (Zeiger et al., 2011). 

Cultures exposed to OGD experience many of the key features implicated in 

ischemic/reperfusion brain injury (Zeiger et al., 2011). These pathological events 

include a rapid energetic decline, excessive glutamate release, ROS 

overproduction, ionic dysfunction, mitochondrial swelling, and signalling 

cascades associated with both apoptotic and necrotic cell death (Zeiger et al., 

2011).  

 

Treatment with lipopolysaccharide (LPS) was used as an in vitro model of 

inflammation. LPS is a component of the cell membrane of gram-negative 



26 
 

bacteria that stimulates pro-inflammatory signalling by activating the Toll 4-like 

receptor (TLR4) (Skrzypczak-Wiercioch & Sałat, 2022). TLR4 activation 

stimulates pro-inflammatory cytokine expression by astrocytes and endothelial 

cells (Skrzypczak-Wiercioch & Sałat, 2022). LPS treatment is therefore a useful 

model to examine how these cellular components of the NVU contribute to 

neuroinflammation (Park et al., 2017; Skrzypczak-Wiercioch & Sałat, 2022).  

 

To examine the protective potential of Ru265 in vivo, a mouse model of 

hypoxia/ischemia (HI) brain injury was employed. This model involves unilateral 

occlusion of the common carotid artery, followed by subjecting animals to 

hypoxia for a set time, and then returning them to normoxic conditions (Adhami 

et al., 2006; Nichols et al., 2018). This combination of carotid occlusion and 

hypoxia diminishes CBF and causes brain infarction (Adhami et al., 2006). 

Studies using this model have observed partial cerebral reperfusion with 

complete systemic re-oxygenation resulting in necrosis, autophagy, and 

apoptosis in the affected hemisphere (Adhami et al., 2006; Wang et al., 2009; 

Zhu et al., 2005). Hence, this brain injury model activates neuronal cell death 

mechanisms implicated in ischemic stroke (Davoli et al., 2002; Liu et al., 2010). 
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1.10 Central Hypothesis and Research Aims  

The central hypothesis guiding these studies was that compounds which 

effectively block MCUcx-mediated mitochondrial Ca2+ overloading would prevent 

ischemic cell death by preserving mitochondrial function. This central hypothesis 

was tested by completing the following research aims:  

1. Assessment of the effects of the MCUcx inhibitor Ru265 on cell viability 

and mitochondrial function in mouse primary cortical neuron and astrocyte 

cultures subjected to a lethal period of OGD.  

2. Examination of the effects of Ru265 on pro-inflammatory and anti-

inflammatory cytokine expression in astrocytes and endothelial cells 

treated with vehicle or LPS.  

3. Determination of the effectiveness and safety of Ru265 in a mouse model 

of hypoxic/ischemic brain injury.  

4. Assessment of the neuroprotective effects of different analogues of Ru265 

in mouse primary cortical neuron cultures subjected to a lethal period of 

OGD.  

5. Examination of the effects of combining MCUcx inhibition with NCLX 

activation on mitochondrial function and cell viability in mouse primary 

cortical neuron cultures subjected to a lethal period of OGD.  
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Chapter 2: Materials and Methods 

 

2.1 Animal Care  

All studies using animals in this thesis were approved by the University 

Committee on Laboratory Animals (UCLA) ethics committee at Dalhousie 

University and conducted according to the Canadian Council on Animal Care 

(CCAC) guidelines. Mice were housed in the Life Sciences Research Institute 

Animal Care Facility on a 12 hr light/dark cycle and had ad libitum access to food 

and water.  

 

2.2 Mouse Primary Cortical Neuron Cultures  

For all experiments using primary cortical neuron cultures, E16 embryos were 

harvested from time-pregnant CD1 mice (Charles Rivers). Embryonic brains 

were aseptically removed and placed in Neurobasal media (Life Technologies) 

containing 10% fetal bovine serum (FBS; GE Healthcare Life Sciences) on ice. 

The cortices were isolated and the meninges were then peeled off. The cortices 

from all embryos were placed in a 35 mm petri dish containing Hanks Basic Salt 

Solution (HBSS; Life Technologies). Cortices were treated with 2 ml of Stem-Pro 

Accutase cell dissociation reagent (Life Technologies) and gently aspirated once 

to slightly break down cortices before they were left to incubate in the accutase 

for 15 minutes (min) at 37°C. After incubation, protease activity was inhibited by 

adding 1 ml of FBS, and the cortical tissue was transferred to a 15 ml conical 

tube containing 2 ml of complete neurobasal media (Neurobasal medium + B-27 
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supplement + 500 µM glutamine + 20 µg/ml gentamycin; Life Technologies). The 

cortical tissue was aspirated 7 times using a fire polished pipette to further break 

apart the tissue, and then was left for a couple minutes to allow for larger tissue 

pieces to settle before the supernatant was collected and passed through a pre-

wetted 40 micron filter cell strainer. This procedure was repeated with the 

remaining cortical tissue solution to further break apart some of the larger pieces 

of cortical tissue. After the entire cortical tissue solution was filtered, the cell 

strainer was washed twice with 5 ml of complete neurobasal media. The neurons 

were then centrifuged at 800 rpm for 7 min, the supernatant was removed, and 

the cells were resuspended in complete neurobasal media. Next, the cells were 

stained with Trypan Blue and counted using the countess automated cell counter 

(Invitrogen). Cells were plated at a density of 150,000 cells/well in-48 well plates, 

200,000 cells/well in 24-well plates, 1,000,000 cells/well in 6-well plates, 100,000 

cells/well in 24-well Seahorse plates, 60,000 cells/well in 96-well Seahorse 

plates, and 250,000 cells/well in 35 mm imaging dishes. All plates were coated 

with 50 µg/ml of Poly-D-lysine hydrobromide (PDL, molecular weight 70,000-

150,000; Sigma-Aldrich) and left overnight in the 37°C, 5% carbon dioxide (CO2) 

incubator, and then washed 2x with Type 1 sterile water (H2O) and left to dry 

overnight before cells were plated. Media changes occurred on the fourth, 

seventh, and tenth day after plating, where half of the media was removed and 

replaced with fresh complete neurobasal media. Neuron cultures were used after 

10-13 days in vitro (DIV) for all experiments.  
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2.3 Mouse Primary Astrocyte Cultures  

Primary astrocyte cultures were prepared using cortical tissues harvested from 

CD1 pups (postnatal day 0). The pups were anesthetized and decapitated, and 

the heads were placed in HBSS on ice. The brains were aseptically removed and 

placed in HBSS on ice, the cortices were dissected and isolated, and the 

meninges were peeled off. All cortices were placed together in a 65 mm petri 

dish containing HBSS, and the cortices were diced into very tiny pieces (about 1 

mm) using a scalpel blade. The cortical tissue was then transferred into a 15 ml 

conical tube, the supernatant was removed, and 4 ml of Trypsin solution (CTS™ 

TrypLE™; ThemoFisher) was added. To promote trypsinization, the 15 ml tube 

was placed in a 37°C hot water bath for a total of 15 min. During this period, the 

solution was pipetted up and down a few times every few minutes to promote 

break down of the larger tissue pieces. After the 15 min incubation, enzyme 

activity was inhibited by adding 1 ml of FBS, and the solution was passed 

through a 40 micron filter cell strainer. The cell strainer was then washed twice 

with 5 ml of astrocyte media (Dulbecos Modified Eagle’s Medium (DMEM) High 

glucose + 10% FBS + 20 µg/ml gentamycin; Life Technologies). The cells were 

centrifuged at 800 rpm for 5 min and then the supernatant was removed and the 

cells were resuspended in astrocyte media. This step was repeated two more 

times, and the cellular debris was discarded after every spin. After the third spin, 

the cells were resuspended in astrocyte media and then plated on T75cm2 flasks 

with each flask receiving cells derived from 1.5 pups. About an hour after plating, 

a complete media change was performed to further remove any cellular debris. 
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Subsequent media changes were performed every three days. Once flasks 

reached confluency (about DIV 7-9), they were passed and the astrocytes were 

plated for experiments. To pass the astrocytes, the flasks were first placed on an 

orbital shaker in a 37°C incubator and shaken at 210 rpm for 2 hr to shake off 

any microglia or other non-adherent cells. The media was then removed and the 

astrocytes were washed with phosphate buffered saline (PBS; Life Technologies) 

to further remove any remaining non-adherent cells from the astrocyte 

monolayer. Astrocytes were then trypsinized with 5 ml of TrpLe™ for 5 min. 

Enzyme activity was inhibited by adding astrocyte media and the cells from all 

the flasks were pooled into a 50 ml conical tube. The cells were centrifuged at 

800 rpm for 5 min and then the supernatant was removed, and the cells were 

resuspended with astrocyte media and plated for experimentation. About 1 hr 

after plating, a complete media change was done to remove any cellular debris, 

and subsequent media changes were performed every three days. Experiments 

were performed 9-11 days after passage, once the astrocytes reached a suitable 

confluency in the cell plate wells.  

 

2.4 HBEC-5i Cell Cultures 

HBEC-5i cells were obtained from the American Tissue Culture Collection 

(ATCC). HBEC-5i cells are a Homo sapiens cerebral microvascular endothelial 

cell line derived from human cerebral cortex tissue. Cells were maintained at 

37°C, 5% CO2 and grown in Dulbecos Modified Eagle’s Medium/Nutrient Mixture 

F-12 (DMEM:F12; Life Technologies) supplemented with 10% FBS, 40 µg/ml 
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endothelial growth supplement (ECGS; VWR), and 25µg/ml gentamycin. Cells 

were maintained in T75cm2 tissue culture flasks coated with 0.1% gelatin and 

passaged when 80% confluency was reached. For experimentation, cells were 

seeded into 12-well plates at a density of 75,000 cells/well the day prior to the 

start of the experiment.  

 

2.5 OGD Experiments  

Primary cortical neuron cultures were seeded in 48-well plates at a density of 

150,000 cells/well for all OGD experiments. Primary astrocyte cultures were 

seeded in 24-well plates and used for OGD experiments once cells reached a 

suitable confluency in the wells. Glucose-free balanced salt solution (GBSS; 0.15 

M NaCl, 2.8 mM KCl, 1 mM CaCl2, 10 mM Hepes, pH 7.4) was prepared by 

bubbling a gas mixture of 90% nitrogen, 5% CO2 and 5% hydrogen through the 

solution to remove oxygen. The cultures were washed twice with this oxygen free 

GBSS and placed in an air-tight container that was flushed with a gas mixture of 

90% nitrogen, 5% CO2 and 5% hydrogen for 3 min to remove any oxygen from 

the chamber. This air-tight chamber was then placed in a 37°C incubator for the 

duration of the OGD (90 min for cortical neurons; 4 hr for astrocytes). The OGD 

was terminated by the removal of the GBSS and reintroduction of complete 

neurobasal media to the neuron cultures and astrocyte media to the astrocyte 

cultures. Cells were returned to incubation at 37°C, 5% CO2 until the end of the 

experiment (24 hr for cell viability and toxicity assays, 24 hr or 4 hr for ribonucleic 

acid (RNA) extraction, 1 hr for Seahorse assays).  
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2.6 Treatment with Neuroprotective Agents  

Stock concentrations of the MCUcx inhibitors Ru360, Ru265, Os245, Os245’ 

RuOAd, and OsOAd were prepared in sterile Type 1 H2O, and stock 

concentrations of the phosphodiesterase 2A (PDE2A) inhibitor, PF-05180999 

(MedChemExpress) were prepared in Dimethyl sulfoxide (DMSO; Sigma-

Aldrich). To treat cultures, first media was prepared with 2x the final desired 

concentration of the compound. Half of the media in the wells was then removed 

and replaced with an equal volume of media with the compound of interest at 2x 

concentration, resulting in the desired final concentration in the wells. Unless 

otherwise indicated, compounds were added to culture media at the specified 

time before the OGD treatment, were present in the GBSS during the OGD, and 

remained in the culture media after OGD (reperfusion). For LPS-induced cytokine 

expression experiments described in Chapter 4, Ru265 was added to the culture 

media at the specified time before the LPS treatment and was present in the 

culture media during the time the LPS was present.  

 

2.7 Measurement of Mitochondrial Ca2+ Uptake  

Primary cortical neuron cultures were seeded onto 35 mm glass bottom imaging 

dishes at a density of 250,000 cells/dish. At DIV 5, the neurons were transduced 

with an adeno-associated virus (AAV9) viral vector encoding the mitochondria-

targeted low affinity Ca2+ indicator, Mito-LAR-GECO1.2 (generously provided by 

Dr. Robert Rendon, University of Nevada, Reno, USA). The cultures were left for 

5 additional days to allow for sufficient transduction before experimentation, and 
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imaging took place on DIV 10. Imaging was performed using a Zeiss cell 

observer spinning-disk confocal microscope equipped with a 488 nm Argon laser. 

Prior to imaging, cultures were treated with either vehicle or 10 µM Ru265 for 4 

hr, and then imaged to determine the baseline fluorescence signal. After 

capturing the baseline images, 20 µM of Kaempferol (prepared in DMSO; 

Cayman Chemicals) was added to the cultures, and images were captured every 

30 seconds (sec) for 12 min at different locations within each dish. The 

fluorescence intensity of each image was quantified using the Zeiss Zen (blue 

edition) imaging software, with an increase in fluorescence intensity representing 

an elevation in mitochondrial Ca2+ levels. The percent increase in fluorescence 

intensity was calculated by dividing the average fluorescence intensity of the 

cells at the specific time point by the baseline average fluorescence intensity of 

the cells and multiplying by 100.  

 

2.8 Cellular Uptake  

Primary cortical neuron cultures were seeded in 24-well plates at a density of 

200,000 cells/well for cellular uptake studies. At DIV 10-13, neurons were treated 

with the compound of interest for varying periods of time. After the treatment 

period, the media was removed, and the cells were washed three times with 500 

µl of cold PBS followed by the addition of 75 µl of radioimmunoprecipitation 

assay (RIPA; 150mM NaCl, 25mM Tris pH 7.4, 0.1% Na deoxycholate, 0.1% 

Triton-X, 0.1% Sodium Dodecyl Sulfate) cell lysis buffer. Plates were then placed 

on an orbital shaker for 30 min and then the cell lysates were collected and 
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centrifuged at 13,000 rpm for 15 min. The amount of Ru or Os in each of the 

samples was measured using Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS). The protein concentrations in each of the samples were determined 

using the Bradford protein assay (Bio-Rad). These measurements enabled 

normalization of Ru or Os concentrations based on the protein content of each 

sample, and samples are reported as ng amounts of Ru or Os per µg of protein.  

 

2.9 ICP-MS 

The concentrations of Ru or Os in microwave-assisted digested cell lysate 

samples was quantified using an iCAP Q ICP-MS (Thermo Fisher Scientific) 

paired with an ESI SC-4DXS autosampler (Elemental Scientific) in Kinetic Energy 

Discrimination mode using high purity helium (99.999%) as the collision gas. A 

seven-point calibration curve (0.05, 0.1, 0.5, 1, 5, 10, and 50 µg/l Ru or Os in 2% 

nitric acid) was used to determine unknown concentrations in the samples. An 

online internal standard addition was performed to correct for any instrumental 

drift using 50 µg/l scandium in 2% nitric acid delivered with an SC FAST Valve 

(Elemental Scientific). ICP-MS analysis was carried out with a dwell time of 0.01 

sec and 25 sweeps. A minimum of 3 main runs with a maximum relative standard 

deviation (SD) of 5.0% were taken for each sample. Since each Ru360 and 

Ru265 molecule contains two Ru atoms, and each Os245 and Os245’ molecule 

contains two Os atoms, Ru and Os values were divided by half to estimate 

compound concentrations.  
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2.10 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay 

Cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay. This assay determines cell viability by 

measuring Nicotinamide adenine dinucleotide (NADH)-dependent 

dehydrogenase activity indicative of cell viability (Huet et al., 1992). For this 

assay, 5 mg/ml of MTT (dissolved in PBS; Sigma-Aldrich) was added to wells so 

the final concentration of MTT in the wells was 0.5mg/ml. For example, for a well 

containing 500 µl of media, 50 µl of MTT was added. Plates were incubated at 

37°C, 5% CO2 for 1 hr (neuron cultures) or 3 hr (astrocyte cultures), and then the 

supernatant was removed, and the formazan crystals were dissolved with DMSO 

(250 µl per well). The absorbance of each well was measured at 550 nm using 

the spectrostar nano absorbance plate reader (BMG Labtech). The absorbance 

of control (No OGD) wells was defined as 100% cell viability. Percent viability 

was calculated by dividing the absorbance value of the treatment group by the 

average absorbance value of the No OGD group and multiplying by 100.    

 

2.11 Lactate Dehydrogenase (LDH) Cell Cytotoxicity Assay  

Cell cytotoxicity was assessed 24 hr after OGD using the CytoTox-ONE™ 

Homogenous Membrane Integrity Assay (Promega). This assay measures the 

amount of lactate dehydrogenase (LDH) in the culture media resulting from the 

release of this intracellular enzyme upon plasma membrane damage. Prior to the 

start of the assay, the cell plate was removed from the 37°C incubator and 
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allowed to equilibrate to 22°C. To determine maximal LDH release, lysis solution 

supplied with the assay kit was added for 10 min to a few wells which served as 

maximal LDH release controls. For each well, 100 µl of media was collected and 

transferred to a well in a black-wall 96 well plate, and then 100 µl of CytoTox-

ONE™ Reagent was added to the wells. This plate was shaken for 30 sec and 

then left for 10 min at 22°C. At the end of the incubation time, 50µl of the reaction 

stop solution was added to the wells. The fluorescence was then measured using 

the FLUOstar Omega microplate reader (BMG Labtech) with the 

excitation/emission set to 560nm/590nm. The percent cytotoxicity for each 

treatment was calculated by dividing the fluorescence value for the experimental 

group by the fluorescence value for the maximum LDH release control group and 

then multiplying by 100.  

 

2.12 Assessment of Mitochondrial Respiration and Glycolysis  

Primary cortical neuron cultures were seeded at a density of 100,000 cells/well in 

seahorse XFe24 well plates and a density of 60,000 cells/well in Seahorse 

XFe96 well plates for analysis of mitochondrial function. Oxygen consumption 

rates (OCR) and extracellular acidification rates (ECAR) were measured using 

the Seahorse XFe24 extracellular flux analyzer in Chapters 3 and 6, and the 

Seahorse XFe96 extracellular flux analyzer in Chapter 7 (Agilent Technologies). 

Preparation of the calibration plate for sensor calibration was performed 

according to the manufacturer’s protocol. For control plates, a media change was 

performed, and for OGD plates, neurons were subjected to OGD as previously 
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described in Section 2.5 (30 min OGD in Chapters 3 and 6, and 90 min OGD in 

Chapter 7). After OGD, cultures were returned to complete neurobasal media for 

1 hr. To allow cultures to equilibrate to the Seahorse assay conditions, the 

culture media was replaced with artificial cerebral spinal fluid [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 bovine 

serum albumin (BSA, Thermo Fisher; 4 mg/ml)] and placed in a 37°C incubator 1 

hr prior to running the assay. Mitochondrial function was determined by 

measuring OCR and ECAR at baseline and after the sequential addition of 

oligomycin (Oligo; 2 µM), [carbonyl cyanide 4-(trifluoromethoxy) 

phenylhydrazone] (FCCP; 2 µM for XFe24 analyzer, 1 µM for XFe96 analyzer), 

Rotenone (Rot; 300 nM), and Antimycin (5 µM). Three measurements were 

acquired at each condition, providing an analysis of mitochondrial respiration and 

glycolysis for the cortical neuron cultures.  

 

2.13 LPS-induced Cytokine Expression 

Primary astrocyte cultures were seeded in 6-well plates and HBEC-5i cells were 

seeded in 12-well plates for LPS-induced cytokine expression experiments. Cells 

were first treated with Ru265 for 24 hr as described in Section 2.6. At the time of 

LPS treatment, half of the culture media was removed from the wells and 

replaced with an equal volume of fresh culture media containing 200 ng/ml of 

LPS (Sigma-Aldrich), resulting in a final concentration of 100 ng/ml of LPS in the 

wells. Cultures were incubated for with LPS for either 4 or 24 hr for astrocyte 



39 
 

cultures and 24 hr for HBEC-5i cells, and then treated with total RNA lysis 

solution (Bio-Rad) followed by RNA extraction.  

 

2.14 Reverse Transcription Quantitative Polymerase Chain 

Reaction (RT-qPCR) 

Primary cortical neuron cultures and primary astrocyte cultures were seeded in 6-

well plates, and HBEC-5i cells were seeded in 12-well plates. RNA was extracted 

from the cells using the Aurum total RNA minikit (Bio-Rad, cat# 732-6820) 

following the spin protocol according to the manufacturer’s instructions. After 

elution of the RNA, the concentration and purity of RNA was estimated using the 

SPECTROstar Nano spectrophotometer (BMG Labtech), and the quality and 

overall integrity of the RNA was assessed using the Experion bioanalyzer along 

with the RNA StdSens Analysis Kit (Bio-Rad). Only samples with RNA integrity 

values of 7.5 or above were used for further analysis. Reverse transcription was 

performed with the iScript complementary DNA (cDNA) synthesis kit (Bio-Rad) 

using 600 ng (astrocytes), 750 ng (HBEC-5i cells), or 850 ng (neurons) of 

template RNA for each sample. No template controls (without RNA template 

present) and no reverse transcriptase controls (without reverse transcriptase 

present) were run with every cDNA synthesis reaction. Reverse transcription 

quantitative polymerase chain reaction (RT-qPCR) was performed with the 

SsoFast EvaGreen Supermix kit (Bio-Rad) with GAPDH, HPRT1, and POLR2F 

evaluated as reference genes for astrocytes and neurons, and β-actin and 

GAPDH evaluated as reference genes for HBEC-5i cells. The annealing 
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temperature was optimized for each of the genes by running a melt curve 

program, and a standard curve analysis was run to determine the ideal sample 

concentration to be used in the RT-qPCR runs. All RT-qPCR runs were 

performed with the Bio-Rad CFX96 real-time system C1000 touch thermal cycler. 

