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Abstract 

Title of Dissertation: Mitochondrial Functional Changes Contribute to Proinflammatory 

Microglial Activation 

Evan A. Bordt, Doctor of Philosophy, 2017 

Dissertation Directed by: Brian M. Polster, Ph.D., Associate Professor, Department of  

  Anesthesiology 

Microglia are the innate immune cells of the central nervous system. They have many 

important physiological functions, from surveying the surrounding environment to 

synaptic pruning. However, following brain injury or during neurodegenerative diseases, 

microglia become ‘activated,’ migrate towards the site of injury, and produce 

inflammatory factors. Under neuropathological conditions, microglia may become 

excessively activated, a condition characterized by prolonged release of damaging 

proinflammatory factors. Mitochondrial function and dysfunction are increasingly being 

implicated in the process of microglial activation. This dissertation tested the overarching 

hypothesis that mitochondrial dysfunction stimulates proinflammatory microglial 

activation. Specifically, we found that in response to lipopolysaccharide (LPS) and 

interferon- (IFN-) in vitro, microglial mitochondria undergo structural remodeling and 

become significantly shortened. We utilized the putative mitochondrial fragmentation 

inhibitor mdivi-1 which successfully attenuated production of proinflammatory factors in 

vitro and in vivo. Surprisingly, mdivi-1 did not impair inflammation through modulation 

of mitochondrial structure, but instead impaired acetylation of the proinflammatory 

transcription factor NF-B. We then set out to determine the importance of mitochondrial 

bioenergetic changes in microglial activation. We found that the combination of 



 
 

LPS/IFN- induced a significant impairment in mitochondrial oxygen consumption. This 

impairment was mediated by selective degradation of mitochondrial Complex I subunits 

at atmospheric 21% O2 and by nitric oxide at 3% O2, an oxygen tension thought to be 

more physiologically relevant to that present in the brain. Finally, we utilized the 

exogenous electron donor idebenone in an attempt to bypass this respiratory impairment. 

Indeed, we found that idebenone acutely reversed respiratory inhibition, and that this 

respiratory bypass was able to attenuate microglial production of proinflammatory 

factors. Together, the findings in this dissertation link mitochondrial structural and 

bioenergetic dysfunction to proinflammatory microglial activation, and move the field 

towards successfully finding a target for reversing damaging neuroinflammation 

following brain injury or in neurodegenerative disease.
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CHAPTER 1: INTRODUCTION 

  

1.1 INTRODUCTION TO MICROGLIA 

First described morphologically by Ramon y Cajal, microglia were named in the 

1920s by Pio del Rio-Hortega. Microglia are the macrophage-like immune cells of the 

central nervous system which play major roles in both health and disease [1, 2].  In 

health, microglia are highly motile cells that survey their surrounding environment in 

order to maintain homeostasis [3], promote synaptogenesis, and regulate the integrity of 

the blood brain barrier [4, 5].  However, microglia become ‘activated’ and proliferate 

following acute brain injury or in chronic neurodegenerative diseases such as Parkinson’s 

disease and Alzheimer’s disease [1, 2].  Activated microglia undergo drastic 

morphological changes, transforming from a ramified to an amoeboid morphology [1, 2].  

This change in morphology is thought to favor mobility and increase phagocytic activity 

[6].  Microglia cordon off damaged neurons, and assist in the repair and regrowth of 

compromised cells by releasing various metabolites, growth factors, and cytokines.  

However, prolonged or excessive microglial activation becomes maladaptive [7].  This is 

partly because activation of microglia takes multiple shapes.  Classical proinflammatory 

microglial activation results in the proinflammatory state implicated in neurotoxicity, for 

instance, the degeneration of dopaminergic neurons in Parkinson’s disease [3, 8-11] or of 

motor neurons in amyotrophic lateral sclerosis [12, 13].  In addition to the creation of a 

toxic proinflammatory milieu, activated microglia may also contribute to cell death 

following brain injuries via phagocytosis of live neurons [14-16].  In contrast to 

proinflammatory activation, alternative microglial activation states, generally classified 

as anti-inflammatory, counteract proinflammatory factors and promote repair processes 
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such as remodeling of the extracellular matrix and angiogenesis [17].  Impairing 

excessive proinflammatory microglial activation and/or promoting a transition toward 

anti-inflammatory activation are promising neuroprotective treatment strategies receiving 

considerable attention [18, 19].  It is therefore important to understand the activation 

process in greater detail in order to successfully achieve this goal. 

To this end, extensive progress has been made in elucidating the initial molecular 

signaling pathways underlying microglial activation, especially through activation of toll-

like and cytokine receptors (see [9] and [20] for detailed reviews).  Treatment with the 

bacterial endotoxin lipopolysaccharide (LPS) alone or in combination with the 

proinflammatory cytokine interferon- (IFN-) is frequently used to induce and study 

proinflammatory microglial activation in vitro.  These factors activate toll-like receptor 4 

(TLR4) and IFN- receptor, respectively.  LPS also induces TLR4-independent signaling 

by binding phagocytic scavenger receptors [21] and by binding macrophage antigen 

complex I (MAC1, also called CD11b/CD18), a pattern recognition receptor linked to the 

superoxide-generating enzyme NADPH oxidase (alternatively called Nox or Phox for 

phagocytic oxidase) [22].  Reactive oxygen species (ROS) production, activation of 

kinase cascades, and changes in gene transcription occur subsequent to receptor ligation.  

ROS such as hydrogen peroxide (H2O2) are suggested to act as second messengers in 

cytokine responses [23, 24].  H2O2 activates mitogen-activated protein kinase (MAPK) 

cascades, partly through oxidation of catalytic cysteines on MAPK-inactivating 

phosphatases [25-27], and induces nuclear factor kappa-B (NF-B) translocation from 

the cytosol to the nucleus [28, 29].  Initiation of NF-B-dependent gene transcription is a 

key step in the production of proinflammatory factors [30, 31].  
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1.2 MICROGLIAL DEVELOPMENT 

 Soon after they were first described, debate about the lineage of microglia began. 

Due to their similarities to peripheral macrophages and dendritic cells, it was first 

proposed that microglia were of a hematopoietic origin [32]. More recently, it has been 

demonstrated that microglia are derived from a primitive type of macrophage that 

emanate from the embryonic yolk sac [33]. Microglial progenitors enter the neural tube 

from the yolk sac in a circulatory system-dependent manner on rodent embryonic day (E) 

E8-E9. These yolk sac-derived progenitors do not show stereotypic ramified microglial 

morphology during neonatal development; however, this ramified morphology is 

eventually attained in adulthood [32]. Microglia are kept distinct from circulating 

monocytes, such as macrophages, throughout the life of the organism, as the microglial 

population is maintained through self-renewal [34]. 