The RT-qPCR protocol conditions were as follows: 95°C × 30 sec + [95°C × 5 

sec + (optimal annealing temp of primer pair; usually 55°C or 60°C) × 5 sec + 

plate reading] × 40 cycles + melting curve. The melting curve programme was a 

2 sec stop with plate reading for every 0.5°C increase from 65 to 95°C. Data 

analysis was performed with CFX Maestro software (Bio-Rad) using the ∆∆Cq 

method. Target genes used in RT-qPCR analysis and the primer sequences are 

shown in Table 1.  
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Table 1. Primer sequences of target genes in RT-qPCR 
Gene  Forward Primer  Reverse Primer  

Hu. 
CCL2 

CAGCCAGATGCAATCAATGCC TGGAATCCTGAACCCACTTCT 

Mu. 
EMRE 

TTTTGCCCAAGCCGGTGAAA TGTTAATCGTCGTCGTCGTCA 

Hu. 
ICAM-1 

GCAGACAGTGACCATCTACAGC
TT 

CTTCTGAGACCTCTGGCTTCGT 

Hu.  
IL-1β 

AAAGCTTGGTGATGTCTGGTC GGACATGGAGAACACCACTTG 

Mu.  
IL-1β 

AAATGCCACCTTTTGACAGTG CTGGATGCTCTCATCAGGACA 

Hu. IL-6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG 
Mu. IL-6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG 
Hu. IL-8 ATGACTTCCAAGCTGGCCGTGG

CT 
TCTCAGCCCTCTTCAAAAACTTCT 

Mu.  
IL-10 

GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG 

Mu. 
MCU 

CGCCAGGAATATGTTTATCCA CTTGTAATGGGTCTCTCAGTCTCT
T 

Mu. 
MCUb 

AGTTACCTTCTTCCTGTCGTTTG
CG 

CAGGGATTCTGTAGCCTCAGCAA
GG 

Mu. 
MCUR1 

AGTTTTCAGCCCTCAGAGCAG GGACTTTGGTCACTTCATCCATCA 

Mu. 
MICU1 

ACACCCTCAAGTCTGGCTTAT TTCCCATCTTTGAAGTGCTTCTT 

Mu. 
MICU2 

TGGAGCACGACGGAGAGTAT GCCAGCTTCTTGACCAGTGT 

Mu. 
MICU3 

CGACCTTCAAATCCTGCCTG TCTGCGTGCTCTGACCTTAC 

Mu. 
Ndufs2 

CAGCCAGATATTGAATGGGCA TGTTGGTCACCGCTTTTTCCT 

Mu. 
TGFβ 

AGCTGGTGAAACGGAAGCG GCGAGCCTTAGTTTGGACAGG 

Mu. 
TNFα 

CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG 

Mu. 
Uqcrc2 

TGCTCCTCTGTCAAGAATCG CAGTGTACGCCATGTTTTCC 

Hu. 
VCAM-1 

CAGTAAGGCAGGCTGTAAAAGA TGGAGCTGGTAGACCCTCG 

Hu. 
βActin 

CCTGGCGTCGTGATTAGTGAT AGACGTTCAGTCCTGTCCATAA 

Hu. 
GAPDH 

CACCATCTTCCAGGAGCGAGAT
C 

GCAGGAGGCATTGCTGATGATC 

Mu. 
GAPDH 

AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA 

Mu. 
HPRT1 

TCAGTCAACGGGGGACATAAA GGGGCTGTACTGCTTAACCAG 

Mu. 
POLR2F 

CGACGACTTTGATGACGTTG GCTCACCAGATGGGAGAATC 
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2.15 Measurement of Ru Concentrations in Plasma and 

Forebrain  

Adult male C57Bl/6 mice (12 weeks old) were given an intraperitoneal (i.p.) 

injection of saline, 1 mg/kg Ru265, or 10 mg/kg Ru265. One hour later, all 

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

and blood was collected by cardiac puncture. The animals were then perfused 

intracardially with 10 ml of normal saline to remove the blood from the brain. 

Forebrains were then harvested and dried at 99˚C for 16 hr. Blood samples were 

centrifuged at 13 000 ×g for 10 min at 4°C, and plasma was collected and 

immediately stored at −80°C until analysis. Plasma (500 µl) and dried forebrains 

were placed in 3 ml of 70% nitric acid and homogenized in a microwave 

homogenizer. Both blood and forebrain samples were then diluted to a working 

nitric acid solution of 2% and analyzed by ICP-MS as described in Section 2.9 to 

measure Ru concentrations. Forebrain concentrations were estimated from dry 

weight by multiplying the ratio of wet to dry weight with 1 g of brain equalling 1 ml 

of water. 

 

2.16 Hypoxic/ischemic (HI) Brain Damage  

Adult male C57Bl/6 mice (8-12 weeks old) were injected i.p. with saline or 

3mg/kg of Ru265 30 min prior to HI brain injury. To perform the HI injury model, 

mice were first anesthetized using isoflurane (3% with an oxygen flow rate of 1.5 

l/min), and injected with 5 mg/kg of ketoprofen (i.p.; Cayman Chemicals) to 

alleviate pain following recovery. The ventral portion of the neck was shaved and 
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cleaned with soluprep (SoluMed Inc.) and betadiene (Purdue Frederick Inc.). A 1 

cm incision was made with a scalpel to expose the sternohyoid and 

sternomastoid muscles, and 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 (Bovine 

Instruments). Incomplete occlusions and/or animals displaying blood loss were 

immediately euthanized and excluded from the study. Following a 2-3 hr recovery 

period, animals were placed in a low oxygen chamber (8% oxygen balanced with 

nitrogen, flow rate 4 l/min) for 50 min, and then removed and individually housed 

to recover for 24 hr.  

 

2.17 Assessment of Sensorimotor Behavioural Deficits using 

Neuroscores 

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 six general deficit categories and seven focal deficit categories. The 

general deficit categories included hair, ears, eyes, posture, spontaneous 

activity, and epileptic behaviour. The focal deficit categories included body 

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

symmetry, compulsory circling, and whisper response to light touch. Mice were 

scored 24 hr after HI injury by raters unaware of the treatment groups.  
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2.18 Measurement of Infarct Volume using 2,3,5-

triphenyltetrazolium chloride (TTC) Staining   

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

Sigma-Aldrich) staining. Mice were euthanized 24 hr after HI injury by injection of 

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

removed and cut into 5 coronal sections (1 mm thick) spanning 1.5 to -2.5 mm 

from bregma. Sections were stained with PBS containing 2% TTC for 15 min at 

37°C and 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 the 5 serial sections was calculated and 

converted into a volume using image J (version 1.48v).  

 

2.19 Measurement of Seizure-like Behaviours  

Adult male C57Bl/6 mice (10-12 weeks old) were administered an i.p. injection of 

either Ru265, Os245, or Os245’ dissolved in saline. For the initial assessment of 

different doses of Ru265, animals were observed for 90 min by two raters 

unaware of the treatment conditions, and the duration of convulsions and 

frequency of seizure-like behaviours including whisker trembling, motionless 

staring, facial jerking, mild convulsions, and severe convulsions was recorded. 

When assessing the convulsive effects of Os245 and Os245’, animals were 

observed continuously for 135 min, and the duration of convulsions observed 

throughout the test period was recorded. During this period, convulsions 
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progressed from shorter (30 sec-2 min) mild convulsions to longer (8-10 min) 

more severe convulsions. All mice were euthanized with an overdose of sodium 

pentobarbital (150 mg/kg, i.p.) at the completion of the experiments.  

 

2.20 Assessment of Ru265-induced Convulsions in Thy1-MCU 

Deficient Mice  

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

crossed with C57Bl/6 MCU-floxed (MCUfl/fl) mice (Dr. Jeffrey Molkentin, 

Philadelphia, OH, USA) to generate Thy1-creERT2-eYFP+/-/MCUfl/fl mice. Mice 

(8-10 weeks old) received tamoxifen (80 mg/kg) once daily for 5 days by oral 

gavage, followed by a 3 week washout period to generate mice lacking the MCU 

in Thy1-expressing neurons. These Thy1-MCU deficient mice, along with Thy1-

cre/ERT2-eYFP mice (Thy1 controls) were then injected with 10 mg/kg (i.p.) of 

Ru265, and the frequency of mild and severe convulsions was assessed over a 

150 min period as previously described in Section 2.19.  

 

2.21 Assessment of Synergism, Additivity, or Antagonism  

Primary cortical neuron cultures were treated with varying concentrations of 

either Ru265 or PF-05180999 or both Ru265 and PF-05180999 to assess the 

potential synergistic interactions between these compounds. Briefly, cultures 

were treated with Ru265 (1, 2, 3, 5, or 10 µM) and PF-05180999 (10, 30, 50, 

100, 300, or 500 nM) for 24 hr according to Section 2.6, and then subjected to 

OGD according to Section 2.5. Cell viability was assessed 24 hr after OGD using 
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the MTT assay as described in Section 2.10. The potential synergistic 

interactions between the two treatments was assessed using the SynergyFinder 

software (version 3.0), where the Bliss independence drug interactions model 

was used (Ianevski et al., 2022). Drug combination responses were plotted as 3D 

synergy maps to illustrate the potential synergistic, additive, or antagonistic 

interactions of the combined treatment. This generated synergy scores for each 

of the different concentrations of Ru265 + PF-05180999 that were tested. This 

allowed for the assessment of the most effective co-treatment concentrations for 

preserving cell viability after OGD. As per the SynergyFinder analysis, a synergy 

score of < -10 was considered as antagonistic, a score from -10 to +10 as 

additive, and a score > +10 as synergistic. 

 

2.22 Statistical Analyses 

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

was used to assess the effects of the various compounds used on cell viability, 

cell cytotoxicity, and mRNA expression after OGD and after LPS treatment. A 

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

test was used to assess the differences in kaempferol-induced Ca2+ uptake with 

and without Ru265 treatment. This analysis was also used to assess potential 

differences in OCR and ECAR levels in cortical neuron cultures after treatment 

with various compounds and subjection to OGD. Mann-Whitney U tests were 

performed to assess potential differences between neuroscores and infarct 

volume sizes of vehicle and Ru265 treated mice after HI injury. All statistical tests 
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were performed using GraphPad Prism (version 9.5.1; GraphPad Software) with 

an alpha level set to 0.05. All bars represent the mean ± SD.  
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Chapter 3: The Cell-Permeable MCUcx Inhibitor Ru265 Protects 

Mouse Primary Cortical Neuron Cultures from OGD-induced 

Injury 

 

3.1 Introduction 

The inhibitory properties of Ru-based compounds on MCUcx activity has been 

well documented, and compounds such as RuRed and Ru360, the main MCUcx 

inhibitory component of RuRed, have traditionally been used to examine the 

effects of MCUcx inhibition on Ca2+ handling in various cell types (Broekemeier et 

al., 1994; Dray et al., 1990; Emerson et al., 2002; Garcia-Rivas et al., 2006). 

However, the use of these compounds as MCUcx inhibitors has been limited due 

to a number of drawbacks including the high number of impurities, low specificity, 

and neurotoxic actions of RuRed, and the challenging synthesis, and poor 

stability and cellular uptake of Ru360 (Cibulsky & Sather, 1999; Nathan et al., 

2017; Velasco et al., 1995; Woods et al., 2019). Nevertheless, these MCUcx 

inhibitors have been useful tools to examine the effects of MCUcx inhibition in 

isolated mitochondria and permeabilized cell models. However, their ability to 

inhibit the MCUcx complex in intact cells is questionable. This has fueled the 

search for MCUcx inhibitors with improved cell-penetration.  
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3.2 Rationale  

One recently developed MCUcx inhibitor, Ru265, is a structural analogue of 

Ru360 (Woods et al., 2019)(Figure 3.1). MCUcx inhibition by Ru265 has been well 

characterized in isolated mitochondria and permeabilized HEK293 cells (Woods 

et al., 2019). This compound has also been shown to prevent the loss of the ∆Ψm 

after hypoxia/reoxygenation in neonatal ventricular myocytes by suppressing 

mitochondrial Ca2+ overloading (Woods et al., 2019). Previous experimentation in 

our laboratory indicated that MCUcx inhibition may be neuroprotective in cell-

based and animal models of ischemic/reperfusion brain injury (Nichols et al., 

2018). In the case of the former, MCUcx silencing by small interfering RNA 

(siRNA) delivery in primary cortical neuron cultures mitigated mitochondrial 

respiratory deficits and viability loss after exposure to a lethal period of OGD, an 

in vitro model of ischemic/reperfusion brain injury (Nichols et al., 2018). Based on 

these findings, the abilities of Ru265 to inhibit mitochondrial Ca2+ uptake and 

protect primary cortical neuron cultures from OGD-induced cell death were 

examined.  
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Figure 3.1. Chemical structures of Ru360 (A) and Ru265 (B)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A BRu360 Ru265
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3.3 Results  

3.3.1 Ru265 Blocks Kaempferol-induced Mitochondrial Ca2+ Uptake  

To measure mitochondrial Ca2+ levels, primary cultures of mouse cortical 

neurons were transduced on DIV5 with an AAV9 viral vector encoding the 

mitochondria-targeted low affinity Ca2+ indicator Mito-LAR-GECO1.2. After 5 

days, cultures were treated with either vehicle (Type 1 sterile H2O) or 10 µM of 

Ru265 for 4 hr before images were captured to determine the baseline level of 

fluorescence in the cultures (Figure 3.2A, C). The percent increase in 

fluorescence intensity was calculated by dividing the average fluorescence 

intensity of the cells observed each min from 0.5-12 min by the average baseline 

fluorescence intensity (0 min) and multiplying by 100 (Figure 3.2E). In control 

cultures pretreated with vehicle, addition of the MCUcx activator kaempferol (20 

µM) resulted in a steady increase in fluorescent intensity that became maximal 

(66 ± 21.1%; mean ± SD) after 12 min (Figure 3.2B, E). Kaempferol thus 

produced a gradual elevation of mitochondrial Ca2+ uptake from 1-12 min. In 

contrast, Ru265 markedly suppressed the maximal rise in fluorescence intensity 

to 8.2 ± 5.7% (mean ± SD) at 12 min relative to that observed in vehicle-treated 

cells (Figure 3.2D-E). The MCUcx inhibitor Ru265 thus reached concentrations in 

cortical neuron cultures sufficient to block mitochondrial Ca2+ uptake. 
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Figure 3.2. Ru265 blocks mitochondrial Ca2+ uptake in cortical neuron cultures  
 
Fluorescence in primary cortical neuron cultures expressing the mitochondrial 
Ca2+ indicator Mito-LAR-GECO1.2. Representative images of cultures pretreated 
with vehicle or Ru265 (10 µM) for 4 hr at baseline (A and C, respectively) and 12 
min after the addition of 20 µM of kaempferol (B and D, respectively). Percent 
increase in fluorescence intensity from 0.5-12 min relative to average baseline 
fluorescence intensity (0 min) (E). Each point represents the mean ± SD of data 
from 3 experiments, 8 images/group/experiment. **p<0.01, ***p<0.001 
****p<0.0001; two-way ANOVA between Kaempferol (20 µM) treatment and 
Ru265 (10 µM) + Kaempferol (20 µM) treatment on data from 0-12 min followed 
by Bonferroni’s post hoc test. Scale bar = 20 µm. 
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3.3.2 Ru265 has Superior Cellular Uptake Relative to Ru360 in Primary 

Cortical Neuron Cultures 

Cortical neuron cultures were treated with Ru360 or Ru265 at concentrations of 

2, 10, or 50 µM for 30 min or 24 hr. The cellular uptake of Ru360 and Ru265 was 

estimated by measuring Ru concentrations in the cell lysates with ICP-MS. Since 

Ru360 and Ru265 each have two Ru atoms, Ru values were divided by 2 and 

normalized with respect to protein concentrations to obtain ng of Ru/µg of 

protein. Ru265 produced concentration and time dependent increases in 

intracellular Ru levels (Figure 3.3A-B). The intracellular Ru levels produced by 

Ru265 were consistently greater than those generated by Ru360 at the 

equivalent concentrations and time points. Relative to Ru360 (10 µM), Ru265 (10 

µM) produced intracellular Ru concentrations that were 2.5 and 8.4 times higher 

in the cell lysates at 30 min and 24 hr, respectively (Figure 3.3A-B). These 

findings indicate that Ru265 more readily enters neurons than Ru360.  
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Figure 3.3. Cellular uptake of Ru265 and Ru360 in primary cortical neuron 
cultures  
 
Ru concentrations in cell lysates of primary cortical neuron cultures 30 min (A) 
and 24 hr (B) after treatment with Ru360 (2, 10, or 50 µM) or Ru265 (2, 10, or 50 
µM). Concentrations are expressed as ng of Ru per µg of protein. Bars shows 
the mean ± SD of data from 4 wells/group. Numbers above bars represent the 
fold increase in Ru265 relative to Ru360 uptake.  
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3.3.3 Ru265 Produces a Concentration-dependent Protection of Cortical 

Neurons against OGD 

To assess the neuroprotective effects of MCUcx inhibition by Ru265, primary 

cortical neuron cultures were treated with vehicle (Type 1 sterile H2O) or 

increasing concentrations of Ru265 (1, 2, 3, 5, or 10 µM) for 24 hr before being 

subjected to 90 min of OGD. Cell viability was measured using the MTT assay 

and expressed as the percent relative to No OGD control cultures. In this 

experiment, OGD (90 min) reduced cortical neuron cell viability to 43.5 ± 9.4% 

(mean ± SD) according to the MTT assay (Figure 3.4A). Pre-treatment with 

Ru265 generated a concentration-dependent increase in cell viability at 24 hr 

after 90 min of OGD with near complete protection at a concentration of 10 µM 

(92 ± 7.9%; mean ± SD) (Figure 3.4A). Based on the log agonist versus 

response function in Prism (version 9.5.1), the concentration of Ru265 that 

produced half-maximal protection was 4.1 µM (EC50 = 4.1 µM). In stark contrast, 

even a high concentration of Ru360 (50 µM) failed to improve cortical neuron 

viability at 24 hr after OGD (Figure 3.4A). These findings are consistent with the 

considerably greater cell permeability of Ru265 compared to Ru360 (Figure 3.3). 

To further assess the ability of Ru265 to protect cortical neurons from OGD-

induced cell death, the LDH release assay for cytotoxicity was employed. 

Percent cytotoxicity was calculated relative to maximal LDH release in control 

cultures generated by complete cell lysis. The average cytotoxicity observed 24 

hr after OGD was 79 ± 3.9% (mean ± SD) in vehicle treated cells (Figure 3.4B). 

Pre-treatment for 24 hr before OGD with 10 µM of Ru265 reduced cytotoxicity to 
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26 ± 14.8% (mean ± SD) (Figure 3.4B). This suppression of LDH release further 

supports the neuroprotective effects of Ru265 in the OGD model. 
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Figure 3.4. Ru265 protects cortical neuron cultures against OGD-induced cell 
death  
 
The ability of Ru265 to protect cortical neuron cultures from OGD-induced cell 
death was measured using cell viability and cytotoxicity assays. Percent viability 
in cortical neuron cultures treated with vehicle (Type 1 H20), Ru265 (1, 2, 3, 5, or 
10 µM), or Ru360 (50 µM) for 24 hr before OGD (90 min) was measured using 
the MTT assay 24h after OGD (A). Values represent viability relative to control 
(No OGD) cultures (100% cell viability). Each bar represents the mean ± SD of 
data from 5 experiments, 6 wells/experiment. Percent cytotoxicity in cortical 
neuron cultures treated with vehicle (Type 1 H20) or 10 µM of Ru265 for 24 hr 
that were left as control (No OGD) or then subjected to OGD (90 min). 
Cytotoxicity was measured 24 hr later by the detection of LDH levels in the media 
(B). Values represent cytotoxicity relative to maximal LDH release treatments 
(100% cell cytotoxicity). Bars represent the mean ± SD of data from 3 
experiments, 4 wells/experiment. ****p<0.0001; ordinary one-way ANOVA 
followed by Tukey’s multiple comparisons test.  
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3.3.4 Ru265 must be Present during OGD to Preserve the Cell Viability of 

Cortical Neurons   

To determine when Ru265 had to be present in order to protect cortical neuron 

cultures subjected to OGD, the effects of seven different periods of Ru265 

treatment were examined. This enabled assessment of the ability of Ru265 to 

protect cortical neurons against OGD injury when present: 1) 24 hr before OGD 

only, 2) during OGD only, 3) 24h following OGD only, 4) 24 hr before and during 

OGD only, 5) during and 24 hr after OGD, 6) 24 hr before OGD and 24 hr after 

OGD, but not during OGD, or 7) 24 hr before OGD, during OGD, and 24 hr after 

OGD (Figure 3.5). Treatment with Ru265 only during OGD produced near 

complete protection (over 90% cell viability). Extended pre-treatment or post-

treatment periods did not generate additional protective benefits. However, 

neuroprotection failed to occur if cultures were only treated with Ru265 before or 

after OGD (Figure 3.5). The failure of pre-treatment alone to protect the cortical 

neuron cultures suggests that MCUcx inhibition with Ru265 is reversible, while the 

ability of Ru265 to produce maximal protection when only present during OGD 

suggests that lethal mitochondrial Ca2+ overloading occurs during OGD. 