1.3 ARE MICROGLIA HELPFUL OR HARMFUL? 

 Although initially thought to merely be either ‘quiescent’ or ‘activated,’ microglia 

display a remarkable heterogeneity in their function in physiology and pathology. The 

similarity of macrophages to microglia allows for a certain amount of comparison 

between the two cell types. Macrophages have the capacity to respond to a variety of 

environmental signals and to change their function and phenotype following injury [35], 

in a process widely referred to as macrophage polarization. The two ends of a broad 

spectrum of in vitro macrophage polarization have been given the labels M1 

(proinflammatory) and M2 (anti-inflammatory) [35]. Although microglia and 

macrophages do not exclusively share the same phenotypes, microglia have the ability to 

produce both proinflammatory factors as well as generally anti-inflammatory factors. 
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However, the polarization of in vitro macrophages has not been similarly shown 

experimentally in microglia, especially in vivo [36] 

1.3.1 Anti-inflammatory microglial activation 

Microglia responding to a variety of factors can be induced into an ‘alternative’ state 

that is generally thought of as anti-inflammatory. Microglia responding to cytokines such 

as IL-4 and IL-13 are associated with immunity against parasites, tissue repair, and 

stimulation of growth [37]. These microglia produce anti-inflammatory cytokines, such 

as interleukin-10 (IL-10), and increase production of phagocytic scavenger receptors. In 

response to the anti-inflammatory cytokine IL-10, microglia become heavily involved in 

tissue remodeling and matrix deposition [35, 37]. Although the anti-inflammatory 

phenotype of microglia is a highly regulated and vital aspect of their function, this 

dissertation will largely focus upon the classical activation of microglia, often referred to 

as proinflammatory. 

1.3.2 Proinflammatory microglial activation  

Microglia respond to inflammatory molecules such as the bacterial endotoxin 

lipopolysaccharide (LPS) or interferon- (IFN-) and adopt a ‘classical’ state that is 

generally thought of as proinflammatory. These microglia produce elevated levels of 

proinflammatory factors such as nitric oxide (NO), IL-1, TNF-, IL-6, IL-12, CXCL9, 

and CXCL10, as well as reactive oxygen species (ROS) [35, 38]. Proinflammatory 

microglia are generally associated with ROS release, the ability to kill pathogens, and 

phagocytosis [37]. This dysregulated proinflammatory state is thought to promote 

neurotoxicity and neurodegeneration. 
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1.3.3 Microglia and neurodegenerative diseases 

Inflammation is present in a wide range of neurodegenerative diseases and their 

neuropathologies, as well as following brain injury. There is accumulating evidence that 

microglia themselves, particularly over-activated microglia, play a large role in these 

neurodegenerative processes [39]. In Alzheimer’s disease (AD), excessive microglial 

activation precedes neuropil destruction, and proinflammatory microglia cluster around 

aggregates of amyloid- (A) protein [40], the protein most often associated with toxicity 

in Alzheimer’s disease. In fact, A itself has been shown to be proinflammatory, able to 

activate microglia to a proinflammatory state [41].  

Activated microglia are observed near degenerating dopaminergic neurons in the 

substantia nigra of patients with Parkinson’s disease (PD) [42]. Additionally, -

synuclein, an element of Lewy bodies characteristic with Parkinson’s disease, has shown 

the ability to damage dopaminergic neurons in the presence of microglia [39]. 

In addition to Alzheimer’s and Parkinson’s diseases, microglial activation has 

been observed in numerous neuropathologies ranging from multiple sclerosis[43, 44] to 

HIV and aging [39], indicating a strong role for microglial activation either in the 

commencement or furthering of the majority of neurological injuries and diseases, such 

as traumatic brain injury (TBI), spinal cord injury (SCI), cerebral ischemia, multiple 

sclerosis (MS), AD, and PD.  
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1.4 MITOCHONDRIAL DYNAMICS AND FUNCTION IN PATHOLOGY 

1.4.1 Introduction to mitochondria 

 Mitochondria comprise the primary energy-generating system in the majority of 

eukaryotic cells. Double membraned organelles, mitochondria were first observed in the 

1840s, and established as important cellular organelles by Richard Altmann in 1890 [45]. 

Mitochondria oxidize the electron (e
-
) carriers nicotinamide adenine dinucleotide (NAD) 

and flavin adenine dinucleotide (FAD) at Complex I and Complex II, respectively. These 

electrons are then passed to coenzyme Q (Q), followed by Complex III, cytochrome c 

(cyt c), and finally to Complex IV, where O2 is reduced to H2O (Figure 1.1). These 

processes pump protons (H
+
) out of the mitochondrial matrix, generating an 

electrochemical gradient referred to as the protonmotive force, which is then utilized by 

Complex V to produce ATP. 

 

 

 

 

 

Figure. 1.1. Mitochondrial Electron Transport Chain Substrates and Inhibitors. 

Diagram of the mitochondrial electron transport chain. NADH and FADH2 stemming from the TCA 

cycle are oxidized by Complex I and Complex II, respectively. In this dissertation project, rotenone 

and piericidin A were utilized to inhibit Complex I; 3-NP was used to inhibit Complex II; antimycin A 

was utilized to inhibit Complex III; Azide was used as an inhibitor of Complex IV; and oligomycin 

was used to impair Complex V. Pyruvate, glutamate, or malate were used to stimulate Complex I-

linked respiration; succinate was utilized to stimulate Complex II-linked respiration; Idebenone was 

used to donate electrons to Complex III; and TMPD was used to donate electrons to cytochrome c-

Complex IV.  
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1.4.2 How does microglial activation affect mitochondrial respiratory function? 

 One of the main factors secreted during microglial activation is nitric oxide (NO), 

an important signaling molecule in many physiological processes [46]. NO has been 

demonstrated to impair mitochondrial respiration at Complex IV through competition 

with molecular oxygen [47, 48]. NO can quickly react with the oxidant superoxide to 

form peroxynitrite (ONOO
-
), a molecule demonstrated to impair all complexes of the 

ETC [49]. The highly reactive environment present during proinflammatory microglial 

activation is likely to influence microglial mitochondrial respiratory function. 

1.4.3 Mitochondrial dynamics 

 Mitochondria perform many other tasks within the cell in addition to their role in 

energy production [50]. Mitochondria are dynamic organelles, with highly flexible 

morphologies and functions that change in response to their external milieu [51]. 

Mitochondrial function and distribution can be regulated by the opposing processes of 
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fission and fusion [52], and together these processes allow for functional mitochondria 

that can be transported to distant cellular locations [53]. The dynamin superfamily of 

GTPases are involved in a variety of processes, including budding of transport vesicles, 

cytokinesis, and division of organelles[54]. In mitochondria specifically, the dynamins 

OPA1 and Mitofusin 1 and 2 assist in the regulation of mitochondrial inner membrane 

fusion and outer membrane fusion, respectively. Dynamin related protein 1 (Drp1) is the 

GTPase thought to be essential for fission of the mitochondrial outer membrane [55-57]. 

Although the majority of Drp1 is diffusely located in the cytosol [58], it is thought to be 

recruited to the mitochondrial outer membrane by two factors anchored to the outer 

membrane: mitochondrial fission factor (Mff) and mitochondrial dynamics proteins of 49 

and 51 kDa (MiD49 and MiD51) [59]. There, Drp1 oligomers assemble into spirals 

around the mitochondria and are thought to constrict both the outer and inner membranes 

until distinct organelles are formed [60] (Figure 1.2). 

 

Figure. 1.2. Drp1-mediated mitochondrial fission. 
Representation of dynamin related protein 1 (Drp1)-mediated mitochondrial fission. Drp1 is recruited 

from the cytosol to the mitochondrial outer membrane surface by mitochondrial fission factor (Mff) 

and mitochondrial dynamics proteins of 49 and 51 kDa (MiD49 and MiD51), forming constricting 

rings that separate mitochondria. 
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1.4.4 Mitochondrial dysfunction and dynamics in pathology 

 Mitochondrial dysfunction is a hallmark of many pathologies, including heart and 

brain ischemia-reperfusion, and nearly all neurodegenerative diseases. Studies in patients 

with Alzheimer’s disease (AD) showed that the oxidative damage markers 8-

hydroxyguanosine and nitrotyrosine are increased significantly in early stages of the 

disease, prior to formation of neurofibrillary tangles [61]. Additionally, the AD-

associated protein amyloid-β (Aβ) impairs mitochondrial complex IV, and leads to an 

increase in reactive oxygen species (ROS) production by mitochondria [62, 63]. 

Mitochondrial dysfunction also appears to play a large role in the neuropathology of 

Parkinson’s disease (PD). For example, 1-methyl-1,2,3,6-tetrahydropyridine (MPTP), a 

precursor of the mitochondrial Complex I inhibitor 1-methyl-4-phenylpyridinium 

(MPP+), is one of the most common drugs used to induce PD-like symptoms in animal 

models [64]. The PD-linked proteins PINK1 and parkin have been shown to regulate 

mitochondrial morphology [65]. Charcot-Marie-Tooth subtype 2A (CMT2A), a group of 

diseases affecting motor and sensory nerves, has been associated with over 20 mutations 

in Mfn2 [66], indicative of the important role that mitochondrial dynamics may play in 

disease progression and/or onset. 

1.4.5 The putative Drp1 inhibitor mdivi-1 is protective in a variety of injury models 

Mdivi-1 (Figure 1.3) is a quinazolinone derivative identified in a chemical library 

screen for compounds that influence yeast mitochondrial morphology[67]. While mdivi-1 

inhibited the GTPase activity of yeast Dnm1, it was unable to inhibit the GTPase activity 

of recombinant human Drp1 that was incapable of self-assembly. Although it did not 

impair the GTPase activity of Drp1, treatment with mdivi-1 led to elongated 
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mitochondria in mammalian kidney-derived COS cells [67], and lengthened mitochondria 

in several other studies [68, 69]. Following these initial studies, mdivi-1 was widely 

believed to be a specific inhibitor of Drp1-mediated mitochondrial fission.  

 

Figure. 1.3. Structure of mdivi-1. 

Chemical structure of the quinazolinone derivative mdivi-1. Adapted from [70]. 
 

Mitochondrial fragmentation has been reported to occur following ischemia-

reperfusion injury in the heart [71]. As such, the protective ability of mdivi-1 in 

myocardial dysfunction has been widely studied. KCl-induced cardiac arrest induced 

translocation of Drp1 to the mitochondria, increased oxidative stress as measured by 

impaired activity of the ROS-sensitive enzyme aconitase, and caused a reduction in 

mitochondrial size in mouse heart. IV injection of mdivi-1 (0.24 mg/kg) decreased this 

oxidative damage, prevented mitochondrial fragmentation, and inhibited mitochondrial 

translocation of Drp1 following cardiac arrest [72]. It also prevented cell death in isolated 

cardiomyocytes following ischemia-reperfusion in vitro [71]. Additionally, mdivi-1 

prevented cell death in a pressure overload model of mouse cardiac injury where an 

increase in Drp1 and concomitant decrease in Mfn2 was observed and reversed with 

mdivi-1 treatment [73].  
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Mdivi-1 readily crosses the blood brain barrier [74, 75] and appears to be a 

promising therapeutic drug based on studies in preclinical models of neuropathology.  

Similar to cardiac ischemia-reperfusion injury, middle cerebral artery occlusion (MCAO) 

in mice induced a large infarction and neurological defects in a study by Cui et a [75]l. A 

pretreatment i.p. injection of mdivi-1 (20 mg/kg) significantly reduced the infarct 

volume, improved neurological scores, and reduced leakage of the blood brain barrier 

induced by MCAO [75]. This study suggested that mdivi-1 was neuroprotective not 

through inhibition of Drp1 activity or mitochondrial fragmentation, but rather by 

elevating extracellular adenosine levels, an action thought to be protective through the 

increase of cerebral blood flow and reduction of excitotoxic neurotransmitter release. A 

different article studying the effects of mdivi-1 on MCAO injury also observed 

neuroprotection by mdivi-1 [76]. However, this study suggested that mdivi-1 blocked 

apoptotic cell death, and that its mechanism of protective action may be through the 

prevention of cytochrome c release, an initiating step in the onset of cellular apoptosis 

[77]. 

1.5 REACTIVE OXYGEN SPECIES AND MICROGLIAL ACTIVATION 

1.5.1 Reactive oxygen species, nitric oxide, and reactive microgliosis 

Microglia in vitro continue to produce proinflammatory factors following removal 

of activating agent [78] and microglia in vivo frequently remain activated over long time 

periods following injury or onset of disease [79, 80].  This continued activation is likely 

due to a phenomenon termed reactive microgliosis, a self-propelling cycle mediated by 

intracellular ROS and NO that serves to maintain the proinflammatory phenotype and 

results in proliferation and migration of activated microglia [78].  Hence, ROS play a 
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vital role in both the initial activation of microglia and in their continued activation 

through reactive microgliosis.  CD11b, the MAC1 receptor which binds LPS [22], A 

peptide [81, 82], -synuclein [83], and high mobility group box 1 (HMGB1) [84], is a 

beta-integrin microglial cell surface molecule which demonstrates increased expression 

during activation.  LPS and immunogenic stimuli associated with neurodegenerative 

disorders upregulate microglial CD11b expression [85] and increased CD11b expression 

correlates with the severity of microglial activation in a variety of neuroinflammatory 

diseases [86].  Similar to the ability of antioxidants to decrease production of 

proinflammatory mediators, Roy et al. found that the antioxidants N-acetylcysteine 

(NAC) and pyrrolidine dithiocarbamate (PDTC) prevented upregulation of CD11b in 

vitro and in vivo [85].  H2O2 alone, or a superoxide generating system consisting of 

hypoxanthine and xanthine oxidase, was sufficient to elevate CD11b expression in a 

catalase-sensitive fashion, implicating H2O2 in the CD11b increase [85].  Scavenging NO 

with 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO) was 

able to prevent CD11b upregulation, suggesting that H2O2 upregulates CD11b indirectly 

through NO [85, 87].  CD11b/MAC1 was required for NADPH oxidase activation in 

response to LPS [22],  -synuclein [83], or HMGB1 released by inflamed microglia 

and/or degenerating neurons [84]. Thus, CD11b upregulation by an H2O2 and NO-

mediated pathway is likely a major contributor to reactive microgliosis, as seen in a small 

animal model of Parkinson’s disease [88].  Although compelling data suggest that ROS 

and NO participate in a self-amplifying loop during microglial activation, not all studies 

support the involvement of NO in proinflammatory cytokine production.  In contrast to a 

role for NO in CD11b induction, Yoshino et al. observed that TNF-α produced by LPS-
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stimulated microglia was suppressed by the antioxidant NAC, but not by scavenging NO 

with cPTIO [89].  In addition, 3-(4-morpholinyl)sydnonimine (SIN-1), a donor of 

superoxide and NO [90], induced microglial TNF-α production in a superoxide dismutase 

(SOD)-sensitive fashion, indicating that NO was not capable of stimulating TNF-α 

secretion in the absence of superoxide.   