However, it is still possible that mitochondrial Ca2+ overloading may occur during 

the short interval (5-10 min) before Ru265 can be added to the cultures after 

OGD. 
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Figure 3.5. Effects of treatment with Ru265 at different time points on OGD-
induced cell viability loss in cortical neuron cultures  
 
Percent cell viability in cortical neuron cultures treated with Ru265 (10 µM) at 
different time points (pre OGD only, during OGD only, post OGD only, pre + 
during OGD, during + post OGD, pre + post OGD, or pre + during + post OGD) 
on OGD-induced cell viability loss. Cell viability was measured using the MTT 
assay 24 hr after OGD (90 min). Values represent viability relative to control (No 
OGD) cortical neuron cultures. Bars represent the mean ± SD of data from 3 
experiments, 6 wells/experiment. ****p<0.0001; ordinary one-way ANOVA 
followed by Tukey’s multiple comparisons test.  
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3.3.5 Ru265 Preserves OCR and ECAR after Exposure to OGD  

The Seahorse XFe24 extracellular flux assay analyzer was used to compare the 

effects of vehicle (Type 1 sterile H2O) and Ru265 on mitochondrial function by 

measuring OCR (Figure 3.6A-C), and glycolysis by measuring ECAR (Figure 

3.7A-B) in control cortical neuron cultures (No OGD) and cultures subjected to 

OGD. The sequential addition of compounds that inhibit ATP synthase 

(oligomycin), uncouple mitochondrial respiration (FCCP), block Complex I activity 

(rotenone) or inhibit Complex III activity (antimycin) was performed to assess 

various aspects of mitochondrial function by measuring their effects on OCR. 

These included basal respiration, ATP production, maximal respiration, spare 

respiratory capacity (SRC) and proton leak (Figure 3.6A). Pilot experiments 

indicated that compared to the 48-well polystyrene cell culture plates used in the 

previous studies, a shorter period of OGD (30 min) was sufficient to produce a 

50% loss of cell viability, while a higher concentration of Ru265 (50 µM) was 

required to suppress OGD-induced cell viability loss in the XF24 plates. 

Treatment of No OGD control cultures with Ru265 (50 µM) for 24 hr did not alter 

basal respiration, oligomycin sensitive ATP synthesis, FCCP-induced maximal 

respiration, or residual respiration (protein leak) observed after the sequential 

addition of rotenone and antimycin (Figure 3.6B). ECAR, indicative of glycolysis, 

was also unchanged by treatment with 50 µM of Ru265 for 24 hr (Figure 3.7A). In 

cultures subjected to 30 min of OGD, OCR (Figure 3.6C) and ECAR (Figure 

3.7B) were markedly suppressed 2 hr later. Consistent with increased cortical 
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neuron viability after OGD, Ru265 completely preserved mitochondrial respiration 

(Figure 3.6C) and glycolysis (Figure 3.7B) 2 hr after OGD.  
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Figure 3.6. Ru265 preserves mitochondrial respiration in primary cortical neuron 
cultures subjected to OGD 
 
The Seahorse XFe24 extracellular flux analyser was used to measure various 
aspects of mitochondrial function such as basal respiration, maximal respiration, 
spare respiratory, ATP production, and proton leak (A). OCR measurements in 
primary cortical neurons cultures after the sequential addition of Oligo (1 µM), 
FCCP (2 µM), Rot (300 nM) and Antimycin (5 µM) following treatment with 
vehicle (Type 1 H20) or Ru265 (50 µM) for 24 hr (B) and 2 hr after 30 min of OGD 
(C). Bars show the mean ± SD of data representative of 3 experiments, 5 
wells/experiment. ****p <0.0001; two-way ANOVA followed by Bonferroni’s post 
hoc test. 
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Figure 3.7. Ru265 preserves glycolysis in primary cortical neuron cultures 
subjected to OGD 
 
Extracellular acidification rate (ECAR) measurements in primary cortical neurons 
cultures after the sequential addition of Oligo (1 µM), FCCP (2 µM), Rot (300 
nM), and Antimycin (5 µM) following treatment with vehicle (Type 1 H20) or 
Ru265 (50 µM) for 24 h (A) and 2 hr after 30 min of OGD (B). Bars show the 
mean ± SD of data representative of 3 experiments, 5 wells/experiment. ****p 
<0.0001; two-way ANOVA followed by Bonferroni’s post hoc test. 
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3.3.6 Ru265 Prevents OGD-induced Changes in MCUcx Subunit mRNA 

Levels 

RT-qPCR was used to measure the effects of OGD on relative mRNA levels of 

the seven MCUcx subunits. Primary cortical neuron cultures were treated with 

vehicle (Type 1 sterile H2O) or Ru265 (10 µM) for 24 hr and either used as 

control (No OGD) or subjected to OGD (90 min). RT-qPCR was performed 4 and 

24 hr later. Relative to No OGD cultures, OGD reduced mRNA levels of the pore 

forming subunit MCU at 24 hr (Figure 3.8A). Treatment with Ru265 (10 µM) 

prevented this OGD-induced decrease in MCU mRNA levels (Figure 3.8A). 

MCUb mRNA levels were also higher in Ru265 than vehicle treated cultures 4 hr 

after OGD (Figure 3.8B). Ru265 also altered mRNA levels of the regulatory 

subunits of the MCUcx in neurons subjected to OGD. MCUR1 mRNA levels were 

lower in Ru265 than vehicle treated cultures at 4 and 24 hr after OGD (Figure 

3.8C). OGD produced a small elevation of EMRE mRNA levels at 24 hr after 

OGD that was also reversed by Ru265 (Figure 3.8D). By comparison, mRNA 

levels for the gate-keeping proteins were impacted to a lesser extent by OGD 

(Figure 3.9A-C). OGD did not change mRNA levels for MICU1 (Figure 3.9A) or 

MICU2 (Figure 3.9B) but did reduce MICU3 mRNA levels at 24 hr (Figure 3.9C). 

In keeping with the inhibitory effects of Ru265 on OGD-induced changes in 

MCUcx subunit mRNA levels, Ru265 prevented this reduction in MICU3 mRNA 

levels 24 hr after OGD (Figure 3.9C). These findings indicate that Ru265 

prevents OGD-induced changes in mRNA levels for various subunits of the 

MCUcx. Although OGD did not alter MICU2 expression, MICU2 mRNA levels in 
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vehicle and Ru265 cultures were different at 24 hr after OGD (Figure 3.9B). This 

difference reflected the combined effects of a small rise in MICU2 mRNA levels 

in vehicle treated cultures and a minor decrease in MICU2 levels in Ru265 

treated cultures. 
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Figure 3.8. Ru265 prevents OGD-induced changes in MCUcx pore forming 
subunit and regulatory subunit mRNA levels in primary cultures of mouse cortical 
neurons 
 
Primary cortical neuron cultures were treated with vehicle (Type 1 H20) or Ru265 
(10 µM) for 24 hr, and mRNA levels of the subunits MCU (A), MCUb (B), MCUR1 
(C), and EMRE (D) were measured using RT-qPCR in control (No OGD) cultures 
or cultures subjected to OGD (90 min) 4 hr or 24 hr after OGD. Bars show the 
mean ± SD of data from 2 experiments, 4 wells/experiment. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001; ordinary one-way ANOVA followed by Tukey’s multiple 
comparisons test.   
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Figure 3.9. Ru265 reduces OGD-induced changes in MICU subunit mRNA levels 
in primary cultures of mouse cortical neurons 
 
Primary cortical neuron cultures were treated with vehicle (Type 1 H20) or Ru265 
(10 µM) for 24 hr and mRNA levels of the subunits MICU1 (A), MICU2 (B), and 
MICU3 (C) were measured in control (No OGD) cultures or cultures subjected to 
OGD (90 min). RT-qPCR was performed 4 hr or 24 hr after OGD. Bars show the 
mean ± SD of data from 2 experiments, 4 wells/experiment. *p<0.05, **p<0.01; 
ordinary one-way ANOVA followed by Tukey’s multiple comparisons test.  
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3.3.7 Ru265 Preserved Complex III Subunit 2 mRNA Levels in Mouse 

Cortical Neuron Cultures Subjected to OGD 

RT-qPCR was used to measure the effects of OGD on the relative mRNA levels 

of subunit 2 of Complex I NADH dehydrogenase (Figure 3.10A) and subunit 2 of 

Complex III Cytochrome b-c1 (Figure 3.10B). Primary cortical neuron cultures 

were treated with vehicle (Type 1 sterile H2O) or Ru265 (10 µM) and left as 

control (No OGD) or subjected to OGD (90 min) 24 hrs later. Levels of NADH 

dehydrogenase and Cytochrome b-c1 mRNAs were measured 4 hr and 24 hr 

post OGD and at the corresponding time points for No OGD cultures. Relative to 

No OGD cultures, OGD did not alter the mRNA levels of Complex I subunit 2 

(Figure 3.10A) at 4 and 24 hrs, but reduced mRNA levels of Complex III subunit 

2 (Figure 3.10B) 24 hr after OGD. Compared to No OGD cultures, Ru265 (10 

µM) completely prevented OGD-induced reductions in Complex III subunit 2 

mRNA levels (Figure 3.10B).   
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Figure 3.10. Effects of Ru265 on ETC complex subunit mRNA levels in cortical 
neuron cultures exposed to OGD  
 
Primary cortical neuron cultures were treated with vehicle (Type 1 H20) or Ru265 
(10 µM) for 24 hr and mRNA levels of subunit 2 of complex I of the ETC (A) and 
subunit 2 of complex III of the ETC (B) were measured using RT-qPCR in control 
(No OGD) cultures or cultures subjected to OGD (90 min) 4 hr or 24 hr after 
OGD. Bars show the mean ± SD of data from 2 experiments, 4 wells/experiment. 
*p<0.05; ordinary one-way ANOVA followed by Tukey’s multiple comparisons 
test. 
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3.4 Discussion 

3.4.1 Inhibition of Mitochondrial Ca2+ Uptake with Ru265  

Genetically encoded fluorescent Ca2+ indicators are useful tools for imaging 

changes in the concentration of Ca2+ associated with intracellular signalling 

pathways (Wu et al., 2014). The Ca2+ indicator, Mito-LAR-GECO1.2, has been 

optimized for the detection of mitochondria Ca2+ levels (Wu et al., 2014). The 

quantification of fluorescence in primary cortical neuron cultures treated with an 

AAV9 viral vector encoding this indicator was used to measure mitochondrial 

Ca2+ levels (Wu et al., 2014). In these cultures, mitochondrial Ca2+ uptake via the 

MCUcx was stimulated through the addition of the dietary flavonoid Kaempferol. 

Kaempferol has been shown to directly stimulate MCUcx activity (Montero et al., 

2004). Kaempferol produced a rapid increase of fluorescent intensity in these 

cultures, indicating an increase in mitochondrial Ca2+ uptake via the MCUcx. 

Treatment with Ru265 resulted in a near complete absence of kaempferol-

induced fluorescence. This finding indicates that Ru265 blocks mitochondrial 

Ca2+ uptake in cortical neurons by inhibiting the MCUcx.  

 

3.4.2 Ru265 has Superior Cellular Uptake Relative to Ru360 in Primary 

Cortical Neuron Cultures  

Ru265 produced concentration- and time-dependent increases in intracellular Ru 

levels that were greater than those generated by Ru360 at the equivalent 

concentrations and time points. Assuming protein and water respectively account 

for about 20% and 70% of cortical neuron mass, it was estimated that cortical 
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neurons exposed to Ru265 (10 µM) for 30 min generated intracellular 

concentrations that approached 100 nM. These findings both confirm and extend 

previous data demonstrating the superior uptake of Ru265 over Ru360 in HeLa 

and HEK293 cells, and demonstrates that the modifications made to Ru360, 

such as substituting the oxygen atom that bridges the two Ru molecules with a 

nitrogen atom and exchanging the two carboxyl ligands for chloride ligands, 

improved its cellular uptake by neurons (Woods et al., 2019). By comparison to 

HeLa and HEK293 cells treated with Ru265 (50 µM) for 24 hr (Woods et al., 

2019), intracellular Ru concentrations were over 90 times higher in cortical 

neurons. It is possible that the methodological differences of using graphite 

furnace absorption spectroscopy instead of ICP-MS to measure Ru in the cell 

lysates may have accounted for these differing findings. Alternatively, the high 

metabolic demands imposed by excitatory neurotransmission in cortical neurons 

after 12 days in culture (Zeiger et al., 2011) may have enhanced Ru265 uptake 

by multiple mechanisms, such as organic anion transporters, calcium 

exchangers, and voltage-gated calcium channels (Charuk et al., 1990; Puckett et 

al., 2010; Tapia & Velasco, 1997). The supra-linear increases in intracellular Ru 

concentrations generated by 10 µM of Ru265 compared to 10 µM of Ru360 from 

30 min to 24 hr may reflect multiple uptake mechanisms for Ru265 relative to 

Ru360. 
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3.4.3 Ru265 Produces Concentration-dependent and Time-dependent 

Protection against OGD Injury  

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

cell death resulting from ischemic reperfusion injury (Zeiger et al., 2011). In these 

cultures, a 90 min period of OGD was determined to produce a consistent and 

sufficient cell death (~50%) in neuron cultures. Treatment with Ru265 (≥ 5 µM) 

during OGD prevented cell death 24 hr after OGD. By contrast, Ru360 (1-50 µM) 

was unable to improve cortical neuron viability 24 hr after OGD. These results 

further support the superior potency and improved cell permeability of Ru265 

over Ru360. The cellular uptake studies suggest that Ru360 fails to protect 

against OGD-induced cell viability loss because it does not reach sufficient 

intracellular concentrations to block the MCUcx. This likely explains why Ru630 is 

ineffective at preventing mitochondrial Ca2+ overloading and preserving cell 

viability in intact cells.  

 

Next, the effects of adding Ru265 at different time points on OGD-induced cell 

viability loss was examined to gain a better understanding of the temporal effects 

of MCUcx inhibition on cell survival. Ru265 only protected against OGD-induced 

cell death when this MCUcx inhibitor was present during OGD. When present 

before and/or after OGD only, Ru265 was completely ineffective at protecting 

neuron cultures. This demonstrates that Ru265 reversibly inhibits the MCUcx 

since there is no protection observed when cultures are pretreated with Ru265 

and then washed and placed in Ru265-free GBSS during OGD. This also 
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suggests that toxic mitochondrial Ca2+ overloading by the MCUcx occurs primarily 

during OGD and not reperfusion. Given that mitochondrial Ca2+ overloading is an 

early trigger of multiple cell death effectors, these findings provide a potential 

explanation for the repeated failure of putative neuroprotectants in the clinic 

(Gladstone et al., 2002).  

 

3.4.4 Ru265 Preserves OCR and ECAR after Exposure to OGD 

The effects of OGD and Ru265 treatment on key parameters of mitochondrial 

function were assessed in cortical neuron cultures using the Seahorse XFe24 

extracellular flux analyser. This assay creates a transient microchamber just 

above the cell monolayer enabling the measurement of oxygen concentrations 

associated with respiring neurons in real time (Brand & Nicholls, 2011). The 

XFe24 allows for the sequential addition of different ETC inhibitors to assess 

different aspects of mitochondrial function as determined by changes in OCR 

(Brand & Nicholls, 2011). ECAR is also measured by the XFe24 and provides a 

readout of glycolysis. Oligomycin (ATP synthase inhibitor; 2 µM) blocks oxidative 

phosphorylation, providing a measure of cellular ATP production (Brand & 

Nicholls, 2011). The remaining OCR after the addition of oligomycin indicates the 

proton leak across the mitochondrial membrane (Brand & Nicholls, 2011; 

Divakaruni & Brand, 2011). To determine the maximal OCR that cells can 

sustain, the proton uncoupler FCCP (2 µM) was injected (Brand & Nicholls, 

2011). Finally, the addition of rotenone (complex I inhibitor; 300nM) and 

antimycin (complex III inhibitor; 5 µM) was performed to completely inhibit 
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mitochondria respiration (Brand & Nicholls, 2011). The difference between basal 

and maximal OCR is referred to as spare respiratory capacity (SRC). This is a 

measure of overall mitochondria integrity and function because SRC enables 

neurons to respond rapidly to the increased metabolic demands associated with 

neurotransmission (Brand & Nicholls, 2011; Desler et al., 2012). Treatment with 

Ru265 for 24 hr had no effect on any of the mitochondrial respiration parameters 

in No OGD cultures. In cultures exposed to OGD, OCR and ECAR were 

markedly suppressed. Consistent with the protection from OGD-induced cell 

death seen in earlier experiments, Ru265 completely preserved mitochondrial 

respiration and glycolysis 2 hr after OGD. Ru265 also prevented the OGD-

induced loss of SRC, signifying that the neurons were still functioning well and 

had maintained mitochondrial integrity and health. These findings indicate that 

MCUcx-mediated mitochondrial Ca2+ overloading is a pivotal pathological event in 

the collapse of mitochondrial function after OGD.   

 

3.4.5 Ru265 Prevents OGD-induced Changes in MCUcx Subunit mRNA 

Levels  

The MCUcx is a transmembrane multi-protein complex that mediates high-

capacity mitochondrial Ca2+ uptake. Briefly, this complex is a dynamic structure 

consisting of pore forming subunits and regulatory subunits that work together 

and play an integral role in the formation of the channel and its response to 

changes in intracellular Ca2+ levels. The pore of the complex is formed by a 

homo-oligomer of four MCU subunits (Baradaran et al., 2018; Fan et al., 2020; 
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Nguyen et al., 2018; Yoo et al., 2018). Each MCU subunit has a short hydrophilic 

acid linker composed of a DIME motif that separates the two transmembrane 

domains of the subunit (Baughman et al., 2011; Cao et al., 2017; Stefani et al., 

2011). This motif is strategically located on the pore entrance and appears to 

mediate the highly selective gating of Ca2+ by the MCUcx (Cao et al., 2017; 

Oxenoid et al., 2016; Yoo et al., 2018). In some cases, one or more of the 4 MCU 

subunits is replaced by a MCUb transmembrane subunit, and this displacement 

has been shown to reduce Ca2+ conductance by the MCUcx (Lambert et al., 2019; 

Raffaello et al., 2013). The regulatory subunit EMRE is a transmembrane protein 

that acts as an essential regulator and stabilizer of the MCUcx (Garbincius & 

Elrod, 2022; Mallilankaraman et al., 2012; Tsai et al., 2016). MCUR1 is also a 

regulatory subunit of the MCUcx that when absent reduces mitochondrial Ca2+ 

uptake, but does not appear to be essential for MCUcx activity (Garbincius & 

Elrod, 2022; Mallilankaraman et al., 2012; Tsai et al., 2016).  

 

The three MICU proteins, MICU1, MICU2, and MICU3, are involved in enhancing 

channel activity in response to a rise in intracellular Ca2+ levels (Garbincius & 

Elrod, 2022; Walters & Usachev, 2023). Recent studies suggest that these MICU 

proteins might modify the gating properties of the MCUcx in such a way that it 

allows the channel to spend more time in the open state (Fan et al., 2020; Garg 

et al., 2021). Under normal conditions, MICU1 exists as a hexamer, but a rise in 

Ca2+ levels in the intermembrane space triggers these hexamers to dissociate 

(Gottschalk et al., 2019; Gottschalk et al., 2022). MICU1 then forms homodimers 
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or heterodimers with MICU2 or MICU3 that facilitates mitochondrial Ca2+ uptake 

by promoting a redistribution of other MCUcx subunits to the inner boundary 

membrane compartment of the inner mitochondrial membrane (Gottschalk et al., 

2019; Gottschalk et al., 2022). This redistribution and restructuring of subunits 

increases MCUcx activity during high Ca2+ levels through promoting and 

maintaining the open conformation of the complex (Garg et al., 2021; Gottschalk 

et al., 2022). The intricacy of the interactions between these different subunits 

highlights the dynamic nature of this complex, and indicates how changes in the 

spatial relationships between these subunits allow the MCUcx to adapt in 

response to environmental changes.  

 

There is limited knowledge about the transcriptional regulation of MCUcx 

subunits. However, it is clear that mRNA levels for the MCU, MCUb, EMRE, 

MCUR1,MICU1, MICU2, and MICU3 subunits vary between tissues and cell 

types, and that their expression is influenced by cell stress and changes in 

intracellular Ca2+ levels (Markus et al., 2016; Patel et al., 2023; Watanabe et al., 

2022). In keeping with these findings, OGD also altered MCUcx subunit mRNA 

levels in cortical neuron cultures. After OGD, mRNA levels for MCU, MCUb, and 

MICU3 decreased, EMRE increased and MCUR1, MICU1, and MICU2 remained 

relatively constant. These changes may reflect compensatory mechanisms 

designed to oppose the deleterious effects of an excessive rise in cytosolic Ca2+ 

levels produced by OGD. A reduction in MCU mRNA levels might therefore 

reflect an attempt to decrease injurious MCUcx overactivity. Compared to 
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MICU1/MICU2 dimers, MICU1/MICU3 dimers have a lower Ca2+ threshold for 

MCUcx activation (Patron et al., 2019). A reduction of MICU3 at 24 hr after OGD 

would therefore lower the risk of toxic mitochondrial Ca2+ overloading.  

 

Expression of the dominant negative subunit MCUb has also been shown to 

increase 24 hr after heart failure and cardiac ischemia/reperfusion injury, perhaps 

as a protective mechanism against Ca2+ overloading (Lambert et al., 2019). 

However, MCUb levels did not increase after OGD signifying a possible 

difference in the regulation of this subunit in neurons relative to cardiac cells after 

ischemic injury. Less is known about the role of MCUb in neurons, but it has 

been reported that cortical neurons express relatively low levels of MCUb, 

suggesting that it does not play an important role in regulating MCUcx activity in 

cortical neurons (Markus et al., 2016; Walters & Usachev, 2023). MCUR1 has 

been shown to regulate proper complex formation. However, there is conflicting 

data on how MCUR1 regulates mitochondrial Ca2+ uptake. For example, MCUR1 

may increase mitochondrial Ca2+ uptake by secondary actions on the respiratory 

protein complexes that enhance the ∆Ψm, which might provide the driving force 

for mitochondrial Ca2+ uptake rather than direct actions on the MCUcx (Garbincius 

& Elrod, 2022; Mallilankaraman et al., 2012; Patel et al., 2023; Tomar et al., 

2016).  