Although it is often convenient to think about microglial polarization in terms of 

linear pathways, microglial activation does not consist of a singular cell signaling 

cascade, and instead comprises a multitude of pathways that converge in the phenotype 

observed during excessive microglial activation.  The activation phenotype undoubtedly 

depends on the proinflammatory trigger as well as on the extracellular environment.  As 

an interesting example, a transcriptional analysis recently found that microglia isolated 

from an ALS mouse model differed from LPS-activated microglia as well as from M1- or 

M2-polarized macrophages, including in the level of proinflammatory TNF- and IL-1 

expression [91].  When investigating the role of ROS, NO, and other factors in microglial 

activation, it is also important to consider the experimental conditions used to measure 

activation.  Serum promotes binding of LPS to TLR4 due to the presence of 

lipopolysaccharide binding protein (LBP) [92, 93].  In vitro studies variably use serum-

containing or serum-free conditions to examine LPS-induced activation of microglia, 

potentially altering the ratio of TLR4-dependent to TLR4-independent signaling 

mechanisms and the activation phenotype. All of the experiments described in this 

dissertation were performed in the presence of serum in the form of 10% fetal bovine 

serum. 
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1.5.2 NADPH Oxidase and the proinflammatory state 

Early work linking ROS to the proinflammatory microglial activation state used a 

pharmacological approach (Fig. 1.4, i).  Kang et al. demonstrated that the superoxide 

dismutase (SOD)/catalase mimetic Mn(III)tetrakis(1-methyl-4-pyridyl)porphyrin 

(MnTMPyP) or the NADPH  

 

 

Fig. 1.4.  NADPH oxidase- and mitochondria-derived reactive oxygen species pathways in 
microglial activation. The antioxidants DPI, apocynin, NAC, MnTMPyP, gp91ds-tat peptide, and 

MitoTEMPO, decrease reactive oxygen species (i), leading to a decrease in release of 

proinflammatory factors.  Exogenous catalase but not superoxide dismutase (SOD) also blocks 

release, suggesting that superoxide (O2
-
) produced by NADPH oxidase requires dismutation to 

hydrogen peroxide (H2O2) before it can mediate intracellular signaling (ii).  Cell permeable H2O2 

activates the MAP kinase (MAPK) signaling pathway and induces NF-B translocation from the 

cytosol to the nucleus (iii), where it promotes synthesis of TNF- and iNOS, leading to increased 

secretion of TNF- and NO (which can react with O2
-
 to form ONOO

-
.  Evidence also exists that 

reactive oxygen species upregulate and activate the NLRP3 inflammasome, initiating release of the 

proinflammatory cytokines IL-1 and IL-18 from their pro-forms subsequent to cleavage by caspase-1 
(iv).    
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oxidase/flavoprotein inhibitor diphenylene iodonium (DPI) reduced NF-B activation 

and IL-1 transcription in the mouse microglial cell line BV2 in response to treatment 

with an Alzheimer’s disease-relevant amyloid-beta (A) peptide [94].  Additional 

experiments using the small molecule inhibitor DPI in primary rodent microglia 

implicated superoxide and downstream species originating from NADPH oxidase in the 

LPS-mediated induction of proinflammatory cytokines [95, 96].  However DPI is not a 

specific inhibitor of NADPH oxidase and can influence mitochondrial superoxide 

production, among additional targets [97-100].  Studies using microglial cultures from 

phagocytic oxidase (Phox) -/- mice lacking the gp91 catalytic subunit of NADPH oxidase 

conclusively established NADPH oxidase as the source of LPS-stimulated extracellular 

superoxide production [8].  Much but not all of the intracellular ROS elevation in 

response to LPS was also eliminated by gp91
phox

 knockout [8].  Interestingly, while TNF-

 secretion was diminished by gp91
phox

 deficiency, the production of NO was unaltered.  

This finding contrasts with a dominant negative approach to NADPH oxidase inhibition.  

Stable mutant p47
phox

 subunit overexpression to prevent functional NADPH assembly 

impaired both inducible nitric oxide synthesis (iNOS) induction and production of NO in 

rat highly aggressively proliferating immortalized (HAPI) microglial cells treated with 

LPS [96].  The role of the p47
phox

 and gp91
phox

 subunits of NADPH oxidase in microglial 

activation was further investigated by Choi et al. in vivo following intracerebroventricular 

injection of LPS or A1-42 peptide [101].  Inhibition of NADPH oxidase by genetic 

knockout of p47
phox

 or gp91
phox

 or by the drug apocynin promoted microglial polarization 

toward an M2 anti-inflammatory phenotype while reducing release of proinflammatory 

mediators [101].  Knockout of p47
phox

 decreased TNF- but not IL-1 measured after 
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intracerebroventricular injection of LPS.  This finding is in agreement with the in vitro 

studies of Qin et al. [8] and Pawate et al. [96] showing that TNF- secretion is 

dependent on NADPH oxidase activity but in contrast to the results of Kang et al. 

showing that A25-35-induced IL-1 is also impaired when blocking NADPH oxidase 

using DPI [94].  Finally, Loane et al. demonstrated both in vitro and in vivo that 

metabotropic glutamate receptor 5 agonists attenuate microglial NO and TNF- 

production by inhibiting the expression and activity of NADPH oxidase [102, 103].  

Collectively, these studies implicate microglial NADPH oxidase activity in the transition 

to a proinflammatory phenotype.  However, these studies also suggest that NO, TNF-, 

and IL-1 may not always be regulated in tandem.  Consequently, it is important to 

consider the markers used to define activation as well as the activating stimulus when 

evaluating microglial polarization. While we realize that it is not an exhaustive 

characterization, this dissertation will mainly focus on nitric oxide, TNF-, IL-1, and 

IL-6 to describe microglial proinflammatory activation in our models. 

Superoxide produced by NADPH oxidase is predominantly extracellular (Fig. 1.4, 

ii).  In vivo, extracellular superoxide dismutase 3 (SOD3) dismutates superoxide to form 

membrane permeable H2O2 [104].  In vitro, superoxide conversion to H2O2 can be 

enzymatically accelerated by addition of extracellular superoxide dismutase (SOD) while 

extracellular H2O2 derived from superoxide can be experimentally eliminated by catalase 

addition.  The enzyme catalase degrades H2O2 to oxygen and water [105].  Interestingly, 

exogenous catalase, when added in combination with LPS/IFN-, impaired microglial 

release of proinflammatory mediators while SOD alone did not [96].  Similarly, catalase 

but not SOD prevented stimulation of microglial proliferation in response to IL-1 or 
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TNF- [106].  These results suggest that H2O2, not superoxide, is the primary reactive 

oxygen species responsible for mediating microglial activation and proliferation in 

response to proinflammatory stimuli.  It is important to note that arginase has been 

identified as a contaminant in some commercial catalase preparations [107].  As arginase 

degrades L-arginine, a precursor for NO synthesis, catalase purity is an important 

variable to consider, particularly when using NO as a marker for activation.   

In addition to H2O2 removal, the effect of H2O2 addition on microglial phenotypes 

has been tested.  Eguchi et al. demonstrated that H2O2 increased the LPS-induced 

expression of iNOS, responsible for production of NO, yet found that H2O2 alone was 

insufficient to upregulate iNOS [108].  Another recent study also observed that addition 

of H2O2 to LPS-treated microglial cells  enhanced NO production [78].  Continuous H2O2 

generation by two different ROS generating systems was able to stimulate microglial 

proliferation [106].  These studies, and observations that NAPDH oxidase inhibition 

impairs but does not entirely block the release of proinflammatory mediators such as 

TNF-, suggest that while H2O2 in involved in neuroinflammation, it may act to intensify 

proinflammatory processes, rather than as a direct inducer of such processes.  In addition, 

it is possible that ROS downstream of H2O2, e.g. the reactive hydroxyl radical formed 

from H2O2 in the presence of iron [109], also contribute to the proinflammatory 

phenotype. 