 

Although it is not yet clear how variations in subunit mRNA expression occur 

after OGD, these changes emphasize the dynamic nature of the MCUcx. In all 



79 
 

cases where there was a change in subunit expression after OGD, Ru265 

completely prevented them. This suggests that Ru265 stabilizes MCUcx subunit 

expression by preventing mitochondrial Ca2+ overloading. The ability of Ru265 to 

prevent perturbations in MCUcx subunit expression may therefore contribute to 

the neuroprotective actions of this compound.  

 

3.4.6 Ru265 Preserved Complex III Subunit mRNA Levels after Exposure to 

OGD  

Complex I (NADH dehydrogenase) and Complex III (Cytochrome b-c1) are 

members of the ETC that pump protons into the intermembrane space, thus 

contributing to the generation of the ∆Ψm, which drives ATP production (Zhao et 

al., 2019). There were no changes in the mRNA levels of subunit 2 of Complex I 

after OGD, and a modest reduction in subunit 2 of Complex III mRNA levels 24 

hr after OGD. This suggests that the reduction in mitochondrial respiration seen 

in cortical neuron cultures 2 hr after OGD in the Seahorse assay is not simply 

due to a decrease in ETC complex levels, but also supressed ETC activity 

(Brand & Nicholls, 2011). Consistent with the preservation of MCUcx subunit 

expression after OGD, Ru265 also maintained complex III mRNA levels at 

normal levels 24 hr after OGD. This finding further supports the ability of Ru265 

to protect cortical neurons from OGD-induced death by preserving mitochondrial 

function.  
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Chapter 4: OGD-induced Viability Loss and LPS-induced 

Cytokine Expression in Mouse Astrocyte Cultures and LPS-

induced Cytokine Expression in Human Brain Endothelial Cell 

Cultures are Suppressed by Ru265 

 

4.1 Introduction 

In addition to neuronal cells, other cell types of the NVU are susceptible to 

ischemic damage by mitochondrial Ca2+ overloading. In particular, damage to 

multiple NVU components, such as endothelial cells, pericytes, microglia, and 

astrocytes is hallmark of stroke injury (Jayaraj et al., 2019). These cellular 

components of the NVU work in unison to rapidly adjust CBF in support of the 

dynamic metabolic demands required for neurotransmission (Longden et al., 

2016; Muoio et al., 2014). As a result, the NVU relies heavily on mitochondria to 

rapidly sequester large amounts of Ca2+ and produce the massive amounts of 

ATP necessary for neurovascular coupling (Iadecola, 2017). This renders the 

NVU extremely vulnerable to injurious mitochondrial Ca2+ overloading by cerebral 

ischemia (An et al., 2021; Duchen, 2012; Reichard & Asosingh, 2019). Finding 

ways to protect the various cellular components of the NVU from injury is thus 

considered to be crucial for the effective treatment of stroke (Iadecola, 2017).  

 

The importance of the NVU has encouraged experimentation in this thesis to 

assess the protective potential of Ru265 in other cell types, namely mouse 
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primary cortical astrocyte cultures and a human brain endothelial cell line (HBEC-

5i). Astrocytes are glial cells found in the brain and spinal cord. They play a 

variety of roles critical for brain function such as providing energy to neurons, 

regulating ion homeostasis, maintaining BBB integrity, and supporting 

neurogenesis (Bantle et al., 2021; Lo et al., 2003; Sofroniew & Vinters, 2010). 

Endothelial cells comprise the wall of cerebral blood vessels and form tight 

junctions that create a physical barrier which impedes the paracellular diffusion of 

molecules, ions, and potentially harmful substances into the brain (Iadecola, 

2004; Stamatovic et al., 2008). A wide variety of transports are expressed by 

endothelial cells that move nutrients into the brain and waste products out of the 

brain (Iadecola, 2004; Stamatovic et al., 2008). Endothelial cells in the brain are 

surrounded by astrocytes that extend endfeet which communicate with other cell 

types in the NVU through the release of growth and vasoactive factors that 

maintain integrity of the NVU and regulate CBF (Goldman & Chen, 2011; Muoio 

et al., 2014; Shen et al., 2003). 

 

One characteristic of both astrocytes and endothelial cells is that they are able to 

release pro- and anti-inflammatory cytokines in response to dysregulation of the 

BBB and tissue damage (Choi et al., 2014; Verma et al., 2006). Astrocytes 

become activated in response to pathological changes by a process termed 

reactive astrogliosis, resulting in their release of different extracellular molecules, 

including neurotrophic factors, inflammatory factors, and cytotoxins (Li et al., 

2019; Sofroniew & Vinters, 2010). Depending on the signals they receive from 
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the surrounding tissue, astrocytes can have pro-inflammatory effects that further 

exacerbate injury, or exert anti-inflammatory effects which facilitate recovery. 

These two astrocyte phenotypes are generally classified as A1 (pro-

inflammatory) or A2 (anti-inflammatory). The balance between these two 

phenotypes tends to change from A1 to A2 with increasing time after an injury 

(Jayaraj et al., 2019; Li et al., 2019). For example, it is well documented that high 

levels of pro-inflammatory cytokines such as IL-1β, TNFα, and IL-6 are produced 

during the acute phase (first 7 days) after an ischemic stroke, which promote 

secondary injury in the brain (Grefkes & Fink, 2020; Jayaraj et al., 2019). This is 

followed by an increase in the production of TGFβ and IL-10 that reduces 

inflammation and promotes cell survival (Mayo et al., 2016; Norden et al., 2014). 

Brain endothelial cells also secrete pro-inflammatory cytokines and trophic 

factors that promote brain injury and repair, respectively (Smyth et al., 2018; 

Verma et al., 2006).  

 

LPS, a component of the cell membrane of gram-negative bacteria, stimulates 

cytokine release from astrocytes and endothelial cell cultures by activating the 

TLR4 (Skrzypczak-Wiercioch & Sałat, 2022). LPS treatment has therefore been 

used to model the inflammatory response of cells to TLR4 stimulation implicated 

in ischemic brain injury (Skrzypczak-Wiercioch & Sałat, 2022). In this chapter, the 

ability of Ru265 to protect mouse primary cortical astrocytes from OGD-induced 

cell death and reduce LPS-induced cytokine release in astrocyte cultures and 

HBEC-5i cells were assessed. The studies were designed to determine whether 
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MCUcx inhibition protects these two major cellular components of the NVU, as 

well as to gain a better understanding of the potential anti-inflammatory benefits 

of Ru265 in the treatment of ischemic brain injury. 

 

4.2 Results  

4.2.1 Ru265 Protects Mouse Primary Astrocyte Cultures Against OGD-

induced Injury  

To examine the protective potential of Ru265 in a different neural cell subtype, 

primary cultures of mouse astrocytes were treated with vehicle (Type 1 sterile 

H2O) or 5, 10, or 20 µM of Ru265 for 24 hr before OGD (4 hr). Cell viability was 

measured using the MTT assay 24 hr later (Figure 4.1). This longer (4 hr) period 

of OGD was necessary to achieve about a 50% reduction in the cell viability of 

astrocyte cultures. Percent viability was calculated relative to No OGD control 

cultures. Treatment with 5, 10, and 20 µM of Ru265 increased cell viability after 

OGD from 49.6 ± 4.7% to 68.7 ± 1.9%, 81.4 ± 6%, and 82.1 ± 5.8% (mean ± SD), 

respectively. Relative to cell viability values for vehicle-treated cultures after 

OGD, all of these values for Ru265-treated cells were greater (Figure 4.1). These 

findings extend the protective effects of Ru265 against OGD-induced injury to a 

second neural cell subtype.  
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Figure 4.1. Ru265 preserves cell viability in primary astrocyte cultures subjected 
to OGD 
 
The ability of Ru265 to protect primary astrocyte cultures from OGD-induced cell 
viability loss was measured using the MTT assay. Percent viability in astrocyte 
cultures treated with vehicle (Type 1 H20) or Ru265 (5, 10, or 20 µM) for 24 hr 
before OGD (4 hr) was measured 24 hr after OGD. Values represent viability 
relative to control (No OGD) cultures (100% cell viability). Bars represent the 
mean ± SD of data from 3 experiments, 5 wells/experiment. ***p<0.001, 
****p<0.0001; ordinary one-way ANOVA followed by Tukey’s multiple 
comparisons test.  
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4.2.2 Ru265 Suppressed LPS-induced Increases of Pro-inflammatory 

Cytokine mRNA Levels in Primary Cultures of Mouse Astrocytes 

RT-qPCR was used to measure LPS-induced increases of pro-inflammatory 

cytokine mRNA levels in primary astrocyte cultures. Primary mouse astrocyte 

cultures were treated with vehicle (Type 1 sterile H2O) or Ru265 (10 or 20 µM) 

for 24 hr before the addition of PBS (control) or LPS (100 ng/ml) followed by the 

measurements of mRNA levels for the pro-inflammatory cytokines IL-1β, TNFα, 

and IL-6 4 hr and 24 hr later (Figures 4.2A-F). At 4 and 24 hr post LPS treatment, 

mRNA levels for these pro-inflammatory cytokines were elevated compared to 

the control cultures (Figures 4.2A-F). Ru265 (10 and 20 µM) failed to suppress 

LPS-induced increases in IL-1β or IL-6 expression at 4 hr (Figure 4.2A and E). 

However, Ru265 reduced mRNA levels for IL-1β at a concentration of 10 µM 

(Figure 4.2B) and IL-6 at concentrations of 10 and 20 µM 24 hr after LPS 

compared to cultures treated with vehicle (Figure 4.2F). By contrast, LPS-

induced TNFα expression was only reduced by the higher concentration of 

Ru265 (20 µM) 4 and 24 hr after LPS treatment (Figure 4.2C and D). 

Nevertheless, there did appear to be a concentration dependent decrease in the 

mRNA expression of TNFα with 10 and 20 µM of Ru265. These results suggest 

that Ru265 may reduce inflammation by suppressing the induction of pro-

inflammatory cytokine gene expression in astrocytes.  
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Figure 4.2. Effects of Ru265 on LPS-induced IL-1β, TNFα, and IL-6 mRNA 
levels in primary astrocyte cultures 
 
Primary astrocyte cultures were treated with vehicle (Type 1 H20) or Ru265 (10 
or 20 µM) for 24 hr before the addition of PBS (control) or LPS (100 ng/ml). The 
mRNA levels of IL-1β (A and B), TNFα (C and D), and IL-6 (E and F) were then 
measured 4 hr (A, C, and E), or 24 hr (B, D, and F) after the addition of PBS or 
LPS using RT-qPCR. Bars show the mean ± SD of data from 1 experiment (4 
wells) for the 4 hr time point and 3 experiments (3 wells/experiment) for the 24 hr 
time points. **p<0.01, ***p<0.001, ****p<0.0001; ordinary one-way ANOVA 
followed by Tukey’s multiple comparisons test.  
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4.2.3 Ru265 Increased TGFβ and IL-10 Gene Expression in Primary Cultures 

of Mouse Astrocytes   

Using RT-qPCR, mRNA levels of the anti-inflammatory cytokines TGFβ and IL-

10 were measured in primary cultures of mouse astrocytes that received vehicle 

(Type 1 sterile H2O) or Ru265 (10 or 20 µM) for 24 hr before the addition of PBS 

(control) or LPS (100 ng/ml) (Figure 4.3A-D). After both 4 and 24 hr of LPS 

treatment there was an increase in TGFβ but not IL-10 mRNA levels (Figure 

4.3A-D). Interestingly, TGFβ and IL-10 mRNA levels were increased 48 hr after 

the addition of Ru265 (20 µM) (Figure 4.3B and D). However, Ru265 (10 and 20 

µM) mitigated the increases in TGFβ mRNA levels in LPS-treated cultures at 4 

and 24 hr (Figure 4.3A and B). Compared to LPS-treated cultures, IL-10 mRNA 

levels were higher in LPS-treated cultures first treated with Ru265 (10 and 20 

µM) at 4 hr (Figure 4.3C). Treatment with 20 µM of Ru265 also elevated IL-10 

mRNA levels 24 hr after LPS treatment (Figure 4.3D). Hence, unlike the pro-

inflammatory cytokines IL-1β, TNFα, and IL-6, Ru265 alone elevated mRNA 

levels of TFGβ and IL-10, cytokines known to have anti-inflammatory and 

neuroprotective properties.  
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Figure 4.3. Effects of Ru265 on LPS-induced TFGβ and IL-10 mRNA levels in 
primary astrocyte cultures 
 
Primary astrocyte cultures were treated with vehicle (Type 1 H20) or Ru265 (10 
or 20 µM) for 24 hr before the addition of PBS (control) or LPS (100 ng/ml). TFGβ 
(A and B) and IL-10 (C and D) mRNA levels were measured 4 hr (A and C) or 24 
hr (B and D) after the addition of PBS or LPS using RT-qPCR. Bars show the 
mean ± SD of data from 1 experiment (4 wells) for the 4 hr time point and 3 
experiments (3 wells/experiment) for the 24 hr time point. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001; ordinary one-way ANOVA followed by Tukey’s multiple 
comparisons test.  
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4.2.4 Ru265 Suppressed the Induction of Pro-inflammatory Cytokine and 

Adhesion Molecule mRNA Levels by LPS in HBEC-5i Cells  

HBEC-5i cells, a human brain endothelial cell line, was used to further examine 

the anti-inflammatory effects of Ru265. HBEC-5i cells were treated with vehicle 

(Type 1 sterile H2O) or increasing concentrations of Ru265 (3, 5, or 10 µM) for 24 

hr before the addition of PBS (control) or LPS (100 ng/ml) for 24 hr (Figure 4.4A-

F). Cells were then collected for RT-qPCR analysis of mRNA levels for the pro-

inflammatory cytokines CCL2, IL-1β, IL-6, and IL-8, and the cell adhesion 

molecules VCAM-1 and ICAM-1. The expression of these genes was 

upregulated by LPS (Figure 4.4A-F). Ru265 (3-10 µM) failed to suppress 

induction of CCL2 gene expression by LPS (Figure 4.4A). However, Ru265 (3-10 

µM) attenuated the rise in IL-1β mRNA levels produced by LPS (Figure 4.4B), 

while the highest concentration of Ru265 (10 µM) suppressed the induction of IL-

6, IL-8, and VCAM-1 but not ICAM-1 by LPS (Figure 4.4C-F). These findings 

extend the anti-inflammatory effects of Ru265 by showing that this MCUcx 

inhibitor mitigated LPS-induced pro-inflammatory cytokine and cell adhesion 

molecule gene expression in a human brain endothelial cell line. 
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Figure 4.4. Effects of Ru265 on LPS-induced cytokine and cell adhesion 
molecule mRNA levels in HBEC-5i cells 
 
HBEC-5i cells were treated with vehicle (Type 1 H20) or Ru265 (3, 5, or 10 µM) 
for 24 hr before the addition of PBS (control) or LPS (100 ng/ml) for 24 hr. Levels 
of mRNAs for CCL2 (A), IL-1β (B), IL-6 (C), IL-8 (D), VCAM-1 (E), and ICAM-1 
(F) were then measured using RT-qPCR. Bars show the mean ± SD of data from 
3 experiments, 3 wells/experiment. *p<0.05, **p<0.01, ****p<0.0001; ordinary 
one-way ANOVA followed by Tukey’s multiple comparisons test.  
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4.3 Discussion  

4.3.1 Ru265 Protects Mouse Primary Astrocyte Cultures against OGD-

induced Injury 

Astrocytes perform many functions important for neuronal survival and play a 

pivotal role in propagating signals between multiple cell types of the NVU 

necessary for the rapid adjustment of CBF to support the prodigious metabolic 

demands imposed by neurotransmission (Bantle et al., 2021; Iadecola, 2017; 

Zhang et al., 2020). Compared to neurons, astrocytes are more resistant to OGD 

because astrocytes have higher glycogen stores that slows ATP depletion in the 

absence of oxygen and glucose (Baldassarro et al., 2018; Rossi et al., 2007). It 

was therefore necessary to subject astrocyte cultures to a longer period of OGD 

(4 hr) to reliably produce a ~50% loss in cell viability. Similar to cortical neurons, 

Ru265 effectively preserved astrocyte viability after this period of OGD. These 

results indicate that preventing injurious mitochondrial Ca2+ overloading with 

Ru265 treatment also effectively protects astrocyte cultures from OGD-induced 

cell death. There is clear evidence that Ca2+ overloading and mitochondrial 

dysfunction contribute to astrocyte cell death after OGD. In astrocyte cultures 

exposed to OGD, mitochondrial Ca2+ overloading triggers caspase-mediated cell 

death (Huang et al., 2013; Mukda et al., 2019). Astrocyte cultures subjected to 

OGD display many of the hallmark features of mitochondrial dysfunction, 

including impaired Ca2+ homeostasis, elevated ROS levels, depolarization of the 

∆Ψm, and suppressed ATP synthesis (Guo et al., 2018; Guo et al., 2012; Kintner 

et al., 2007; Xu et al., 2005). Furthermore, treatments that preserve mitochondrial 
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bioenergetics reduce OGD-induced cell death in astrocyte cultures (Guo et al., 

2018; Guo et al., 2012; Kintner et al., 2007). This suggests that inhibition of the 

MCUcx with Ru265 may also protect the brain from ischemic injury by improving 

astrocyte survival. Indeed, the preservation of astrocyte function has been found 

to be beneficial for neurons and other brain cell subtypes during ischemic 

conditions (Baldassarro et al., 2018; Rossi et al., 2007). Neurons co-cultured with 

astrocytes fare much better after OGD and seem to be less susceptible to OGD-

induced injury (Baldassarro et al., 2018; Rossi et al., 2007). The shuttling of 

nutrients such as glucose to neurons and the large glutamate uptake capacity by 

astrocytes also supports neuronal survival during cerebral ischemia (Rossi et al., 

2007). The findings suggest that astrocyte protection may also contribute to the 

therapeutic benefits of MCUcx inhibition in the treatment of ischemic stroke. 

 

4.3.2 Ru265 Supresses the LPS-induced Inflammatory Response in Primary 

Cultures of Mouse Astrocytes 

Astrocytes also play an important role in mounting the inflammatory response to 

different stimuli associated with injury and neurodegenerative diseases, such as 

oxidative stress, excitotoxicity, and pro-death signalling molecules (Bantle et al., 

2021; Choi et al., 2014; Jayaraj et al., 2019; Li et al., 2019). Astrocytes have 

TLR4 receptors and can therefore be stimulated by LPS to release pro-

inflammatory cytokines, which provides a model to examine how astrocytes 

contribute to neuroinflammation (Park et al., 2017; Skrzypczak-Wiercioch & 

Sałat, 2022). Indeed, treatment with LPS induced the expression of the pro-
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inflammatory cytokines IL-1β, TNFα, and IL-6 in primary astrocyte cultures. 

Furthermore, Ru265 treatment was able to supress this LPS-induced increase in 

pro-inflammatory cytokines. This suggests that Ru265 might possess anti-

inflammatory properties by suppressing the induction of pro-inflammatory 

cytokine expression in astrocytes.   

 

ROS production drives pro-inflammatory cytokine expression by activating the 

redox sensitive transcriptional factor NF-κB and the NLRP3-inflammasome 

pathway (Blaser et al., 2016; Song et al., 2017; Vallabhapurapu & Karin, 2009). 

Mitochondria in astrocytes are a major source of ROS production that drives 

ischemic brain injury (Chen et al., 2020). Furthermore, mitochondrial damage 

produces powerful pro-inflammatory signaling molecules that activate injurious 

A1 astrocytes (Joshi et al., 2019).  Alterations in the balance of mitochondria 

fusion-fission dynamics, such as an increase in fission and phosphorylated 

dynamin-related protein 1 (DRP1), have also been shown to increase the 

inflammatory activation of astrocytes, resulting in neuroinflammation (Bantle et 

al., 2021; Joshi et al., 2019; Rahman & Suk, 2020). Conversely, treatment with 

an inhibitor of mitochondrial fission was shown to suppress glial activation and 

neuroinflammation, and transferring functional mitochondria to astrocyte cultures 

is neural protective (Joshi et al., 2019; Rahman & Suk, 2020). In addition, 

impaired Ca2+ signalling and homeostasis caused by mitochondrial dysfunction 

have been shown to drive the inflammatory response in astrocytes (Bantle et al., 

2021; Hansson et al., 2016; Panattoni et al., 2021; Strokin et al., 2011). 
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Spontaneous Ca2+ spikes and Ca2+ transients in astrocytes that occur more 

frequently after central nervous system (CNS) injury and inflammation have been 

correlated with the polarization of astrocytes to an A1 pro-inflammatory 

phenotype (Hansson et al., 2016; Panattoni et al., 2021; Strokin et al., 2011). The 

resultant rise of cytosolic Ca2+ levels therefore increases the risk of excessive 

mitochondrial Ca2+ uptake known to trigger ROS overproduction and 

inflammation (Peng & Jou, 2010). It is therefore likely that by preserving 

mitochondrial function, which maintains Ca2+ homeostasis and opposes 

excessive ROS production, Ru265 suppresses astrocyte-mediated inflammation.  