1.5.3 MAPK and NF-B as hydrogen peroxide-sensitive regulators of microglial 

activation 

The precise mechanisms by which reactive oxygen species, and H2O2 in 

particular, promote microglial proliferation and the proinflammatory state remain 
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incompletely characterized.  Much of the work on the proinflammatory role of ROS, both 

in non-microglial and microglial cell types, has focused on the MAPK signaling pathway 

and the downstream transcription factor NF-B (Fig. 1.4, iii).  Although most reports do 

not examine the mechanism through which ROS induces MAPK phosphorylation during 

the activation process, oxidation of catalytic cysteines on MAPK-inactivating 

phosphatases may be involved [25-27].  A study in rat epithelial cells demonstrated that 

LPS treatment induces phosphorylation of the MAPK
 
p38 subunit which was required for 

LPS-stimulated TNF-α production [29].  The antioxidant NAC was able to reduce p38 

phosphorylation and TNF- release while exposure to a superoxide-generating system or 

H2O2 was able to induce p38 phosphorylation [29].  In peripheral blood mononuclear 

cells, inhibition of superoxide production with DPI impaired translocation of the p50 

subunit of NF-B from the cytosol to the nucleus and subsequent production of the 

proinflammatory cytokines IL-6 and IL-8 [110].   

The importance of MAPKs and NF-B to the activation process in microglial 

cells, and their regulation by ROS, has also been demonstrated through multiple 

approaches.  Inhibition of p38, extracellular signal-related kinase (ERK)1/2, or c-Jun N-

terminal kinase (JNK) in primary rat microglia impaired LPS- or A1-42 stimulated 

production of IL-1β [111].  Similarly, treatment with the flavonoid antioxidant isoorientin 

or with NAC decreased LPS-induced MAPK activation, nuclear NF-B translocation, 

and the production of IL-1, TNF-, and NO in BV2 microglial cells [112].  Multiple 

groups used the p47
phox

 dominant negative approach discussed earlier to demonstrate a 

specific requirement for NADPH oxidase activity in p38 and ERK phosphorylation 

during proinflammatory microglial activation [96, 113].  Another study with BV2 cells 
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demonstrated that fructose-1,6-bisphosphate, a glycolytic intermediate that preserves 

cellular antioxidant capacity through stimulation of the pentose phosphate pathway [114], 

decreased LPS-induced iNOS expression to a similar extent as NAC by inhibiting JNK 

and p38 MAPK phosphorylation [115].  The antioxidant protein peroxiredoxin I was 

recently identified as an endogenous negative regulator of NF-B-mediated microglial 

activation [116], providing further support for the redox-sensitivity of NF-B. The p50 

subunit of NF-B traditionally promotes proinflammatory factor production through 

formation of a heterodimer with the p65 subunit, and promotes an anti-inflammatory state 

through the formation of homodimers [117]. A recent study demonstrated that ROS 

attenuate p50 function, resulting in the promotion of a pro-inflammatory state [118].   

Strikingly, constitutive activation of NF-B in microglia in vivo achieved by genetic 

means was sufficient to induce microgliosis and neuronal death [13], confirming the 

central role of this transcription factor in classical microglial activation. 

Although most of the attention has focused on NF-B as a redox-sensitive 

transcriptional regulator of microglial activation, other transcription factors are 

undoubtedly involved.  The transcription factor p53 is a master regulator of cell-cycle 

control and apoptosis [119].  It responds to a variety of stressors, including oxidative 

damage.  Inhibiting p53 in microglia using the small molecule pifithrin- decreased LPS- 

or A25-35-induced iNOS expression and ameliorated microglia-mediated neurotoxicity 

[120].  The involvement of p53 in microglial activation was also recently confirmed by 

genetic knockout.  p53
-/-

 microglia showed a decrease in production of proinflammatory 

factors in response to IFN-, and displayed increased expression of genes associated with 

alternative activation [121].  Although it was hypothesized that p53 activation during 
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microglial activation is induced by ROS [121], the necessity and/or sufficiency of ROS in 

p53 activation leading to microglial activation has yet to be established.  Studies testing 

the effects of anti- and pro-oxidants on p53 in microglia with and without activating 

stimuli should prove enlightening.  Finally, evidence suggests that Nuclear factor 

erythroid 2-related factor 2 (Nrf2), a transcriptional activator of genes regulated by 

antioxidant response elements (ARE), is a negative regulator of microglial activation in 

response to LPS [122] or the Parkinson’s disease-inducing toxin 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP) [123].  Drugs which activate the Nrf2 pathway such 

as sulforaphane [124] may mediate neuroprotection in part by preventing excessive 

proinflammatory microglial polarization [122, 123, 125].   

1.5.4 Mitochondrial superoxide and a proinflammatory amplification loop 

Mitochondria are another possible source of the component of LPS-induced 

intracellular ROS that was not eliminated by gp91
phox

 knockout [8].  Superoxide anion is 

the primary ROS produced by mitochondria, mostly in the mitochondrial matrix, but it 

does not readily cross biological membranes [126].  MnSOD (SOD2) efficiently converts 

mitochondrial matrix superoxide into H2O2 which can diffuse into the cytoplasm.  

Although the preponderance of evidence supports the involvement of NADPH oxidase-

derived H2O2 in microglial activation, the possibility that mitochondria-derived H2O2 

contributes to the proinflammatory transition under some scenarios has also been 

considered.  For example, the direct microglial activation by the mitochondrial toxin 

rotenone observed by some was attributed to mitochondria-derived ROS [127, 128].   

Rotenone inhibits Complex I of the electron transport chain and stimulates 

mitochondrial superoxide production during the oxidation of Complex I substrates [126].  
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Systemic rotenone administration recapitulates features of Parkinson’s disease in rats, 

including highly selective nigrostriatal dopaminergic neuronal degeneration [64].  Early 

studies by Gao et al. [129, 130] using primary brain cell cultures suggested that microglia 

may contribute to rotenone-induced dopaminergic neurodegeneration.  Low dose 

rotenone treatment (0.5-20 nM) did not cause significant neurotoxicity in neuron-

enriched cultures, yet induced robust neurotoxicity in neuron/glia mixed cultures [129].  

Although mitochondrial superoxide production is frequently cited as the link between 

rotenone and neurotoxicity [131, 132], inhibition of rotenone neurotoxicity by the non-

specific NADPH oxidase inhibitor apocynin in mixed cultures suggested a surprising 

involvement of microglial NADPH oxidase [129, 130].  Low dose rotenone treatment (5-

10 nM) elicited an increase in superoxide production by wild type microglia, but not by 

cells derived from gp91
phox

-deficient mice [130].   Furthermore, apocynin had no effect 

on superoxide levels or low dose rotenone neurotoxicity in Phox 
-/-

 mixed cultures, 

suggesting the participation of microglial NAPDH oxidase in rotenone neurotoxicity 

[130].  Even more surprisingly, radiolabeled ligand binding assay revealed an affinity of 

rotenone for the catalytic gp91
phox

 subunit of NADPH oxidase.  Rotenone-gp91
phox

 

binding, which was inhibitable by DPI, induced membrane translocation of the p67
phox

 

subunit and led to NADPH oxidase-induced superoxide production [133].   

Recent studies using BV2 mouse microglial cells found that rotenone treatment 

alone was sufficient to induce a proinflammatory activation phenotype as assessed by 

induction of iNOS, TNF-, and IL-1 [127, 128].   Activation was mediated by ROS, 

p38 MAPK, and  the NF-B pathway [128].  Nevertheless, activation of microglia by 

rotenone has not always been recapitulated in primary microglial cultures ([129, 134, 
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135], but see [136] and [137]).  The concentrations of rotenone employed in these studies 

varied over a 10,000-fold range (0.1 nM - 1 M).  Studies implicating rotenone in 

cytokine production by macrophages have ranged even higher (e.g. 5-40 M [138, 139]).  

Toxicity due to rotenone has sometimes but not always been measured.  This is 

important, as compromised cells release damage-associated molecular patterns (DAMPs) 

which can promote microglial activation through binding to toll-like receptors.  As noted 

earlier, HMGB1 is one factor that can be released from damaged cells which propagates a 

proinflammatory phenotype [84].  Since ROS generally appear to augment rather than 

initiate activation, full microglial proinflammatory cytokine production in response to 

rotenone may require NAPDH oxidase- and/or mitochondria-derived ROS plus a second 

“hit” that is cell culture condition or model dependent.  A rigorous establishment of dose-

response relationships among rotenone-induced inhibition of mitochondrial oxygen 

consumption, superoxide production, toxicity, and activation markers is required and 

should help explain discrepant results.  Nevertheless, reliance on mitochondrial inhibitors 

is an inherently flawed approach for determining the role of mitochondrial superoxide in 

microglial activation as it will likely prove impossible to completely separate out effects 

on mitochondrial superoxide generation from other effects on mitochondrial function.  It 

is also generally not appreciated that rotenone, in contrast to the Complex I inhibitor 

piericidin A [140], impairs microtubule assembly in the low nanomolar range [140-143].  

A comparison of rotenone, piericidin A, and other, structurally distinct, Complex I 

inhibitors should help untangle true contributions of mitochondrial superoxide/respiratory 

inhibition from effects on NADPH oxidase, microtubule polymerization, or other targets.   
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In addition to ROS, altered mitochondrial and glycolytic energy metabolism were 

linked to BV2 microglial activation [144-146].  BV2 microglial cells significantly 

decreased mitochondrial oxygen consumption [144, 146] and increased glycolysis [144] 

upon stimulation with LPS or LPS plus IFN-.  Consistent with other studies linking ROS 

to proinflammatory cytokine production, a combination of the antioxidants Trolox and 

edaravone or overexpression of the ROS-lowering protein Grp75/mtHsp70/mortalin was 

able to suppress NF-B nuclear translocation and release of TNF- and IL-6 [144].  

Inhibition of the mitochondrial ATP synthase by the drug oligomycin overcame the 

ability of antioxidants to attenuate secretion of these proinflammatory cytokines.  

Elevated glycolytic lactate production in the presence of oligomycin was suggested to be 

the crucial factor supplanting the effect of antioxidants on activation as sodium lactate (5 

mM) mimicked the effect of oligomycin [144].  This study underscores the importance of 

considering effects on mitochondrial metabolism in addition to ROS alone when using 

mitochondrial inhibitors to modulate the activation phenotype.  

Not long ago, Kasahara et al. took an interesting alternative approach to address 

whether there is a mitochondrial contribution to the activation phenotype in macrophages, 

the peripheral “cousins” of microglia.  Rho zero (
0
) cells lacking mitochondrial DNA 

were created from the RAW 264.7 macrophage cell line.  The cells exhibited defective 

oxygen consumption, diminished ROS production in response to LPS, and attenuated 

TNF- and IL-6 secretion [147].  A H2O2-generating system consisting of glucose plus 

glucose oxidase partially rescued LPS-stimulated TNF- secretion in 
 0

 cells while 

having no effect on their mitochondria-competent counterparts.  In addition, NAC but not 

apocynin suppressed mitochondrial ROS levels and TNF- secretion in LPS-treated 
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RAW 264.7 cells, suggesting that at least in this particular cell line under the tested 

experimental conditions, mitochondria-derived superoxide—instead of or in addition to 

NADPH oxidase-derived superoxide—was required for proinflammatory cytokine 

production.  While taking a similar approach, Nakahira et al. found that a different 
 0

 

macrophage cell line, J774A.1, exhibited normal TNF- secretion in response to LPS 

plus ATP (rather than LPS alone), but impaired IL-1 release ([139], discussed further 

below).  Although compelling evidence as outlined above implicates ROS originating 

from NADPH oxidase in microglial activation, it would be interesting to test whether 

mitochondria-defective 
 0

 microglia exhibit impaired activation, suggesting a possible 

secondary contribution of mitochondria to the activation process.   

1.5.5 NLRP3 inflammasome and reactive oxygen species in microglial activation 

Discussion to this point has centered mostly on TNF-, however IL-1 is also one 

of the major proinflammatory cytokines in the brain.  Release of IL-1, in contrast to 

TNF-, is regulated enzymatically through caspase-1 activity.  The NOD-like receptor 

family, pyrin domain-containing 3 (NLRP3, also called NALP3) inflammasome is a 

protein scaffolding complex that induces the secretion of the cytokines IL-1β and IL-18 

from their pro-forms by activating caspase-1 (Fig. 1.4, iv) [148].  Present in most immune 

cells including microglia, the NLRP3 inflammasome is stimulated by diverse damage-

associated molecular patterns (DAMPs) and pathogen-associated molecular patterns 

(PAMPs), such as released mitochondrial DNA, extracellular ATP, bacterial toxins, and 

particulate matter [148, 149].  In microglia, fibrillar or oligomeric A peptide [150, 151], 
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fibrillar  -synuclein [152], and a neurotoxic prion peptide [153] were all shown to 

induce NLRP3 inflammasome-dependent IL-1 secretion.  

ROS have been heavily implicated as an upstream event in the activation of the 

NLRP3 inflammasome [154].  For example, reduction of IL-1 production was observed 

following treatment with antioxidants such as NAC or DPI, while in some cases H2O2 

alone was sufficient to induce NLRP3 activation [155-157].  Although NADPH oxidase-

derived ROS were initially suggested to be important for NLRP3 inflammasome 

activation [158], mouse macrophages deficient in NADPH oxidase subunits gp91
phox

 or 

gp22
phox

 remained activation-competent [159, 160].  In addition, gp91
phox

-defective, 

gp47
phox

-defective, and gp22
phox

-defective macrophages from human patients with 

chronic granulomatous disease all exhibited active inflammasomes in response to 

multiple triggers [161].   

In 2011, a series of three reports implicated ROS specifically derived from 

mitochondria in the activation of the NLRP3 inflammasome [138, 139, 160].  Additional 

studies [148, 162-164] have surfaced since.  Other reports have failed to replicate the 

necessity of ROS in NLRP3 inflammasome activation [165] or suggested that ROS are 

necessary only for an LPS “priming” step involving induction of NLRP3 and pro-IL-1 

protein expression, but not for actual NLRP3-dependent caspase-1 activation [166].  In 

contrast, a rare study performed in microglial cells rather than peripheral immune cells 

found that the antioxidant NAC had no effect on LPS priming while inhibiting caspase-1 

dependent IL-1 secretion in response to A1-42 peptide oligomers [151].   
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Caveats aside, the possibility that mitochondria contribute to NLRP3 activation in 

response to at least some triggers remains intriguing and the NLRP3 inflammasome is 

emerging as a new target for neuroprotection.  Intracerebral hemorrhage or injection of 

rotenone into the mouse brain basal ganglia induced NLRP3 expression which was 

mitigated by injection of the mitochondrially targeted antioxidant MitoTEMPO in vivo 

[167].  This finding is consistent with, but does not prove, the proposed involvement of 

ROS in NLRP3 inflammasome priming [166].  NLRP3 knockdown by siRNA reduced 

brain edema and improved neurological functions at 24-72 hours after intracerebral 

hemorrhage [167], suggesting a deleterious role for the NLRP3 inflammasome following 

acute brain injury.  Glibenclamide (also known as glyburide), a diabetes drug proposed as 

a novel treatment for acute brain injury due to its ability to inhibit the Sur1-Trpm4 

channel involved in brain edema [168], was also shown to inhibit the NLRP3 

inflammasome [169].  Similar to NLRP3 knockdown, glibenclamide reduced 

neuroinflammation and cognitive impairment following subarachnoid brain hemorrhage 

[170].   