 

4.3.3 Ru265 Induced Anti-inflammatory Cytokines Gene Expression in 

Primary Cultures of Mouse Astrocytes   

Astrocytes also resolve inflammation and promote cell survival by producing 

TGFβ and IL-10 (Dobolyi et al., 2012; Kwilasz et al., 2015; Lobo-Silva et al., 

2016). Astrocytes cultured from IL-10 deficient mice release higher levels of pro-

inflammatory cytokines and more readily polarize to a pro-inflammatory A1 

phenotype after LPS stimulation (Zhang et al., 2020). In contrast, adding IL-10 to 

astrocyte cultures derived from these IL-10 deficient mice attenuates this pro-

inflammatory A1 phenotype (Zhang et al., 2020). Astrocyte-derived IL-10 also 

improves neuronal survival after axotomy by reducing microglia activation 

(Villacampa et al., 2015). Mouse studies have also demonstrated that treatment 

with IL-10, or the induction of IL-10 synthesis and release, improves learning and 

memory, reduces neurodegeneration, and enhances recovery after brain injury 
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(Kwilasz et al., 2015; Mayo et al., 2016; Zhang et al., 2020). Lastly, reduced 

MCUcx inhibition conferred by increased expression of the inhibitory MCUb 

subunit is associated with the polarization of macrophages from a pro-

inflammatory M1 to an anti-inflammatory M2 phenotype (Feno et al., 2021). It is 

therefore tempting to speculate that by inhibiting the MCUcx and suppressing 

mitochondrial ROS production, Ru265 also promoted the polarization of 

astrocytes to an anti-inflammatory A2 phenotype resulting in increased 

production of TGFβ and IL-10.  

 

Another interesting characteristic of IL-10 is that it has been shown to increase 

astrocyte production of TGFβ. This pleiotropic cytokine has both pro- and anti-

inflammatory activities depending on the context (Norden et al., 2014; Sanjabi et 

al., 2009). Experimentation with co-cultured astrocytes and microglia 

demonstrated that IL-10 stimulated the release of TGFβ from activated 

astrocytes, which in turn attenuated microglia activation and reduced 

inflammation (Norden et al., 2014). These findings are intriguing because TGFβ 

mRNA levels were not elevated in astrocyte cultures until 48 hr after treatment 

with Ru265. This delayed upregulation of TGFβ mRNA by Ru265 might therefore 

reflect TGFβ induction subsequent to the elevation of IL-10 levels. This finding 

further suggests that Ru265 promotes the polarization of astrocytes to an anti-

inflammatory A2 phenotype. This is anticipated to add to the potential beneficial 

effects of Ru265 by reducing injurious brain inflammation. 
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The generation of IL-10 has also been linked to reduced infarct size in murine 

models of ischemic-reperfusion injury produced by transient middle cerebral 

artery occlusion (MCAO) (Frenkel et al., 2005; Tukhovskaya et al., 2014). IL-10 

deficient mice demonstrated a significantly greater infarct size compared to wild 

type (WT) mice, while immune-mediated neuroprotection produced by the oral 

consumption of myelin oligodendrocyte glycoprotein before MCAO was conferred 

by regulatory T cells that release IL-10 (Frenkel et al., 2005). IL-10 administration 

also reduced infarct size after MCAO, and in primary hippocampal cultures, IL-10 

reduced cell death after OGD (Tukhovskaya et al., 2014). Further, this reduction 

in cell death by IL-10 was associated with preservation of intracellular Ca2+ 

handling likely involving mitochondria (Tukhovskaya et al., 2014). This suggests 

that the ability of Ru265 to increase IL-10 expression might contribute to the 

neuroprotective potential of this compound in the treatment of ischemic stroke by 

maintaining Ca2+ handling and reducing inflammation. Furthermore, the induction 

of TGFβ and IL-10 mRNA levels by Ru265 in astrocytes may also protect and 

repair the NVU after an ischemic stroke. 

 

4.3.4 Ru265 Suppressed LPS-induced Pro-inflammatory Cytokine and 

Adhesion Molecule Gene Expression in HBEC-5i Cells 

Endothelial cells, important components of the NVU that form the wall of cerebral 

blood vessels, also play a key role in neuroinflammation (Iadecola, 2004; Verma 

et al., 2006). Brain endothelial cells are crucial for the maintenance and function 

of the BBB, which ensures a healthy microenvironment in the brain (Smyth et al., 
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2018). Breakdown of the BBB that often occurs in numerous inflammatory and 

neurodegenerative conditions can exacerbate injury (Verma et al., 2006). Brain 

endothelial cells can play dual roles in these disorders by releasing pro-

inflammatory cytokines that worsen brain injury or various anti-inflammatory 

cytokines and trophic factors which protect and promote the repair of the brain 

(Shen et al., 2004; Smyth et al., 2018; Verma et al., 2006). The unique location of 

brain endothelial cells allows them to secrete cytokines into both the brain and 

the blood circulation, thus influencing both the brain and periphery (Verma et al., 

2006). With respect to the former, there is strong evidence indicating that brain 

endothelial cells contribute to neuroinflammation by secreting pro-inflammatory 

cytokines (Smyth et al., 2018; Verma et al., 2006). Ru265 was found to suppress 

the expression of pro-inflammatory cytokines and cellular adhesion molecules in 

HBEC-5i cells treated with LPS. Cellular adhesion molecules (ICAM-1 and 

VCAM-1) promote brain inflammation by enabling immune cell infiltration. Binding 

to ICAM-1 and VCAM-1 induces pro-inflammatory signaling in immune cells and 

initiates their movement into the brain parenchyma (Smyth et al., 2018). Ru265 

suppressed the induction of IL-1β, IL-6, IL-8, and VCAM-1 mRNA levels by LPS 

in HBEC-5i cells. This finding extends the anti-inflammatory effects of Ru265 

from astrocytes to human brain endothelial cells. Taken together, Ru265 should 

therefore further maintain NVU homeostasis after an ischemic stroke by reducing 

the inflammation. Hence, the abilities of Ru265 to not only protect neurons and 

astrocytes but also suppress pro-inflammatory signaling in astrocytes and brain 

endothelial cells and promote anti-inflammatory cytokine expression in astrocytes 
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indicate that this compound has strong potential for the treatment of ischemic 

stroke by acting on various cellular components of the NVU.  
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Chapter 5: Ru265 Reduces Hypoxic/Ischemic (HI) Brain Injury 

but also Promotes Seizure Activity in Mice 

 

5.1 Introduction  

The previous chapters demonstrated that the MCUcx inhibitor Ru265 blocked 

mitochondrial Ca2+ uptake in cortical neuron cultures, suppressed OGD-induced 

cell death in primary mouse cortical neuron and astrocyte cultures, increased 

anti-inflammatory cytokine gene expression in astrocyte cultures, and reduced 

pro-inflammatory cytokine gene expression in LPS-treated astrocyte and HBEC-

5i cultures. These cell based findings support the neural protective potential of 

Ru265. However, to assess the safety and better characterize the neural 

protective potential of Ru265 for stroke, it is necessary to employ a suitable 

animal model.  

 

The genetic identification of the MCU subunit in 2011 enabled the generation of 

inducible cell specific MCU deficient mice (Baughman et al., 2011; Stefani et al., 

2011). Experimentation with these mice has shown that ablation of the MCU in 

cardiac myocytes at adulthood reduces ischemic/reperfusion injury in the heart 

(Kwong et al., 2015; Luongo et al., 2015). Furthermore, our laboratory has shown 

that deletion of the MCU in Thy-1 expressing neurons at sexual maturity 

mitigates sensorimotor deficits and preserves the integrity of mitochondria and 

neurons in the forebrain of mice subjected to HI brain injury (Nichols et al., 2018). 

These studies suggest that inhibition of the MCUcx with Ru265 should also be 
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protective in mice subjected to HI brain injury. HI brain injury is produced by 

occlusion of a common carotid artery, followed by placing the animal in a low 

oxygen chamber that results in unilateral HI brain injury. The degree of injury can 

then be determined by measuring the infarct size in the affected hemisphere. The 

primary aims for these experiments were to assess if Ru265: (1) reaches 

concentrations in the brain that suppress OGD-induced cell death in primary 

cultures of mouse cortical neurons and (2) reduces sensorimotor deficits and 

infarct volumes in mice subjected to HI brain injury. While completing these 

studies, it was observed that Ru265 produced motor convulsions in mice when 

injected i.p. at doses of 10 and 30 mg/kg. To determine if Ru265-induced 

convulsions were mediated by the MCUcx, convulsions were measured in Thy 1 

control mice with an intact MCUcx and Thy1-MCU deficient mice injected with 

Ru265 at a dose of 10 mg/kg (i.p.).  

 

5.2 Results  

5.2.1 Ru265 Reduces Sensorimotor Deficits and Infarct Volumes in Mice 

Subjected to HI Brain Injury  

Injection of Ru265 (1 and 10 mg/kg, i.p.) produced a dose-dependent elevation of 

plasma and forebrain Ru concentrations in adult (20 g) male C57Bl/6 mice (Table 

2). The neuroprotective potential of Ru265 was then examined in adult male mice 

subjected to HI brain injury. Relative to mice that received saline (8 ml/kg, i.p.) 30 

min before being subjected to HI brain injury, Ru265 (3 mg/kg, i.p.) reduced 

sensorimotor deficits and infarct volumes 24 hr after HI (Figure 5.1A-C). 
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Interestingly, measurements of forebrain Ru concentrations indicated that even 

at a dose of 10 mg/kg (i.p.), Ru265 forebrain concentrations (0.315 ± 0.007 µM; 

mean ± standard error of mean (SEM); Table 2) were less than 10% of the EC50 

(4.1 µM; Figure 3.3A) for elevating the viability of cortical neurons exposed to 

OGD.  

 

 

 

 

 

 
Table 2. Plasma and forebrain concentrations of Ru265 
 
Treatment  Plasma (µM ± SEM) Forebrain (µM ± SEM) 
Saline (8 ml/kg, i.p.) ND ND 
Ru265 (1 mg/kg, i.p.) 0.771 ± 0.009  0.026 ± 0.004  
Ru265 (10 mg/kg, i.p.) 6.123 ± 0.012  0.315 ± 0.007  

 
Note: Plasma and forebrain concentrations of Ru265 1 hr after the injection of 
saline (8 ml/kg, i.p.) or Ru265 (1 or 10 mg/kg, i.p.) determined by measuring Ru 
levels with ICP-MS.  
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Figure 5.1. Ru265 reduces sensorimotor deficits and infarct volumes in mice 
subjected to HI brain injury  
 
Adult male C57Bl/6 mice were injected with saline (8 ml/kg, i.p.) or Ru265 (3 
mg/kg, i.p.) 30 min before HI injury. Neuroscores (A) and infarct volumes (C) 
were measured 24 hr later. Representative TTC stained sections 24 hr after HI 
injury of mice injected with saline or Ru265 (B). The lines in A and C represents 
the average value of data for 9 mice. *p<0.05, **p<0.01; Mann-Whitney U tests.  
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5.2.2 Ru265 Produced Dose-dependent Increases in the Frequency and 

Duration of Seizure-like Behaviours 

During these studies, it was observed that Ru265 produced seizure-like 

behaviours similar to those observed in rodents and cats injected with RuRed, 

which contains Ru360 (Garcia-Ugalde & Tapia, 1991; Tapia, 1982; Tapia et al., 

1976). The dose- and time-dependent effects of Ru265 on a variety seizure-like 

behaviours were therefore measured in male C57Bl/6 mice. Mice were injected 

with increasing doses of Ru265 and observed for 90 min. The frequency and 

duration of seizure-like behaviours were recorded by raters unaware of the 

treatment conditions. At a dose of 3 mg/kg (i.p.), Ru265 caused bouts of 

motionless staring, typical of absence seizures, within 30 min of the injection, that 

occurred more frequently during the remaining 60 min of the test period (Figure 

5.2A). By comparison, the frequency of motionless staring did not increase at 

doses of 10 or 30 mg/kg (i.p.). Facial jerking was also observed at a dose of 3 

mg/kg (i.p.) and became more frequent at 10 mg/kg (i.p.) but declined at a higher 

dose of 30 mg/kg (i.p.) because the animals were incapacitated by severe 

convulsions lasting over 10 min that were characterized by muscle contractions 

and repeated jerking movements of the limbs on both sides of the body (Figure 

5.2A-B). By contrast, 3 mg/kg (i.p.) did not produce convulsions during the 90 

min test-period (Figure 5.2A-B). Whisker trembling at a dose of 10 mg/kg (i.p.) of 

Ru265 was associated with the induction of mild absence seizures. Ru265 (30 

mg/kg; i.p.) produced severe convulsions that lasted for 15 min (Figure 5.2B). 

The onset of convulsions was also more rapid for 30 mg/kg (i.p.) compared to 10 
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mg/kg (i.p.) of Ru265 (Figure 5.2B). The severity of these Ru265-induced 

convulsions increased over time. By 2 and 4 hr all animals injected with 30 and 

10 mg/kg (i.p.) respectively had to be humanely euthanized. 
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Figure 5.2. The frequency and duration of seizure-like behaviours after Ru265 
injections  
 
Adult male C57Bl/6 mice were injected with 3, 10, or 30 mg/kg (i.p.) of Ru265 
and observed over a 90 min period. The frequency of seizure-like behaviours (A) 
and duration of convulsions (B) were recorded over a 90 min period by raters 
unaware of the treatment conditions. Data represent the mean ± SD; n = 4 
mice/group.   
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5.2.3 Ru265-induced Convulsions are Not Mediated by MCUcx Inhibition 

Thy1-MCU deficient mice were used to determine if Ru265-induced convulsions 

were mediated by the MCUcx. Thy1 and Thy1-MCU deficient mice were injected 

i.p. with 10 mg/kg of Ru265, a dose that induced convulsions about 1 hr post 

injection (Figure 5.2B). There were no differences in the frequency or duration of 

Ru265-induced convulsions between Thy1 controls and Thy1-MCU deficient 

mice (Figure 5.3). This suggests that the pro-convulsant effects of Ru265 are 

more likely caused by an off-target activity rather than inhibition of the MCUcx.  
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Figure 5.3. Ru265 promotes convulsions by a non-MCU mechanism  
 
Thy1 and Thy1-MCU deficient (def) mice were injected with 10 mg/kg (i.p.) of 
Ru265 and the frequency of minor (lasting 2-3 min or less) and severe (lasting 10 
min or more) convulsions was measured over a 150 min period by raters 
unaware of treatment conditions. Bars show the mean ± SD; n = 3 mice/group.  
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5.3 Discussion  

5.3.1 Ru265 Reduced HI-induced Brain Injury 

Intraperitoneal (i.p.) injections of 1 and 10 mg/kg of Ru265 in adult male C57Bl/6 

mice produced a dose-dependent elevation of plasma and forebrain Ru 

concentrations 1 hr after injection. Although Ru265 reached detectable 

concentrations in the brain at a dose injection of 1 mg/kg (i.p.), the forebrain 

concentrations, even at a dose of 10 mg/kg, were still less than 10% of the EC50 

for protecting cortical neurons from OGD-induced cell death. One explanation for 

this discrepancy is that Ru265 becomes concentrated in neurons and astrocytes. 

In support of this hypothesis, Ru265 is a substrate for organic cation transporter 

3 (OCT3) (Woods et al., 2020) that is enriched in forebrain neurons and 

astrocytes (Gasser et al., 2017; Gasser et al., 2009). Forebrain Ru 

measurements may therefore have underestimated the uptake of Ru265 by 

neurons and astrocytes.   

 

5.3.2 Ru265 Produced Dose-dependent Convulsions in Mice through a Non-

MCUcx Mechanism  

A clear adverse effect of Ru265 is the induction of convulsions in mice at doses 

of 10 and 30 mg/kg (i.p.). To overcome this complication, a low dose of Ru265 (3 

mg/kg, i.p.) that did not produce convulsions was used to assess efficacy in the 

HI brain model. At a dose of 10 mg/kg, convulsions started in mice about 45 min 

after injection, and the severity of convulsions increased over time, resulting in 

the animals having to be euthanized after a few hours. It has been previously 
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reported that RuRed induces convulsions, but at lower doses (4.4 mg/kg, i.p.) 

than Ru265. RuRed was also shown to reduce the viability of rat cortical neuron 

cultures by 50% after 24 hr of exposure (Velasco et al., 1995; Velasco & Tapia, 

1997, 2000), which was not the case for Ru265 in mouse cortical neurons. This 

suggests that mechanisms other than MCUcx inhibition account for the neurotoxic 

actions of RuRed. To examine whether the Ru265-induced convulsions were 

dependent on the MCUcx, we employed Thy1-MCU deficient mice. It should be 

noted that Thy1-MCU deficient mice appear healthy and do not display 

spontaneous convulsions. However, compared to WT mice subjected to HI brain 

injury, convulsions are more likely to occur in global MCU nulls subjected to HI 

brain injury (unpublished observations). Thy1 and Thy1-MCU deficient mice 

displayed the same number of minor (lasting 2-3 min or less) and severe (lasting 

10 min or more) convulsions. These results suggests that the pro-convulsant 

effects of Ru265 at not mediated by the MCUcx and reflect off target activity.  
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Chapter 6: Novel Os-based MCUcx Inhibitors Preserve Cell 

Viability and Mitochondrial Function in Cortical Neuron Cultures 

Subjected to OGD but Induce Seizure-like Behaviours 

 
6.1 Introduction  

Data presented in Chapter 3 showed that Ru265 protects primary cultures of 

mouse cortical neurons from ischemic/reperfusion injury by blocking 

mitochondrial Ca2+ overloading. However, the results from animal studies 

described in Chapter 5 indicate that Ru265 suffers from low brain permeability 

and undesirable off target activity which induces convulsions. The goal of this 

chapter is to determine whether these limitations can be overcome by 

modifications to the chemical structure of Ru265. The first strategy was to 

examine the effects of changing the metal center of Ru265. In this case, two 

structural analogues of Ru265 were synthesized. For the first, the two Ru atoms 

were replaced with Os atoms to create a nitrido-bridged diosmium compound, 

termed Os245 (Figure 6.1A). For the second, the axial chlorido ligands were 

replaced with coordinated water molecules to generate its aqua-capped 

analogue termed Os245’ (Figure 6.1B). A consequence of substituting Os for Ru 

in these compounds is that the resultant compounds have improved stability and 

slower substitution kinetics of the axial ligands (Bruijnincx & Sadler, 2009). In 

comparison to the Ru-based inhibitor Ru265 (kobs = 4.92 x 10-3 sec-1), the axial 

ligand exchange kinetics of Os245 are two orders of magnitude slower (kobs = 

1.63 x 10-5 sec-1) at 37°C. The MCUcx-inhibitory properties of Os245 and Os245’ 
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were also different (Os245 IC50 for MCUcx inhibition = 103 nM; Os2450 IC50 for 

MCUcx inhibition = 2.3 nM), indicating that the axial ligands of these compounds 

play an important role in regulating interactions with this channel. Os245 and 

Os245’ therefore permit the examination of how changes in the axial ligands 

impact cellular uptake and interactions with the MCUcx. In addition, analogues of 

Ru265 and Os245’ were generated by the addition of adamantane molecules 

and termed RuOAd and OsOAd, respectively (Figure 6.1C-D). These chemical 

modifications were made because adamantane has neuroprotective properties in 

models of ischemic stroke by blocking the excessive activation of ionotropic 

glutamate receptors (Kadernani et al., 2014). The goals of this chapter were to 

compare the cellular uptake and neuroprotective properties of these Ru265 

analogues in primary cultures of mouse cortical neurons, as well as their pro-

convulsant effects in mice.  
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Figure 6.1. Chemical Structures of Os245 (A), Os245’ (B), RuOAd (C), and 
OsOAd (D)  
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6.2 Results  

6.2.1 Os245 and Os245’ Enter the Cytosol of Cultured Cortical Neurons  

Primary cortical neuron cultures were treated with Os245 or Os245’ at 

concentrations of 10, 30, or 50 µM for 30 min, 3 hr, or 24 hr. Cellular uptake of 

either Os245 or Os245’ was estimated by measuring concentrations of Os 

yielded by cell lysis. Since these compounds each contain two Os atoms, 

concentrations were considered half of the Os values determined by ICP-MS. 

Treatment of cortical neuron cultures with either Os245 or Os245’ produced 

concentration- and time-dependent increases in intracellular Os levels (Figure 

6.2A-C). The intracellular Os levels produced by Os245’ were consistently 

greater than those generated by Os245 at the equivalent concentrations and time 

points. These findings indicate that compared to Os245, Os245’ displays more 

rapid and greater cellular uptake by cortical neurons (Figure 6.2A-C).  
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Figure 6.2. Cellular uptake of Os245 and Os245’ in primary cortical neuron 
cultures  
 
Os concentrations in cell lysates of primary cortical neuron cultures 30 min (A), 3 
hr (B), and 24 hr (C) after treatment with Os245 (10, 30, or 50 µM) or Os245’ (10, 
30, or 50 µM). Concentrations are expressed as ng of Os per µg of protein. Bars 
show the mean ± SD of 3 wells/concentration.  
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6.2.2 Os245 and Os245’ Produced Comparable Concentration-dependent 

Protection of Cortical Neurons Subjected to OGD 

The ability of Os245 and Os245’ to protect cortical neurons against OGD was 

investigated by treating cultures with increasing concentrations (1, 2.5, 5, 10, 30, 

or 50 µM) of Os245 or Os245’ for 3 hr before exposure to 90 min of OGD. 

Viability was then measured 24 hr later using the MTT assay, and percent 

viability was calculated relative to No OGD control cultures. Both compounds 

elicited very similar concentration-dependent increases in cell viability, with 30 

µM and 50 µM of Os245 elevating viability from 39.5 ± 7.0% to 75 ± 21.9% and 

90 ± 18.1% (mean ± SD), respectively (Figure 6.3A), and 30 µM and 50 µM of 

Os245’ elevating viability from 41.8 ± 6.4% to 75 ± 17.9% and 94 ± 19.7% (mean 

± SD), respectively (Figure 6.3B). This shows that these new MCUcx inhibitors 

have similar potency and efficacy at protecting cortical neurons from OGD-

induced cell viability loss. Compared to Ru265 (EC50=4.1 µM) they are equally 

efficacious but about 5-6-fold less potent (EC50~20-25 µM) at preserving cell 

viability after OGD.  
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Figure 6.3. Os245 and Os245’ protect cortical neuron cultures against OGD-
induced cell death  
 
Percent cell viability in primary cortical neuron cultures treated with vehicle (Type 
1 H20) or increasing concentrations (1, 2.5, 5, 10, 30, or 50 µM) of Os245 (A) or 
Os245’ (B) for 3 hr before OGD (90 min). Cell viability was measured 24 hr after 
OGD using the MTT assay. Values represent percent viability relative to control 
(No OGD) cultures (100% cell viability). Bars show the mean ± SD of data from 4 
experiments, 6 wells/experiment. ****p<0.0001; ordinary one-way ANOVA 
followed by Tukey’s multiple comparisons test.  
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6.2.3 Os245 and Os245’ Preserve OCR and ECAR in Cortical Neurons 

Exposed to OGD  

The effects of Os245 and Os245’ on mitochondrial function in cortical neurons 

subjected to OGD were assessed using the Seahorse XFe24 extracellular flux 

assay analyser. Like earlier experiments with Ru265, pilot studies demonstrated 

that higher concentrations (75 µM) of Os245 and Os245’ were required to 

suppress OGD-induced cell viability loss in the XF24 plates. Under normal 

culture conditions (No OGD), treatment with Os245 or Os245’ (75 µM) for 3 hr 

did not alter the basal OCR, FCCP-induced maximal OCR, or residual OCR after 

the addition of rotenone and antimycin relative to vehicle (Figure 6.4A). 

Compared to vehicle, the ECAR was also unchanged by Os245 or Os245’ (75 

µM) (Figure 6.4B). Consistent with previous studies (section 3.3.5), OCR and 

ECAR were significantly reduced 2 hr after exposure to 30 min of OGD (Figure 

6.4C-F). In contrast, treatment with 75 µM of Os245 or Os245’ for 3 hr prior to 

OGD effectively preserved mitochondrial respiration and glycolysis (Figure 6.4C-

F). Relative to vehicle-treated cultures, these compounds prevented the 

reduction in basal respiration and the loss of FCCP-induced maximal respiratory 

capacity, as well as the drop in ECAR levels, after OGD.  
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Figure 6.4. Os245 and Os245’ preserve mitochondrial function in primary cortical 
neuron cultures subjected to OGD 
 
Primary cortical neuron cultures were treated with vehicle (Type 1 H20), Os245 
(75 µM), or Os245’ (75 µM) for 3 hr and left as control (A and B) or subjected to 
30 min of OGD (C-F). OCR and ECAR were measured after the sequential 
addition of Oligo (1 µM), FCCP (2 µM), Rot (300 nM) and Antimycin (5 µM). 
Traces of OCR (A) and ECAR (B) under control (No OGD) conditions for cultures 
treated with vehicle, Os245, or Os245’. OCR and ECAR levels 2 hr after OGD in 
vehicle or Os245 treated cultures (C and D) and vehicle or Os245’ treated 
cultures (E and F). Bars show the mean ± SD of data representative of 3 
experiments, 5 wells/experiment. *p<0.05, **p<0.01, ***p <0.001, ****p<0.0001; 
two-way ANOVA followed by Bonferroni’s post hoc test. 
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6.2.4 Relative to Ru265, Mice Injected with Os245 or Os245’ Showed 

Delayed but Equally Severe Convulsions  

Since Os245 and Os245’ displayed reduced cellular uptake and required higher 

concentrations to preserve cortical neuron viability after OGD compared to 

Ru265, their abilities to cause convulsions may also be different. To test this 

hypothesis, male C57BI/6 mice were injected with 10 mg/kg (i.p.) of either 

Ru265, Os245, or Os245’, and then monitored for motor convulsions. As seen in 

the earlier studies (section 5.2.2), mice injected with 10 mg/kg of Ru265 (i.p.) 

displayed convulsions approximately 45 min later (Figure 6.5). For mice injected 

with 10 mg/kg (i.p.) of either Os245 or Os245’, the onset of convulsions was 

delayed compared to Ru265 (Figure 6.5). For example, convulsions lasting over 

6 min were observed 75 min post-injection of Ru265, whereas it took about 30 

min longer for mice treated with either Os245 or Os245’ to display convulsions of 

the same duration (Figure 6.4). Furthermore, convulsions severity increased over 

time to the point that all animals had to be euthanized approximately 3 hr after 

the injection of either Ru265, or Os245, or Os245’.  
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Figure 6.5. Os245 and Os245’ also produced convulsions in mice  
 
Adult male C57Bl/6 mice were injected with 10 mg/kg (i.p.) of Ru265, Os245, or 
Os245’ and observed over a 135 min period. The duration of convulsions 
detected over the test period was recorded by raters unaware of treatment 
conditions. Data represent the mean ± SD; n = 4 mice/group.  
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6.2.5 Adamantane Derivatives of Ru265 (RuOAd) and Os245’ (OsOAd) 

Potently Protect Cortical Neurons Against OGD-induced Cell Viability Loss  

In a further effort to develop MCUcx complex inhibitors with superior 

neuroprotective potency against OGD, analogues of Ru265 and Os245’ 

containing adamantane ligands were generated and called RuOAd and OsOAd, 

respectively (Figure 6.1C and D). Like the previous experiments with Ru265 and 

Os245’, primary cortical neuron cultures were treated with increasing 

concentrations (1, 3, 5, or 10 µM) of RuOAd or OsOAd for 3 hr before being 

subjected to 90 min of OGD, and cell viability was assessed 24 hr after OGD 

using the MTT assay (Figure 6.6A-B). Percent viability was calculated relative to 

No OGD control cultures. Both compounds significantly increased cell viability 

from 32.5 ± 11% to 68 ± 19.5% (mean ± SD) at concentrations as low as 1 µM 

for RuOAd, and from 36.8 ± 13.6% to 81 ± 11.8% (mean ± SD) for 3 µM of 

OsOAd (Figure 6.6A-B). At a concentration of 3 µM for RuOAd and 5 µM for 

OsOAd, these compounds produce a near complete preservation of percent cell 

viability at 95% or above (Figure 6.5A-B). Based on earlier experiments with 

Ru265 and Os245’ (Figures 3.4A and 6.2B, respectively), RuOAd (EC50 ~ 0.8 

µM) is about 5x more potent than Ru265 and OsOAd (EC50 ~ 2 µM) is 

approximately 20x more potent than Os245’. 
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Figure 6.6. RuOAd and OsOAd potently protect cortical neurons against OGD  
 
Percent cell viability in primary cortical neuron cultures treated with vehicle (Type 
1 H20) or increasing concentrations (1, 3, 5, or 10 µM) of RuOAd (A) or OsOAd 
(B) for 3 hr before OGD (90 min). Cell viability was measured 24 hr after OGD 
using the MTT assay. Values represent viability relative to control (No OGD) 
cultures (100% cell viability). Bars show the mean ± SD of data from 3 
experiments, 6 wells/experiment. ****p<0.0001; ordinary one-way ANOVA 
followed by Tukey’s multiple comparisons test.   
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6.3 Discussion  

6.3.1 The Dinuclear Nitrido-bridged Os Complexes Os245 and Os245’ show 

Cell Permeability in Primary Cortical Neuron Cultures 

Os245 and Os245’ produced concentration and time dependent increases in 

intracellular Os levels, confirming that both compounds penetrate the plasma 

membrane of cortical neurons. Consistent with observations in HeLa cells, 

Os245’ accumulates in neurons to a greater extent than Os245. This is 

suggestive of differences in the uptake systems utilized by the chlorido-capped 

and aqua-capped compounds to cross the cell membrane. Indeed, other studies 

have reported different cellular uptake pathways for structurally similar metal 

complexes with distinct terminal ligands (Liu et al., 2011; Novohradsky et al., 

2014; Romero-Canelon et al., 2012; Romero-Canelón et al., 2013). The higher 

cellular uptake of Os245’ than Os245 may reflect the permissive effects of 

increased positive charge on drug uptake by cationic transporters. For instance, 

studies using HeLa cells have shown that inhibition of the OCT3 had no effect on 

the cellular accumulation of Os245, but significantly reduced the cellular 

accumulation of Os245’. This suggests that transport by OCT3 may enable 

Os245’ to reach higher intracellular concentrations than Os245. Given that the 

presence of hydrogen-bond acceptors is an important factor in substrate binding 

to organic cation and anion transporters (Ahlin et al., 2008; Ahn et al., 2009), it is 

possible that the terminal aqua ligands of Os245′ make this complex a better 

substrate for OCT3 than its chlorido-capped analogue, Os245. Further studies 

with HeLa cells that were incubated with Os245 or Os245’ in conditions that 
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diminish energy-dependent cellular uptake showed that there was a slight 

decrease in cellular accumulation of Os245 but not Os245’. This suggests that 

the chloride-cap of Os245 may allow this compound to cross the cell membrane 

in an energy-dependent manner, whereas the aqua-cap of Os245’ may not. The 

differing cellular uptake of Os245 and Os245’ indicate the importance of the axial 

ligands in influencing the biological activity of this class of MCUcx inhibitors. 

These findings provide insights into structural properties that may be utilized to 

develop MCUcx inhibitors with improved biological properties. 

 

6.3.2 Os245 and Os245’ Prevent Cell Death and Preserve Mitochondrial 

Function in Primary Cortical Neurons Subjected to a Lethal Period of OGD 

After examination of the cell permeability of Os245 and Os245’ in neurons, their 

ability to protect against OGD-induced cell death was assessed. Both 

compounds produced a concentration-dependent increase in cell viability, 

indicating that these new inhibitors can protect neurons from the toxic 

mitochondrial Ca2+ overload responsible for viability loss after a lethal period of 

OGD. Despite differences in cellular uptake between Os245 and Os245’, both 

compounds generated comparable protection at similar concentrations. Also, 

compared to Ru265, these Os compounds are approximately 5-6-fold less potent 

at preserving cell viability in the OGD model. This was unexpected because 

Os245’ and R265 are equally potent MCUcx inhibitors in permeablized HeLa 

cells. The reasons for differences in the cytoprotective potencies of Ru265 and 
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Os245’ are unclear but may reflect the lower cellular uptake in cortical neurons, 

different intracellular binding, and slower reaction kinetics of Os245’.  

 

In the Seahorse assay analysis that was used to measure mitochondrial function, 

treatment of cortical neuron cultures with Os245 or Os245’ under normal culture 

conditions did not alter OCR or ECAR levels, indicating that neither of these 

compounds negatively affected mitochondrial bioenergetics. In addition, both 

compounds were able to completely preserve mitochondrial respiration and 

glycolysis when added to cortical neuron cultures before exposure to OGD. This 

is consistent with their abilities to inhibit mitochondrial Ca2+ uptake in intact cells 

and in line with the earlier findings with Ru265. That is, preventing MCUcx-

mediated mitochondrial Ca2+ overload blocks the subsequent collapse of 

mitochondrial function in cell-based models of ischemic/reperfusion injury 

(Kwong et al., 2015; Nichols et al., 2018).  

 

6.3.3 Relative to Ru265, Convulsion Onset was Delayed but Convulsions 

Were Equally Severe in Mice Treated with Os245 or Os245’ 

Since Os245 and Os245’ were shown to be less potent neuroprotectants and to 

have slower reaction kinetics compared to Ru265, it was speculated that these 

compounds may be less likely to cause convulsions in mice. However, both 

Os245 and Os245’ induced convulsions in adult male mice, although the onset of 

this activity was delayed when compared to Ru265. This delay may likely be a 

consequence of their slower and lower cellular uptake compared Ru265 (Figures 
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6.2 and 3.2). Importantly, the slower onset of convulsions with Os245 and Os245’ 

has potentially important implications for the therapeutic development of MCUcx 

inhibitors by showing that structural modifications influence the onset of 

convulsions.   

 

6.3.4 The Addition of Adamantane Ligands to Ru265 and Os245’ Resulted 

in Improved Neuroprotective Potency 

The last analogues assessed were adamantane derivatives of Ru265 (RuOAd) 

and Os245’ (OsOAd). These analogues have an adamantane carboxylic acid 

ligand added to each side of the parent compound. This chemical strategy was 

designed to further assess the effects of changes in the axial ligands on cellular 

uptake and neuroprotective potency. The addition of adamantane was selected 

to improve cellular uptake based on unpublished observations in intact HeLa 

cells (Wilson Lab). In cortical neuron cultures, treatment with RuOAd or OsOAd 

resulted in improved potency against OGD-induced cell death when compared to 

Ru265 or Os245’ respectively. This improved potency was especially 

pronounced with OsOAd compared to Os245’. 

 

It is possible that this improved potency might be due to the presence of the 

adamantane itself, which has been shown to block excitotoxic cell death 

implicated in ischemic stroke (Kadernani et al., 2014). Furthermore, adamantane 

derivatives have been reported to be neuroprotective in a variety of cell based 

and animal models of neurodegenerative disorders (Danysz et al., 2021; 
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Kadernani et al., 2014). In particular, the adamantane derivatives amantadine 

and memantine are approved drugs for the treatment of Parkinson’s disease and 

Alzheimer’s disease (Danysz et al., 2021; Ossola et al., 2011; Quarato et al., 

2014; Robinson & Keating, 2006). Amantadine and memantine are weak 

antagonists of the N-methyl-D-aspartate (NMDA) receptor (Kadernani et al., 

2014; Ossola et al., 2011; Robinson & Keating, 2006). Although NMDA receptor 

antagonism is thought to contribute to the neuroprotective effects of these drugs, 

other mechanisms may be involved (Kadernani et al., 2014; Ossola et al., 2011; 

Robinson & Keating, 2006). For example, amantadine and memantine may exert 

neuroprotective effects by increasing the expression of brain-derived 

neurotrophic factor in the brain (Marvanová et al., 2001; Zhong et al., 2020). 

These drugs are also anti-inflammatory. Amantadine and memantine block the 

induction of pro-inflammatory cytokines by LPS (Ossola et al., 2011; Rosi et al., 

2009). As discussed in more detail below, amantadine and memantine have 

been shown to target mitochondria and reduce injurious oxidative stress 

(McAllister et al., 2008; Quarato et al., 2014). It is therefore likely that the 

therapeutic effects of RuOAd and OsOAd stem from a combination of actions 

(Danysz et al., 2021).  

 

In addition to Parkinson’s disease and Alzheimer’s disease, there is amounting 

evidence from animal and human studies suggesting that amantadine and 

adamantane derivatives might be neuroprotective in other neurodegenerative 

conditions including stroke, Huntington’s disease, and infectious diseases 
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(Danysz et al., 2021; Kadernani et al., 2014; Krivonos et al., 2010). There are a 

few animal studies indicating that amantadine protects the brain from damage by 

an ischemic and hemorrhagic stroke (Krivonos et al., 2010; Mirzoyan et al., 

2014). There is also evidence supporting the protective effects of amantadine 

against mitochondrial dysfunction caused by hepatitis C infection (Quarato et al., 

2014). Hepatitis C viral proteins are known to induce mitochondrial dysfunction 

consisting of an increase in mitochondrial Ca2+ uptake and ROS production, and 

reduced oxygen consumption and depolarization of the ∆Ψm (Quarato et al., 

2014). Amantadine was able to effectively preserve cellular bioenergetics and 

redox homeostasis, and prevent hepatitis C viral protein-induced mitochondrial 

dysfunction, possibly through inhibition of intracellular Ca2+ flux-regulating 

channels or other cation channels (Quarato et al., 2014). This suggests that 

adamantane may be providing additional protective benefits against OGD in 

cortical neuron cultures through further inhibition of Ca2+ overloading, anti-

oxidative actions, and/or preservation of mitochondrial function. It is thought that 

the adamantane ligands dissociate from the parent compound after entering the 

cell, resulting in both adamantane and Ru265 or Os245’ being present in the 

cells. As a result, the presence of both compounds might protect against OGD-

induced cell death by distinct mechanisms. With respect to opposing 

mitochondrial Ca²⁺ overloading, unpublished findings from the Wilson laboratory 

indicate that adamantane (50 µM) does not block mitochondrial Ca²⁺ uptake in 

HeLa cells. Hence, adamantane does not appear to reduce mitochondrial 

Ca²⁺overloading by blocking the MCUcx. Further experiments in the Wilson 
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laboratory have shown that RuOAd and OsOAd have higher IC50s for MCUcx 

inhibition (RuOAd IC50 = 50.5 nM; OsOAd IC50 = 309 nM) compared to Ru265 

(IC50 = 8.6 nM) and Os245’ (IC50 = 5.7 nM) in permeabilized HEK293T cells. 

Despite their higher IC50s for MCUcx inhibition compared to Ru265, both RuOAd 

and OsOAd had EC50s lower than Ru265 for preserving cell viability after OGD in 

primary cortical neuron cultures. This suggests that following dissociation from 

RuOAd and OsOAd, adamantane interacts with neuroprotective targets other 

than the MCUcx to promote additional protective benefits. 

 

The increased potency of RuOAd or OsOAd relative to Ru265 demonstrates how 

modifications can be made to this class of inhibitors to alter their pharmacological 

properties. This opens the door to examining other iterations of these compounds 

with the goal of developing compounds with a lower probability of inducing 

convulsions. The enhanced potency against OGD-induced cell viability loss 

produced by the addition of adamantane to Ru265 or Os245’ is also encouraging 

in this regard. Whether this chemical strategy also improves the safety of these 

compounds awaits the results of future studies.   
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Chapter 7: NCLX Activation Enhanced the Preservation of Cell 

Viability and Mitochondrial Function in Cortical Neuron Cultures 

Subjected to OGD by MCUcx Inhibition 

 
7.1 Introduction  

Despite the promising neuroprotective properties displayed by Ru265, the 

therapeutic use of this MCUcx inhibitor is limited by the induction of convulsions at 

higher doses. One strategy to overcome this problem is to identify a 

complimentary approach that enables the use of a lower dose of Ru265 to 

achieve neuroprotection with a reduced risk of adverse side effects. In this 

regard, an attractive approach to mitigate the risk of toxic mitochondrial Ca2+ 

overloading is to combine activation of mitochondrial Ca2+ efflux with MCUcx 

inhibition. The NCLX is the main exchanger protein involved in mitochondrial 

Ca2+ efflux, and unlike other Na+/Ca2+ exchanger proteins, it is uniquely able to 

mediate mitochondrial Na+ or Li+ influx and Ca2+ efflux (Palty et al., 2010; Roy et 

al., 2017). The regulatory domain of this exchanger contains a cluster of 

positively charged residues that are thought to act like a channel voltage sensor 

(Kostic et al., 2018). Studies monitoring NCLX activity under variations in the 

∆Ψm suggest that this site senses the ∆Ψm and tunes NCLX activity accordingly 

(Kostic et al., 2018). The NCLX imports 3 Na+ ions in exchange for the export of 

1 Ca2+ ion from the mitochondrial matrix. The net positive charge in the matrix is 

offset by the strong negative charge generated by the ∆Ψm (-180 mV). NCLX 

activity is therefore electrogenic and depends on the ∆Ψm to provide the driving 
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force. This suggests that depolarization of the ∆Ψm during cerebral ischemia 

increases the probability of mitochondrial Ca2+ overloading by suppressing NCLX 

activity (Giorgio et al., 2018; Kostic et al., 2018). In support of this hypothesis, 

selective NCLX deletion in cardiac myocytes at adulthood causes sudden death 

with less than 13% of affected mice surviving after 14 days (Luongo et al., 2017). 

Lethality was attributed to mitochondrial Ca2+ overloading resulting in necrotic 

cardiac cell death (Luongo et al., 2017). Conversely, overexpression of the NCLX 

in cardiac myocytes protects the heart against ischemic/reperfusion injury 

(Luongo et al., 2017). Increasing NCLX activity is therefore an alternative 

approach to reduce the risk of mitochondrial Ca2+ overloading.  

 

The NCLX regulatory domain, a loop that joins the α1 and α2 transmembrane 

domains located within the mitochondrial matrix, contains several 

phosphorylation sites, notably for PKA and Ca2+/calmodulin-dependent kinase 2 

(Katoshevski et al., 2021). Phosphorylation of these sites increases NCLX 

activity (Katoshevski et al., 2022; Kostic et al., 2018; Kostic et al., 2015). 

Mitochondrial PKA activation markedly increases NCLX activity by 

phosphorylating a serine residue (S258) in the regulatory domain of this 

exchanger (Kostic et al., 2018; Kostic et al., 2015). PKA is allosterically activated 

by a rise in cAMP levels (Acin-Perez et al., 2009). PDE inhibitors that block the 

degradation of cAMP therefore stimulate PKA activity (Conti & Beavo, 2007). 

PDE2A contains a mitochondrial translocation signal that targets this PDE 

subtype to the mitochondrial matrix (Acin-Perez et al., 2011). PDE2A inhibitors 
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have been shown to increase NCLX activity by enhancing the PKA-mediated 

phosphorylation of serine S258 (Kostic et al., 2018; Kostic et al., 2015). The 

resultant increase in NCLX activity protects neurons from excitotoxicity by 

opposing mitochondrial Ca2+ overloading (Rozenfeld et al., 2022). Impaired 

PTEN-induced putative kinase 1 (PINK1) function, implicated in Parkinson 

disease, suppresses NCLX activity resulting in mitochondrial Ca2+ 

overloading (Kostic et al., 2015). The PKA agonist forskolin preserves PINK1-

deficient dopaminergic neurons by increasing NCLX activity (Kostic et al., 2015). 

 

Based on these findings, it was reasoned that combining low concentrations 

Ru265 and a PDE2A inhibitor would generate synergistic neuroprotection, thus 

reducing the risk of adverse side effects with Ru265. To test this hypothesis, 

cortical neuron cultures were treated with various concentrations of Ru265 and 

the potent PDE2A inhibitor PF-05180999 (Figure 7.1A; IC50=2 nM) (Helal et al., 

2018) either alone or in combination, and then subjected to OGD. Cell viability, 

cytotoxicity, and mitochondrial function were then measured to determine the 

potential benefits of combining Ru265 and PF-05180999.  