In addition to acute brain injury, the NLRP3 inflammasome is implicated in the 

pathogenesis of Alzheimer’s disease [171].  An increase in the cleaved form of capase-1 

was detected in post-mortem hippocampal and frontal cortex brain samples of patients 

with Alzheimer’s disease relative to controls [172], implying increased inflammasome 

activity.  Strikingly, knockout of either NLRP3 or caspase-1 ameliorated memory loss 

and -amyloid plaque burden in an Alzheimer’s disease transgenic mouse model [172].  

Microglia in these mice were skewed toward an M2-like phenotype, displaying increased 

M2 markers such as arginase-1 and IL-4 concomitant to a reduction in the 
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proinflammatory marker iNOS.  Surprisingly, production of the proinflammatory 

mediators TNF- and NO in response to fibrillar A peptide in microglia or macrophages 

depended on NLRP3 inflammasome-dependent IL- production, as shown using 

knockout cells for NLRP3, caspase-1, or the IL-1 receptor [150].  This TNF- and NO 

dependence on the NLRP3 inflammasome in response to A is in contrast to studies 

performed in macrophages which indicate that the NLRP3 inflammasome is not required 

for TNF- or NO secretion in response to most activators, e.g. a high concentration of 

LPS [150] or LPS plus ATP [139].  Data showing a normal TNF- but blunted IL-1 

response following LPS plus ATP treatment in 
0
 macrophage cells demonstrated that IL-

1 but not TNF- was influenced by the presence or absence of mitochondria [139].  

Pathways controlling NLRP3 inflammasome activation in response to various triggers, 

including the necessity of mitochondrial superoxide generation and interaction with other 

proinflammatory changes such as NF-B-dependent transcription, plainly require further 

elucidation.  Parajuli et al. recently found that even fibrillar and oligomeric A peptides 

activated the NLRP3 inflammasome through different pathways, additionally showing a 

small but significant contribution of NAPDH oxidase activity to oligomeric A-induced 

IL-1 secretion by demonstrating suppression with a cell permeable gp91ds-tat peptide 

inhibitor of NADPH oxidase [151]. 

Even if one assumes that mitochondria-derived ROS participate in NLRP3 

inflammasome activation, the mechanism by which this occurs remains unknown.  In 

macrophages, NLRP3 expression during the priming step depended on NF-B [173].  

Thus one possibility is that mitochondria-derived H2O2 participates in NLRP3 priming by 
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amplifying MAPK signaling as previously discussed (Fig. 1.4, iii).  However, many 

studies suggest that ROS are necessary not only for inflammasome priming but also for 

activation.  An early proposal was that ROS induce thioredoxin-interacting protein 

(TXNIP) dissociation from thioredoxin, allowing it to bind and activate NLRP3 [156].  

However, a subsequent study failed to reproduce this finding [174].  A series of more 

recent studies raised the possibility that release of a mitochondrial signal is required to 

trigger activation of pro-caspase-1 by the NLRP3 inflammasome [139, 175-177], similar 

to apoptosome-mediated pro-caspase-9 activation that is triggered by the release of 

mitochondrial cytochrome c during apoptosis [178].   

Nakahira et al. provided initial evidence that the release of mitochondrial DNA 

from the matrix to the cytoplasm subsequent to mitochondrial compromise is the NLRP3 

trigger [139].  They and others showed that cyclosporin A, an inhibitor of a large 

conductance mitochondrial inner membrane channel called the permeability transition 

pore (PTP), suppressed the release of IL-1 by activated macrophages [139, 175, 176].  

The PTP is a ROS-sensitive channel that opens in response to the oxidation of thiols on 

pore components [179], including cysteine 203 of the cyclosporin A target cyclophilin D 

[180].  Therefore, in this model ROS would be acting in the mitochondrial matrix rather 

than the cytoplasm to initiate PTP-dependent release of mitochondrial DNA as an 

activating ligand of NLRP3.  However, a recently published study strongly challenged 

this model by demonstrating that knockout of cyclophilin D had no effect upon NLRP3 

inflammasome activity while cyclosporin A impaired inflammasome activation equally 

well in wild type and cyclophilin D knockout macrophages [181].  Although it remains 

possible that mitochondrial DNA is released by mitochondrial damage independent of the 
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classical cyclophilin D-dependent permeability transition pore, Allam et al. also found 

normal NLRP3 inflammasome activation in cells deficient in pro-apoptotic Bax and Bak 

or in cells overexpressing anti-apoptotic Bcl-2.  These findings indicate that such 

mitochondrial membrane disruption would have to also occur independently of central 

mechanisms regulating mitochondrial permeability during apoptosis.  Nevertheless, in an 

interesting twist, opening of the mitochondrial permeability transition pore was impaired 

in NLRP3 knockout macrophages [139], suggesting an upstream role for NLRP3 in 

mitochondrial damage, perhaps independent of the inflammasome or as part of a 

feedback loop.  In a variation of the mitochondrial DNA efflux model, Shimada 

suggested that rather than simply cytoplasmic mitochondrial DNA, oxidized 

mitochondrial DNA was the specific trigger of inflammasome activation [175].  Thus, 

ROS were required both for the oxidation of mitochondrial DNA and for triggering a 

mitochondrial pore-dependent efflux to the cytoplasm.  Subsequently, Iyer et al 

discovered an NLRP3 inflammasome trigger, linezolid, that caused the release of IL-1 

from LPS-primed macrophages in the absence of a detectable increase in mitochondrial 

ROS [176].  Cyclosporin A but not MitoTEMPO impaired IL-1 release.  The 

mitochondria-specific inner membrane phospholipid cardiolipin was identified as a direct 

NLRP3 activating ligand, apparently without a requirement for mitochondrial ROS or 

mitochondrial DNA release [176].  Cardiolipin, along with microtubules, appeared to also 

be required for the recruitment of NLRP3 to mitochondria, where NLRP3 bound the 

adaptor protein Apoptosis-associated speck-like protein containing CARD (ASC) to form 

functional inflammasome complexes [176, 177].  
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Overall, the evidence that mitochondria are involved in NLRP3 inflammasome 

activation in some way is intriguing.  Nevertheless, a unifying model is needed to 

assimilate the interesting but not always consistent pieces of evidence implicating their 

participation.  Challenging all of the work implicating mitochondria-derived ROS in 

inflammasome activation, Mũnoz-Planillo et al. found that pore-forming gramicidin, 

which collapses the plasma membrane sodium and potassium gradients, initiated NLRP3-

dependent IL-1 release from macrophages prior to any mitochondrial dysfunction and 

without ROS production [165].   They failed to reproduce NLRP3 inflammasome 

activation by H2O2, rotenone, or the mitochondrial complex III inhibitor antimycin A 

[165].  Furthermore, several antioxidants including NAC did not inhibit LPS priming or 

gramicidin-triggered NLRP3 activation in their hands.  In addition, Jabaut et al. found a 

poor correlation between the effect of mitochondria-targeted treatments on NLRP3 

inflammasome activation and their effect on ROS production [164].   