 

7.2 Results  

7.2.1 NCLX Activation with the PDE2A Inhibitor PF-05180999 did not Alter 

OGD-induced Cell Viability Loss or Cytotoxicity 

To examine the protective effects of NCLX activation by the inhibition of PDE2A, 

primary cortical neuron cultures were treated with increasing concentrations of 
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PF-05180999 (10, 30, 50, 100, 300, or 500 nM) for 24 hr before being subjected 

to 90 min of OGD. Cell viability or cytotoxicity was measured 24 hr after OGD. 

Percent cell viability, measured using the MTT assay, was calculated relative to 

control (No OGD) cultures (Figure 7.1B). Percent cytotoxicity, measured using 

the LDH assay, was calculated relative to maximal LDH release in control 

cultures subjected to complete cell lysis. (Figure 7.1C). None of the PF-

05180999 concentrations altered cortical neuron viability loss or cell cytotoxicity 

24 hr after OGD (Figure 7.1B-C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



134 
 

     

 

Figure 7.1. PF-05180999 was not able to preserve cell viability or prevent cell 
cytotoxicity after OGD  
 
Chemical structure of PF-05180999 (A). Primary cortical neuron cultures were 
treated with vehicle (DMSO) or increasing concentrations of PF-05180999 for 24 
hr before being subjected to OGD (90 min). Cell viability was assessed using the 
MTT assay (B) and cell cytotoxicity was assessed using the LDH assay (C) 24 hr 
after OGD. Values represent the percent cell viability relative to control (No OGD) 
cultures (100% cell viability) (B) and percent cytotoxicity relative to maximal LDH 
release in cultures subjected to complete cell lysis (100% cell cytotoxicity) (C). 
Bars show the mean ± SD of data from 3 experiments, 6 wells/experiment. 
*p<0.05; ordinary one-way ANOVA followed by Tukey’s multiple comparisons 
test.  
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7.2.2 Combining Ineffective Concentrations of Ru265 and PF-05180999 

Markedly Protected Cortical Neuron Cultures Against OGD-induced Cell 

Death   

To test whether combining MCUcx inhibition with NCLX activation would result in 

greater neuroprotection, primary cortical neurons cultures were treated with both 

Ru265 and PF-05180999 for 24 hr before being subjected to OGD. Based on 

previous experiments (Figure 3.4A), a concentration of 3 µM of Ru265 was 

selected for testing in combination with varying concentrations of PF-05180999. 

Cortical neuron cultures were treated with either Ru265 (3 µM) only, PF-

05180999 (500 nM) only, or Ru265 (3 µM) plus increasing concentrations of PF-

05180999 (10, 30, 50, 100, 300, or 500 nM) for 24 hr before being subjected to 

90 min of OGD. Percent cell viability, measured using the MTT assay, was 

calculated relative to control (No OGD) cultures (Figure 7.2A). Percent 

cytotoxicity, measured using the LDH assay, was calculated relative to maximal 

LDH release in control cultures subjected to complete cell lysis (Figure 7.2B). Co-

treatment with 3 µM of Ru265 and increasing concentrations of PF-05180999 

(50, 100, 300, or 500 nM) resulted in higher percent cell viability than either 

Ru265 (3 µM) or PF-05180999 (500 nM) 24 hr after 90 min of OGD (Figure 

7.2A). Ru265 (3 µM) plus PF-05180999 (300 nM) and Ru265 (3 µM) plus PF-

05180999 (500 nM) increased percent viabilities in OGD-treated cells from 43.5 ± 

9.4% to 81 ± 10.2% and 84 ± 10.6% (mean ± SD), respectively (Figure 7.2A). 

Ru265 (3 µM) plus PF-05180999 (300 nM) and Ru265 (3 µM) plus PF-05180999 

(500 nM) also reduced percent cytotoxicity from 55 ± 24.8% to 28 ± 9.7% and 19 
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± 3.5% (mean ± SD), respectively (Figure 7.2B). These results show that 

combining ineffective concentrations of Ru265 and PF-05180999 markedly 

protects cortical neurons from OGD-induced cell death.  
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Figure 7.2. Co-treatment with ineffective concentrations of Ru265 and PF-
05180999 significantly improves protection against OGD 
 
Primary cortical neuron cultures were co-treated with Ru265 (3 µM) and 
increasing concentrations of PF-05180999 (10-500 nM) for 24 hr before OGD (90 
min). Cell viability was assessed using the MTT assay (A) and cell cytotoxicity 
was assessed using the LDH assay (B) 24 hr after OGD. Percent viability values 
represent viability relative to control (No OGD) cultures (100% cell viability) (A), 
and percent cytotoxicity values represent cytotoxicity relative to maximal LDH 
release in cultures subjected to complete cell lysis (100% cell cytotoxicity) (B). 
Bars show the mean ± SD of data from 3 experiments, 6 wells/experiment. 
*p<0.05, ***p<0.001, ****p<0.0001; ordinary one-way ANOVA followed by 
Tukey’s multiple comparisons test.  
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7.2.3 Combining Ru265 with PF-05180999 Synergistically Increases Cell 

Viability  

To examine if combining Ru265 and PF-05180999 produces synergistic 

neuroprotection, cortical neuron cultures were treated with increasing 

concentrations of Ru265 (1, 2, 3, 5, or 10 µM) and PF-05180999 (10, 30, 50, 

100, 300, or 500 nM) for 24 hr, subjected to OGD (90 min), and assessed for cell 

viability 24 hr later using the MTT assay. Percent viability was calculated relative 

to control (No OGD) cultures and the resultant values were used to calculate 

synergy scores using the SynergyFinder software and the Bliss independence 

drug interactions model (Ianevski et al., 2022). The 3D matrix map shows which 

combinations of Ru265 and PF-05180999 are potentially synergistic (Figure 7.3). 

Based on this 3D map, the most synergistic region was predicted to correspond 

to the combination of 3-5 µM of Ru265 and 100-500 nM of PF-05180999 (Figure 

7.3). Co-treatment of 3 µM of Ru265 and either 50 or 300 or 500 nM of PF-

05180999 resulted in synergy scores greater than 10, indicating that combining 

these concentrations of Ru265 and PF-05180999 yielded a synergistic increase 

in cell viability for cortical neuron cultures subjected to OGD (Table 3).  
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Figure 7.3. Combining Ru265 with PF-05180999 synergistically increases cell 
viability 
 
Primary cortical neuron cultures were treated with increasing concentrations of 
Ru265 (1, 2, 3, 5, or 10 µM) and PF-05180999 (10, 30, 50, 100, 300, or 500 nM) 
for 24 hr before OGD (90 min), and cell viability relative to control (No OGD) 
cultures was assessed 24 hr later using the MTT assay. Percent cell viability 
calculations were then inputted into the SynergyFinder software to generate a 3D 
synergy map using the Bliss independence drug interactions model to assess the 
potential, antagonistic, additive, or synergistic effects of combining Ru265 with 
PF-05180999. Scores <-10 (green areas) indicate potential antagonism, scores 
between -10 and 10 (white areas) indicate potential additivity, and scores >10 
(red areas) indicate potential synergy.  
 

Additive SynergismAntagonism
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Table 3. Concentrations of Ru265 and PF-05180999 that produced the greatest 
synergy scores 
 

[Ru265] (µM) [PF-05180999] (nM) Synergy Score 
3 300 18.72 
3 50 12.4 
3 500 11.83 
3 100 3.63 
2 300 2.79 

 
Note: Scores >10 = likely synergistic; scores between -10 and 10 = likely 
additive.   
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7.2.4 Combining Ineffective Concentrations of Ru265 and PF-05180999 

Markedly Preserves OCR after OGD  

Finally, mitochondrial respiration parameters such as basal respiration, maximal 

respiratory capacity, and SRC were assessed in primary cortical neuron cultures 

co-treated with Ru265 and PF-05180999 using the Seahorse XFe96 extracellular 

flux assay analyser (Figure 7.4A-C). These experiments were performed using 

the newer and more sensitive Seahorse XFe96 analyzer. Pilot experiments 

showed that unlike earlier experiments using the Seahorse XFe24 analyser 

where 50 µM of Ru265 was required for neuroprotection, a lower concentration of 

Ru265 (10 µM) was sufficient to reduce OGD-induced cell death in the Seahorse 

XFe96 plates. Titration experiments determined that 1 µM was the optimal 

concentration of FCCP for inducing maximal respiration with this analyser and 

cell type, and that 90 min of OGD was necessary to consistently produce about a 

50% loss of neuronal cell viability in the XFe96 plates. In keeping with earlier 

experiments, vehicle-treated neuron cultures that were subjected to OGD 

exhibited a marked suppression of OCR relative to vehicle-treated No OGD 

cultures (Figure 7.4A-C). Treatment with 10 µM of Ru265 for 24 hr before OGD 

effectively preserved mitochondrial respiration 2 hr after OGD while 3 µM of 

Ru265 was ineffective (Figure 7.4A). At concentrations of 300 and 500 nM, PF-

05180999 also failed to prevent the decline in OCR produced by OGD (Figure 

7.4B). In dramatic contrast, combining ineffective concentrations of Ru265 and 

PF-05180999 either partially [Ru265 (3 µM) plus PF-05180999 (300 nM)] or 
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completely [Ru265 (3 µM) plus PF-05180999 (500 nM)] preserved mitochondrial 

respiration 2 hr after OGD (Figure 7.4C).  
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Figure 7.4. Co-treatment with Ru265 and PF-05180999 produced a supra-
additive preservation of mitochondrial respiration in cortical neuron cultures 
subjected to OGD  
 
The Seahorse XFe96 extracellular flux analyser was used to measure 
mitochondrial respiration in primary cortical neuron cultures. OCR are shown for 
cortical neuron cultures after the sequential addition of Oligo (1 µM), FCCP (1 
µM), Rot (300 nM) and Antimycin (5 µM). OCR was measured 2 hr after OGD (90 
min) in cortical neuron cultures treated with either vehicle (DMSO), 3 or 10 µM of 
Ru265 (A), 300 or 500 nM of PF-05180999 (B) or a combination of 3 µM Ru265 
and 300 or 500 nM PF-05180999 (C) for 24 hr before OGD. Traces with white 
triangles represent vehicle-treated control (No OGD) cultures, and traces with 
white circles represent vehicle-treated OGD cultures. Bars show the mean ± SD 
of data representative of 2 experiments, 8 wells/experiment.  
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7.2.5 Combining Ineffective Concentrations of Ru265 and PF-05180999 

Markedly Preserves Various Aspects of Mitochondrial Function 

Lastly, the effects of either Ru265, PF-05180999, or Ru265 plus PF-05180999 

on various aspects of mitochondrial respiration were analyzed. Treatment with 3 

µM of Ru265 failed to reduce the loss of basal respiration, maximal respiratory 

capacity, and SRC 2 hr after OGD (Figure 7.5A, C, E). By contrast, treatment 

with 10 µM of Ru265 completely preserved basal respiration, maximal respiratory 

capacity, and SRC 2 hr after OGD (Figure 7.5A, C, E). Treatment with 300 or 500 

nM of PF-05180999 failed to reduce the loss of basal respiration, maximal 

respiratory capacity, and SRC 2 hr after OGD (Figure 7.5B, D, F). Combining the 

ineffective concentration of Ru265 (3 µM) with the lower ineffective concentration 

of PF-05180999 (300 nM) partially prevented the loss of basal respiration after 

OGD (Figure 7.6A). By contrast, combining the ineffective concentration of 

Ru265 (3 µM) with the higher ineffective concentration of PF-05180999 (500 nM) 

completely prevented the loss of basal respiration after OGD (Figure 7.6B). 

Furthermore, co-treatment with the ineffective concentration of Ru265 (3 µM) and 

the lower ineffective concentration of PF-05180999 (300 nM) completely 

preserved maximal respiration and SRC (Figure 7.6C, E). Similarly, combining 

the ineffective concentration of Ru265 (3 µM) with the higher ineffective 

concentration of PF-05180999 (500 nM) completely preserved maximal 

respiration and SRC (Figure 7.6D, and F). These findings suggest that 

synergistic neuroprotection produced by combining Ru265 and PF-05180999 is 

mediated by the preservation of multiple aspects of mitochondrial function.   
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Figure 7.5. Mitochondrial respiration parameters of primary cortical neurons 
treated with Ru265 or PF-05180999 and then subjected to OGD 
 
Basal respiration (A-B), maximal respiratory capacity (C-D), and spare 
respiratory capacity (E-F) of primary cortical neuron cultures treated vehicle 
(DMSO), 3 or 10 µM of Ru265 (A, C, E), or 300 or 500 nM of PF-05180999 (B, D, 
F) for 24 hr before OGD (90 min). OCR was measured under control (No OGD) 
conditions and 2 hr after OGD. Bars show the mean ± SD of data representative 
of 2 experiments, 8 wells/experiment. **p<0.01, ****p<0.0001; ordinary one-way 
ANOVA followed by Tukey’s multiple comparisons test. 
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Figure 7.6. Mitochondrial respiration parameters of primary cortical neurons 
treated with 3 µM Ru265 and PF-05180999 and then subjected to OGD  
 
Basal respiration (A-B), maximal respiratory capacity (C-D), and spare 
respiratory capacity (E-F) of primary cortical neuron cultures treated with vehicle 
(DMSO), 3 µM Ru265 and 300 nM PF-05180999 (A, C, E), or 3 µM Ru265 and 
500 nM PF-05180999 (B, D, F) for 24 hr before OGD (90 min). OCR was 
measured under control (No OGD) conditions and 2 hr after OGD. Bars show the 
mean ± SD of data representative of 2 experiments, 8 wells/experiment. *p<0.05, 
****p<0.0001; ordinary one-way ANOVA followed by Tukey’s multiple 
comparisons test. 
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7.3 Discussion  

7.3.1 Combining Ineffective Concentrations of Ru265 with PF-05180999 

Synergistically Protected Cortical Neuron Cultures Against OGD-induced 

Cell Death   

First, the protective effects of NCLX activation with the PDE2A inhibitor PF-

05180999 were assessed in the OGD model. No concentrations of PF-05180999 

tested (10-500 nM) were able to prevent cortical neuron cell death 24 hr after 

injury. It is possible that higher concentrations might have elicited an increase in 

viability, however, PF-05180999 partially blocks other PDEs at micromolar (µM)  

concentrations (Helal et al., 2018). Higher (µM) concentrations of PF-05180999 

were therefore avoided to maintain selectivity for PDE2A inhibition. Since the rate 

of Ca2+ efflux by NCLX is much slower than MCUcx-mediated mitochondrial Ca2+ 

influx (Palty et al., 2010), NCLX activation alone might not be sufficient to 

mitigate the rapid overloading of mitochondria with Ca2+ that is responsible for 

OGD-induced cell death. However, when combined with concentrations of Ru265 

(3 µM) that were ineffective at protecting neurons from OGD-induced cell death, 

PF-05180999 (50-500 nM) was able to markedly increase cell viability. This 

suggests that PF-05180999 did enhance some degree of mitochondrial Ca2+ 

efflux, however, mitochondrial Ca2+ levels will have to be measured to see if this 

is the case. When taken together, these finding indicate that targeting both 

mitochondrial Ca2+ influx and efflux to reduce mitochondrial Ca2+ overloading 

confers profound protection in this model. It should therefore be possible to use 

lower doses of each compound to safely achieve protection in animal models of 
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ischemic stroke. This predicted outcome would encourage the clinical testing of 

Ru265 and PF-05180999 for safety and efficacy in ischemic stroke.  

 

The SynergyFinder 3.0 software system was employed to determine which 

concentration combinations of Ru265 and PF-05180999 potentially produced a 

synergistic preservation of cortical neuron viability after OGD treatment. Potential 

synergy was assessed using the Bliss independence model, which assumes 

independent sites of action for Ru265 and PF-05180999 (Ianevski et al., 2022). 

The resultant synergy score for combining Ru265 with PF-05180999 indicated 

that the observed protection was greater than for what would be expected for 

either compound alone. This demonstrates that combining MCUcx inhibition with 

NCLX activation is a viable strategy to reduce the concentration of Ru265 

required to protect cortical neurons from OGD-induced cell viability loss.  

 

7.3.2 Combining Ineffective Concentrations of Ru265 and PF-05180999 

Markedly Preserves Various Aspects of Mitochondrial Function 

Based on the concentration combinations that were predicted to be the most 

synergistic, low concentrations of Ru265 and PF-05180999 were chosen to 

assess the benefits of combining MCUcx inhibition with NCLX activation at 

preserving mitochondrial function after OGD. The XF96 extracellular Flux 

Analyzer was used to measure various aspects of mitochondrial function and to 

evaluate overall mitochondrial health and bioenergetics. The addition of 

oligomycin inhibits ATP synthase, which allows for a measure of ATP production 
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at basal respiration (Brand & Nicholls, 2011). The response of the neuron 

cultures to the uncoupling of ATP production from ETC activity after the addition 

of the uncoupler FCCP represents the maximal respiratory capacity of the 

cultures (Brand & Nicholls, 2011). This uncoupling demonstrates the maximum 

activity of electron transport and substrate oxidation that is achievable by these 

cells, and a decrease in this measurement is a strong indicator of potential 

mitochondrial dysfunction (Brand & Nicholls, 2011). The difference in maximal 

respiratory capacity and basal respiration is the SRC, which is an important 

measurement of mitochondrial bioenergetics in cells such as neurons that can 

experience variation in ATP demand (Brand & Nicholls, 2011). As with maximal 

respiratory capacity, a low SRC indicates potential mitochondrial dysfunction, 

and suggests that the neurons are operating close to their bioenergetic limit and 

have a reduced ability to respond rapidly and effectively to changes in metabolic 

demands (Brand & Nicholls, 2011). Taken together, these parameters provide a 

framework to assess mitochondrial function under different conditions or 

stressors.  

 

As seen in earlier experiments, OGD treatment suppressed basal respiration and 

FCCP-induced maximal respiratory capacity and resulted in a loss of SRC in 

vehicle treated cortical neuron cultures. Treatment with Ru265 (10 µM), but not 

PF-05180999 (300 or 500 nM), prevented reductions in all mitochondrial 

respiratory parameters after OGD. This finding is in line with the earlier cell 

viability and toxicity experiments showing the neuroprotective effects of Ru265 
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(10 µM). In comparison, combining an ineffective concentration of Ru265 (3 µM) 

with PF-05180999 (300 or 500 nM) produced a similarly complete preservation of 

basal respiration, maximal respiratory capacity, and SRC after OGD. Co-

treatment with ineffective concentrations of Ru265 and PF-05180999 therefore 

prevented the dysregulation of mitochondrial bioenergetics from occurring after 

OGD. SRC was also maintained, indicating that the cultures were able to 

respond normally to increased metabolic demands.  

 

The ability of combining ineffective concentrations of Ru265 and PF-05180999 to 

preserve mitochondrial function to the same degree as 10 µM of Ru265 indicates 

that partial MCUcx inhibition combined with NCLX activation markedly opposed 

OGD-induced mitochondrial Ca2+ overloading. These results reflect the 

importance of preserving mitochondrial Ca2+ handling dynamics during and after 

periods of ischemic injury and suggest that the synergistic neuroprotection 

produced by combining Ru265 and PF-05180999 is mediated by the 

preservation of multiple aspects of mitochondrial function. Since 10 µM of Ru265 

produced the near complete protection against OGD, these results showing 

comparable protection with Ru265 and PF-05180999 co-treatment highlights the 

potential to improve the safety and efficacy of these compounds through 

combined treatment. In addition, these results support the potential of combining 

a low dose of Ru265 with other neuroprotective strategies, like NCLX activation, 

to effectively reduce ischemic brain injury by preventing mitochondrial Ca2+ 

overloading. Future studies will be required to determine if combining MCUcx 
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inhibition with NCLX activation safely and effectively protects mice subjected to 

an experimental stroke against sensorimotor deficits and neuronal cell loss. 
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Chapter 8: Discussion 

Stroke is a leading cause of death and disability worldwide (Grefkes & Fink, 

2020). Moreover, as the population continues to age, the need for drugs that 

protect the brain from damage by a stroke will become increasingly urgent 

(Feigin et al., 2022). Despite large scale efforts by many major pharmaceutical 

companies, a viable protective strategy has yet to emerge (Chamorro et al., 

2021). One strategy to overcome this problem is to identify and target a pivotal 

upstream event responsible for initiating the vast array of injury mechanisms 

implicated in ischemic brain damage. In this regard, models of ischemic stroke 

have shown that mitochondrial dysfunction is an early pathological event which 

triggers a complex death cascade (Green et al., 2014; He et al., 2020). 

Mitochondria are widely regarded as the ‘powerhouse of the cell’ that generate 

ATP which fuels the chemical reactions essential for life (Lehninger, 1979). 

Mitochondrial Ca2+ uptake provides crucial metabolic support by stimulating ATP 

synthesis and buffering cytosolic Ca2+ (Duchen, 2000). The brain is therefore 

highly reliant on high-capacity mitochondrial Ca2+ uptake to meet the dynamic 

metabolic demands imposed by neurotransmission (Kann & Kovacs, 2007). 

However, excessive mitochondrial Ca2+ uptake rapidly damages these delicate 

organelles, resulting in metabolic collapse and the release of numerous pro-

death factors (Duchen, 2012). During cerebral ischemia, neurons are subjected 

to massive elevations in cytosolic Ca2+ levels that increase the risk of toxic 

mitochondrial Ca2+ overloading (Vakifahmetoglu-Norberg et al., 2017; Yang et 

al., 2018). The MCUcx mediates high-capacity mitochondrial Ca2+ uptake 
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responsible for ischemic neuronal cell death (Nichols et al., 2017; Nichols et al., 

2018). This suggest that the MCUcx is a promising drug target for ischemic 

stroke. This thesis therefore examined the ability of MCUcx inhibitors to protect 

neurons from ischemic cell death by preserving mitochondrial function.  

 

A second explanation for the repeated clinical failure of putative protectants for 

ischemic stroke has been the focus on neuronal cell death. In addition to 

neurons, vascular cells and glia are damaged by an ischemic stroke (Iadecola, 

2017). Vascular cells, glia, and neurons form an intricate structure known as the 

NVU (Iadecola, 2017). These cells interact to restrict the movement of potentially 

toxic metabolites and proteins into the brain, and rapidly adjust CBF in crucial 

support of increased brain activity (Iadecola, 2017). It is now clear that the NVU 

is exquisitely sensitive to damage by cerebral ischemia (Schaeffer & Iadecola, 

2021). This suggests that to effectively treat ischemic stroke, it is necessary to 

not only protect neurons but also other components of the NVU. Hence, this 

thesis also investigated the ability of MCUcx inhibitors to protect astrocytes 

subjected to a lethal period of OGD from viability loss and mitochondrial 

dysfunction.   

 

A third explanation for the lack of clinical efficacy of putative protectants for 

ischemic stroke is their inability to suppress inflammation. The generation of pro-

inflammatory mediators after the initial wave of damage is thought to exacerbate 

brain injury. Mitochondrial damage results in the production of DAMPs and 
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activation of the NLRP3 inflammasome, which potently induce pro-inflammatory 

signalling (Gong et al., 2018). Excessive mitochondrial Ca2+ uptake may also 

promote inflammation by inducing the overproduction of ROS that activates pro-

inflammatory cytokine expression by the redox-sensitive transcriptional regulating 

factor NF-κB (Piette et al., 1997). Hence, this thesis examined the ability of 

MCUcx inhibitors to suppress the elevation of pro-inflammatory cytokine mRNA 

levels in astrocytes and endothelial cells treated with an inflammatory mediator. 

 

8.1 MCUcx Inhibition as an Effective Strategy of Neuroprotection 

against Ischemic Injury  

Mitochondrial Ca2+ overloading is an early pathological event in ischemic brain 

injury that initiates diverse cell death pathways (Duchen, 2012; Halestrap, 2006). 

Since the MCUcx mediates high-capacity mitochondrial Ca2+ uptake, it is an 

attractive drug target for ischemic stroke. Ru265 was therefore employed to 

assess the neuroprotective potential of a potent MCUcx inhibitor in cell-based and 

animal models of ischemic brain injury. In Chapter 3, Ru265 was first shown to 

suppress mitochondrial Ca2+ uptake in cortical neurons cultures treated with the 

MCUcx activator kaempferol. In keeping with the ability of Ru265 to inhibit toxic 

mitochondrial Ca2+ overloading, Ru265 preserved cell viability, plasma 

membrane integrity, mitochondrial bioenergetics, and MCUcx subunit expression 

in primary cultures of mouse cortical neurons subjected to a lethal period of 

OGD. In Chapter 4, Ru265 was shown to also preserve cell viability in primary 

cultures of mouse cortical astrocytes subjected to a lethal period of OGD. Ru265 
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treatment also mitigated LPS-induced increases in pro-inflammatory cytokine 

expression in astrocytes and endothelial cells. Interestingly, Ru265 also 

increased anti-inflammatory cytokine expression in astrocytes, suggesting that 

MCUcx inhibition may reduce ischemic brain injury by promoting the resolution of 

inflammation and creating a pro-repair environment. In support of these findings, 

data presented in Chapter 5 demonstrated that an injection of Ru265 (3 mg/kg, 

i.p.) given 30 min before HI brain injury reduced sensorimotor deficits and infarct 

volumes in mice 24 hr later. Taken together, these results suggest that by 

blocking the MCUcx, Ru265 prevented mitochondrial Ca2+ overloading 

responsible for mitochondrial dysfunction and ischemic brain injury. Although 

Ru265 has excellent neuroprotective potential for the treatment of ischemic brain 

injury, as described in Chapter 5, Ru265 produced clear seizure activity and 

convulsions in mice. In Chapter 6, chemical modifications of Ru265 were 

therefore performed in an attempt to develop novel MCUcx inhibitors with 

improved safety. 

 

8.2 Importance of Structure to the Biological Activity of MCUcx 

Inhibitors    

This thesis also explored the protective effects of structural analogues of Ru265 

to gain a better understanding of how the structure of these compounds impacts 

their pharmacological activities. Ru265 is a structural analogue of the prototypical 

MCUcx inhibitor Ru360 (Woods et al., 2019). Data presented in Chapter 3 of this 

thesis has demonstrated that relative to Ru360, Ru265 has improved cellular 
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uptake and neuroprotective potency. These findings indicate that it is possible to 

influence the pharmacological activities of these MCUcx inhibitors by modifying 

their chemical structure. One property that has been shown to change with 

structural modifications to these Ru-based MCUcx inhibitors is their redox stability 

(Woods et al., 2020). Ru360 undergoes reduction when incubated with 

biologically relevant reducing agents under physiological conditions (pH=7.4) 

(Woods et al., 2020). In contrast, the nitride-bridge of Ru265 produces redox 

stability under such physiological conditions (Woods et al., 2020). Similarly, the 

nitride-bridge in the Os-based MCUcx inhibitors, Os245 and Os245’, also confers 

redox stability. Furthermore, unlike Ru265, Ru360 loses its ability to inhibit the 

MCUcx in permeabilized HeLa cells when incubated with biologically relevant 

reducing agents under physiological pH (Woods et al., 2020). Hence, redox 

stability is critical for effective MCUcx inhibition. This property may also, in part, 

contribute to differences in the cellular uptake between Ru360 and Ru265. 

Ru265 is taken up into HeLa cells in an energy-independent manner (Woods et 

al., 2020). HEK293 cells overexpressing the energy-independent transporter 

OCT3 demonstrated significantly greater uptake of Ru265, which was attenuated 

by treatment with the OCT3 inhibitor corticosterone (Woods et al., 2020). By 

contrast, Ru360 uptake was not enhanced by OCT3 overexpression, nor reduced 

by corticosterone (Woods et al., 2020). These findings show that Ru265 and 

Ru360 enter cells by different mechanisms. Given that OCT3 is expressed by 

multiple cell types such as neurons and glia throughout the brain (Amphoux et 

al., 2006; Gasser et al., 2009), this transporter may account for the superior 
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cellular uptake and neuroprotective potency of Ru265 compared to Ru360 in 

cortical neuron cultures. 

 

A second structural feature that affects the pharmacological properties of these 

Ru-based MCUcx inhibitors is the axial ligands of these compounds (Woods et 

al., 2020). These ligands influence both cellular uptake and MCUcx inhibitory 

properties. Due to the rapid aquation rate of Ru265 (2 min), it is not possible to 

use Ru265 to study how terminal chloride and aqua ligands influence the 

pharmacological actions of this MCUcx inhibitor (Woods et al., 2020). However, 

Os compounds display slower substitution kinetics. This property enabled a 

comparison of the pharmacological impact of chloride and aqua axial ligands 

using Os245 and Os245’, respectively. Experiments described in Chapter 6 with 

Os245 and Os245’ demonstrated that the axial ligands alter the cellular uptake 

pathways utilized by these compounds, as well as their MCUcx inhibitory potency. 

The aqua-capped Os245’ demonstrated superior cellular uptake relative to 

Os245 which may reflect increased transport by OCT3. The addition of 

adamantane ligands to Ru265 and Os245’ greatly increased their potency at 

protecting cortical neuron cultures from OGD-induced cell death. This improved 

potency is thought to be a consequence of enhanced cellular uptake due to 

changes in the axial ligands, as well as additional neuroprotective actions of 

adamantane independent of MCUcx inhibition. The differences in the uptake and 

potency of these analogues demonstrate the importance of the axial ligands in 

regulating their biological activities. However, as shown in Chapter 6, Os245 and 
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Os245’ also produced convulsions. The failure of MCU deletion in Thy1-

expressing neurons to reduce the pro-convulsant effects of Ru265 in mice 

suggests that this adverse side effect is mediated by off-target activity. 

 

8.3 Inhibition of P/Q Type Ca2+ Channels Potentially Contributes 

to the Induction of Convulsions by Ru265 

In the quest to develop safer MCUcx inhibitors, it is necessary to understand the 

underlying mechanisms that may be responsible for the seizure activity observed 

with Ru265. Identification of this mechanism would also allow for the use of a 

counter screen to dial out this pro-convulsant activity. Ru265 is thought to inhibit 

mitochondrial Ca2+ uptake by blocking the mouth of the Ca2+ channel created by 

the pore forming subunits of the MCUcx (Woods et al., 2019; Woods et al., 2021). 

This suggests that binding to a Ca2+ channel may, at least in part, confer the off-

target activity responsible for Ru265-induced convulsions. The P/Q-type Ca2+ 

channel, also referred to as Cav2.1, is a potential target for Ru265 in the brain. 

This voltage gated calcium channel, located on the surface of axon terminals, is 

highly expressed in Purkinje and granule cells in the cerebellum and is implicated 

in seizure disorders (Rajakulendran et al., 2012). The P/Q-type Ca2+ channel 

plays an important role in coupling Ca2+ influx to neurotransmitter release from 

synaptic terminals (Rajakulendran et al., 2012). As discussed below, mutations of 

the P/Q-type Ca2+ channel have been linked to epilepsy. 
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In a series of experiments performed by our collaborator, Dr. Terrance Snutch, at 

the University of British Colombia, the ability of Ru265 to inhibit P/Q-type Ca2+ 

channels was assessed. To confirm that Ru265 inhibits the P/Q-type Ca2+ 

channel, voltage-gated calcium current (ICa) was measured in patch-clamp 

recordings of HEK cells expressing the human Cav2.1 subunit and the accessory 

subunits necessary for channel activity. Bath applications of increasing 

concentrations of Ru265 slowly inhibited ICa with incomplete inhibition observed 

after 5 min of exposure. This inhibition was partially reversed by washout of 

Ru265. Analysis of the dose-response curve for ICa inhibition by Ru265 at 5 min 

post exposure generated an IC50 of approximately 2.5 µM for inhibition of the 

P/Q-type Ca2+ channel. These experiments demonstrated that Ru265 blocks 

P/Q-type Ca2+ channels that mediate neurotransmitter release in the brain. This 

finding suggests that Ru265 may produce convulsions by blocking the release of 

neurotransmitters that oppose brain seizure activity. 

 

Evidence to support this hypothesis comes from the seizure phenotype produced 

by loss-of-function mutations of the P/Q-type Ca2+ channel. It has been well 

described that several spontaneously occurring mutations of the P/Q-type Ca2+ 

channel observed in the tottering, rocker, and leaner mouse cause seizures 

(Catterall, 2000; Imbrici et al., 2004). Specifically, mutations in the CACNA1A α 

subunit gene, which encodes the main pore forming subunit of P/Q-type Ca2+ 

channels, results in reduced current level and channel dysfunction, and are 

responsible for episodic ataxia type 2, a genetic disorder characterized by 
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seizures (Alehabib et al., 2021; Guida et al., 2001; Imbrici et al., 2004; 

Rajakulendran et al., 2010). In mice with adult-onset ablation of the P/Q-type 

Ca2+ channel alpha subunit, ataxia, dystonia, and absence epilepsy identical to 

inborn-loss of function phenotypes are observed (Miao et al., 2020).  This 

indicates that mutations in P/Q-type Ca2+ channels do not rely upon deficits 

occurring during development to produce an epileptic phenotype (Miao et al., 

2020). In addition, multiple human studies have also shown a link between 

mutations that result in a reduction or loss of function of the P/Q-type Ca2+ 

channel and the presentation of episodic ataxia, epilepsy and generalized 

seizures (Alehabib et al., 2021; Imbrici et al., 2004; Rajakulendran et al., 2010; 

Rajakulendran et al., 2012). These findings suggest that P/Q-type Ca2+ channel 

inhibition may mediate the pro-convulsant effects of Ru265. 

 

This hypothesis is further supported by the lower Ru265 IC50 (2.5 µM) for 

inhibition of the P/Q type Ca2+ channel than the Ru265 EC50 (4.1 µM) for 

preservation of cortical neuron viability in the OGD model. However, the IC50 of 

Ru265 for inhibiting the MCUcx in permeabilized cells is extremely low at 2.5 nM 

(Woods et al., 2019). The fact that Ru265 is 1000 times more potent at blocking 

the MCUcx than the P/Q-type Ca2+ channel means that it will be difficult to 

develop inhibitors that better discriminate between these two targets. 

Nevertheless, by making chemical modifications that increase the cellular uptake 

and decrease potency at the P/Q-type Ca2+ channel, it may be possible to 

increase the therapeutic window of this MCUcx inhibitor.  
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8.4 Combining MCUcx Inhibition with NCLX Activation to Achieve 

Synergistic Neuroprotection 

An alternative approach to overcoming the pro-convulsant effects of Ru265 is to 

identify an additional mechanism for opposing mitochondrial Ca2+ overloading, 

thereby allowing the use of lower amounts of Ru265 that are safer. NCLX 

activation protects neurons from excitotoxicity by increasing mitochondrial Ca2+ 

efflux (Hagenston et al., 2022). Inhibition of PDE2A, localized in mitochondria, 

increases NCLX activity by stimulating PKA-mediated phosphorylation of the 

catalytic domain of this Ca2+ exchanger (Kostic et al., 2015). Studies conducted 

in Chapter 7 of this thesis have shown that co-treatment with Ru265 and the 

PDE2A inhibitor PF-05180999 synergistically protected cortical neuron cultures 

from OGD-induced viability loss by preserving mitochondrial function. These 

findings suggest that it may be possible to improve the therapeutic window for 

Ru265 by combining this MCUcx inhibitor with an NCLX activator. However, 

future experimentation using animal models of ischemic stroke will be required to 

validate this hypothesis.  

 

8.5 Local Delivery of Ru265 to the Ischemic Penumbra to Protect 

the Brain with a Reduced Risk of Convulsions  

Another approach to improve the safety of Ru265 in the treatment of stroke 

would be to preferentially deliver Ru265 to the ischemic penumbra. The 

penumbra is a region of reduced blood flow surrounding the necrotic core. 

Neurons in the penumbra are viable but electrically silent (Hakim, 1987). This 
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suggests that P/Q-type Ca2+ channel inhibition in the penumbra by Ru265 will be 

unable to promote seizure activity. This situation opens the possibility of 

overcoming the risk of convulsions by injecting Ru265 locally in the penumbra. 

For example, Ru265 could be delivered via the stent removal cannula 

immediately after removal of a blood clot. This would allow for the local and rapid 

delivery of Ru265 to rescuable brain tissues, thus reducing the risk of exposing 

healthy tissues to concentrations that promote brain seizure activity. Preliminary 

studies conducted in the laboratory of our collaborator, Dr. Sean Christie in the 

Division of Neurosurgery at Dalhousie University, have demonstrated that the 

local epidural application of Ru265 protects the spinal cord from contusive injury 

at concentrations that do not produce seizure activity (Brittain, 2022). This 

exciting finding not only suggests that the targeted delivery of Ru265 to ischemic 

tissues should be safe and effective, but also extends the neuroprotective 

potential of Ru265 to traumatic spinal cord injury. The ability of Ru265 to 

suppress pro-inflammatory and increase anti-inflammatory cytokine expression in 

astrocytes also suggests that this novel MCUcx inhibitor should also promote 

functional recovery after an ischemic stroke.  

 

A final approach to improve the safety and efficacy of Ru265 would be to 

encapsulate this compound in lipid nanoparticles designed to preferentially target 

ischemic tissues. Nanoparticles can be formulated with different polymers that 

enable them to have tunable drug release properties, high drug-loading 

capacities, and excellent safety profiles (Hrkach et al., 2012; Kamaly et al., 
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2016). It is also possible to incorporate linkers into the polymer backbone that 

enable selective drug release in ischemic tissues subjected to high oxidative 

stress. This have been achieved using ROS-sensitive linkers that degrade under 

low pH conditions (Deng & Liu, 2021; Lv et al., 2018; Zhao et al., 2016). A further 

advantage of this approach is the preferential delivery of Ru265 to dysfunctional 

mitochondria that produce excessive amounts of ROS (Deng & Liu, 2021; Lv et 

al., 2018). Decorating nanoparticles with a stroke homing peptide that binds 

preferentially to metabolically compromised neural cells in the penumbra is 

another useful strategy to preferentially target rescuable brain tissues (Zhao et 

al., 2016). It should be noted that despite the tremendous promise of 

nanoparticle-based drug delivery, a clinically effective formulation for the 

treatment of stroke has yet to emerge. Nevertheless, the remarkable success of 

nanoparticle-based vaccines for COVID-19 will likely fuel further innovations in 

this promising field. 

 

8.6 Limitations and Future Directions  

Ischemic strokes can be highly variable in severity and affect people in diverse 

ways, making it a complex condition to accurately model. This thesis utilized 

primary cortical neuron cultures subjected to a lethal period of OGD as an in vitro 

model of ischemic stroke. These neuronal cultures were derived from the cortices 

of embryos at days 14-16 in utero and used at DIV10-13. These embryonic 

neuronal cultures are therefore developmentally immature, and thus exhibit 

properties that differ from adult neurons. Similarly, the primary cortical astrocyte 
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cultures were derived from postnatal day 0 pups and used at DIV16-20 and were 

therefore also developmentally immature. Considering stroke is a condition that 

predominately occurs in older individuals, modeling ischemic injury in immature 

cell cultures does not accurately recapitulate all the signalling pathways and 

cellular processes that occur in mature cells during injury. For instance, caspase-

3 mediates ischemic cell death in the immature brain but does not in the mature 

brain because this apoptotic protease is massively downregulated at adulthood 

(Han et al., 2002). Nevertheless, Ru265 still protected adult mice from HI brain 

injury, indicating that the cell-based findings translated to mature animals.  

 

Furthermore, although different cell types were evaluated in this thesis, these cell 

types were not co-cultured. As a result, single cell type cultures do not represent 

the diverse cellular population of the brain and the vast communication network 

between components of the NVU that occurs in the adult brain. The effects of 

MCUcx inhibition may therefore differ in more complex cultures. Future studies 

should also examine the effects of MCUcx inhibitors on additional cell types that 

comprise the NVU such as microglia, pericytes, and oligodendrocytes. This 

would provide a more complete picture of how Ru265 and MCUcx inhibition 

impacts the inflammatory process and the therapeutic potential of this approach 

to preserve the function and integrity of the NVU. In this regard, it would also be 

valuable to co-culture different vascular, glial, and neuronal cell types to better 

model the NVU. 
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PF-05180999 was used to inhibit PDE2A as an indirect method of NCLX 

activation. Although multiple studies indicate that inhibiting PDE2A increases 

NCLX activity by elevating cAMP levels, stimulating PKA activity, and enhancing 

NCLX phosphorylation, no direct measurements of cAMP levels, PKA activity, 

NCLX phosphorylation, or NCLX activity were assessed in this thesis. Future 

studies will need to be performed to measure cAMP levels, PKA activity, NCLX 

phosphorylation, and mitochondrial Ca2+ efflux rates in cortical neuron cultures 

treated with PF-05180999 to confirm these mechanisms. Also, conducting 

experiments utilizing a different PDE2A inhibitor, such as Bay 60-7550 (Soares et 

al., 2017), would strengthen the results of these co-treatment studies. Showing 

that a different PDE2A inhibitor also improves cell viability after OGD when co-

treated with an MCUcx inhibitor would reinforce the validity of combining MCUcx 

inhibition with NCLX activation as an effective neuroprotective strategy for 

ischemic stroke. Furthermore, future studies testing this co-treatment strategy in 

mouse models of stroke are necessary to determine if this is a safe and viable 

strategy to reduce mitochondrial damage and neural cell loss, and improve 

functional outcomes after an ischemic stroke.  

 

The mouse model of stroke used in this thesis was the HI model of stroke. This 

model is limited by a high mortality rate that increases with time. As such, 

animals were allowed to recover for only 24 hr to limit animal loss. The findings 

from these studies are therefore only relevant to the relatively early events 

responsible for HI brain injury and do not represent the more long-term 
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pathophysiology that may also contribute to stroke damage. In addition, healthy 

and young male mice aged 8-12 weeks were used to limit mortality. The young 

age of these mice is therefore not representative of the older population who are 

more likely to experience a stroke. In this model, mice were placed in a closed 

chamber to induce HI, which prevents the measurement of CBF and results in 

systemic hypoxia, which can impact tissues beyond the desired brain region. 

Furthermore, only male mice were assessed in the HI model and used for the 

Ru265-induced seizure activity studies. Hence, potential sex differences were not 

assessed in this thesis. Therefore, employing an additional model of stroke injury 

and performing experiments with female and aged mice are required to better 

assess the neuroprotective potential of Ru265 and the other MCUcx inhibitors in 

vivo. It should be noted, however, that one female mouse was injected with 10 

mg/kg of Ru265 and exhibited identical seizure-like behaviour to male mice. 

Further studies assessing the seizure-like behaviours and convulsions in female 

mice were not preformed to limit the number of animals that experienced this 

adverse activity.  

 

Finally, given the profound neuroprotective effects of Ru265, future studies 

examining the feasibility of strategies to improve the safety of Ru265 are of 

particular importance. For instance, encapsulating Ru265 in nanoparticle 

formulations designed to selectively target and release Ru265 in ischemic brain 

tissues may improve delivery and safety. Using P/Q-type Ca2+ channel inhibition 
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as a screening strategy to identify MCUcx inhibitors less likely to promote seizure 

activity may also be a fruitful approach. 

 

8.7 Conclusions  

The results generated from the studies in this thesis have demonstrated that 

MCUcx inhibition during ischemic injury is an effective strategy for preserving cell 

viability. The use of compounds that are cell permeable and effectively inhibit the 

MCUcx illustrate that preventing mitochondrial Ca2+ overloading and preserving 

mitochondrial function during cerebral ischemic injury are important for 

preventing subsequent ischemic cell death. Thus, MCUcx inhibitors are attractive 

options for the treatment of ischemic stroke. These compounds, however, also 

produce undesirable off target seizure activity, highlighting the need for future 

studies that investigate how modifications of the structure and/or delivery of 

these MCUcx inhibitors can be utilized to realize their therapeutic potential for the 

treatment of ischemic stroke.  
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