All tested NLRP3 inflammasome activators cause cytoplasmic potassium efflux 

[165, 182].  Mũnoz-Planillo et al. demonstrated that the removal of extracellular 

potassium alone was sufficient to cause activation of the NLRP3 inflammasome by 

causing a drop in cytoplasmic potassium below a critical threshold, in the apparent 

absence of mitochondrial ROS or a mitochondria-derived activating ligand [165].   

In striking contrast to the stimulatory role proposed for mitochondrial matrix 

superoxide, evidence suggests that cytoplasmic superoxide is a negative regulator of 

NLRP3-dependent IL-1 secretion [183].  Macrophages deficient in the cytoplasmic 

Cu/Zn SOD enzyme (SOD1) exhibited impaired caspase-1 activation mediated by 

reversible oxidation and glutathionylation of cysteine residues on caspase-1 [183].  Thus, 
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the spatial and temporal distribution of ROS may profoundly affect how they influence 

priming and/or activation of the NLRP3 inflammasome.  Ever improving techniques to 

measure site-specific ROS production within individual intracellular compartments 

should help to unravel the many complexities of how these species regulate NLRP3 

inflammasome activation. 

1.6 CONCLUDING REMARKS 

 There is emerging evidence linking mitochondrial functional changes with 

proinflammatory microglial activation. However, much work is needed beyond the so-far 

preliminary experiments linking the effects of general mitochondrial inhibitors or 

regulators of reactive oxygen species production to microglial activation. The research 

within this dissertation aims to couple in-depth analyses of mitochondrial bioenergetic 

function and mitochondrial dynamics to microglial activation. 

1.7 INITIAL HYPOTHESES AND PREDICTIONS 

Overarching Hypothesis (Figure 1.5): Microglial mitochondrial structural changes and 

bioenergetic dysfunction stimulates proinflammatory microglial activation. 

1.7.1 Hypothesis 1 (Chapter 2): Tubular mitochondrial morphology is required for 

mitochondrial respiratory function. 

 Prediction 2.1: The putative Drp1 inhibitor mdivi-1 will augment mitochondrial 

respiration. 

 Prediction 2.2: Mdivi-1 will rapidly elongate mitochondria. 
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1.7.2 Hypothesis 2 (Chapter 3): Mitochondrial fission is necessary for proinflammatory 

microglial activation. 

 Prediction 3.1: Mitochondria will fragment following LPS/IFN-stimulation. 

Prediction 3.2: The putative mitochondrial fission inhibitor mdivi-1 will impair 

proinflammatory microglial activation through attenuation of 

mitochondrial fragmentation. 

1.7.3 Hypothesis 3 (Chapter 4): Respiratory inhibition during proinflammatory 

microglial activation is mediated by nitric oxide at physiological O2 (3% O2, 23 mm Hg), 

but by peroxynitrite at atmospheric O2 (21% O2, 160 mm Hg). 

Prediction 4.1: Removal of nitric oxide will prevent microglial respiratory 

inhibition at 3% O2, but not at 21% O2. 

Prediction 4.2:  Removal of peroxynitrite-mediated oxidative stress at 21% O2 by 

antioxidants will prevent LPS/IFN--induced respiratory impairment. 

1.7.4 Hypothesis 4 (Chapter 5): Restoration of mitochondrial respiratory function will 

prevent proinflammatory microglial activation. 

Prediction 5.1: Exogenous electron donors will bypass respiratory inhibition 

following LPS/IFN-stimulation. 

Prediction 5.2: Bypassing respiratory inhibition with exogenous electron donors 

will reduce the production of proinflammatory mediators by LPS/IFN-

stimulated microglia. 
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Figure. 1.5. Working Model of Dissertation goals 

Surveying   (non-activated) microglia, indicated by their ramified morphology, have tubular and 

functional mitochondria (illustrated as large green mitochondria) that are bioenergetically efficient ( 

OCR; oxygen consumption rate). In classical proinflammatory microglial activation, indicated by 

amoeboid morphology, I propose that microglia have shortened dysfunctional mitochondria (depicted 

as small red mitochondria) that are impaired bioenergetically (OCR; oxygen consumption rate). In 

chapters 2 and 3, I will study the importance of mitochondrial structural changes, specifically through 

utilization of the putative mitochondrial fission protein Drp1 inhibitor mdivi-1. In chapter 4 and 5, I 

will study the importance of the bioenergetic alteration to microglial activation, specifically by 

studying the mechanism of respiratory inhibition, as well as by testing whether bypassing this 

inhibition can impair proinflammatory microglial activation. 
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CHAPTER 2: THE PUTATIVE DRP1 INHIBITOR MDIVI-1 IS A REVERSIBLE 

MITOCHONDRIAL COMPLEX I INHIBITOR THAT MODULATES 

REACTIVE OXYGEN SPECIES 

2.1 INTRODUCTION 

Mitochondrial fission-fusion events occur physiologically and are involved in the 

segregation and elimination of damaged mitochondrial elements by autophagy [184]. 

Basal Drp1-dependent mitochondrial fission is required for mitochondrial trafficking to 

synapses, mitochondrial quality control, and brain development [185-187]. However, 

mitochondrial fragmentation also occurs simultaneous to cytochrome c release during 

programmed cell death [188]. The fission GTPase Drp1 promotes Bax-dependent 

cytochrome c redistribution from mitochondria to the cytoplasm [188], an event which 

initiates activation of caspase protease executioners. Therefore, Drp1 is a drug target in 

numerous degenerative diseases that involve aberrant mitochondrial fission and/or 

disrupted membrane integrity. 

Mdivi-1 is a quinazolinone derivative identified as a mitochondrial fission 

inhibitor in a chemical library screen for compounds that influence mitochondrial 

morphology in yeast [70]. Mdivi-1 impaired the GTPase activity of Dnm1, the yeast 

homologue of the mammalian fission factor Drp1 [70]. However, mdivi-1 failed to inhibit 

the GTPase activity of recombinant human Drp1 in the same study. Human Drp1 was 

less active than its yeast homologue and incapable of self-assembly, leading to 

speculation that the human protein was folded incorrectly. Nevertheless, mdivi-1 caused 

elongation of mammalian mitochondria in COS cells within an hour [70] and lengthened 

mitochondria in several additional studies [189]. Consequently, mdivi-1 is widely 
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considered to be a small molecule inhibitor of mitochondrial fission that specifically 

targets Drp1. 

Mdivi-1 crosses the blood-brain barrier and is protective in several preclinical 

disease animal models that include heart and brain ischemia-reperfusion injury [69, 190], 

traumatic brain injury [191], and Parkinson’s disease [192]. Mdivi-1 also blocks pro-

apoptotic Bax-dependent cytochrome c release from isolated mitochondria [70] and 

attenuates neural cell death in vitro and in vivo [69], consistent with the possibility that 

Drp1 is a bona fide therapeutic drug target. However, because Drp1 is an essential 

regulator of mitochondrial fission under normal conditions, it is important to determine 

whether its inhibition by mdivi-1 impacts cellular bioenergetics over the short or long 

term, and if so, whether the effects of mdivi-1 are directly due to blocking Drp1 activity. 

Here, we set out to test the hypothesis that pharmacological inhibition of Drp1 by 

mdivi-1 leads to impaired mitochondrial bioenergetics. We predicted that mdivi-1 would 

rapidly elongate mitochondria and cause Drp1-dependent changes in mitochondrial 

respiration. Unexpectedly, mdivi-1 treatment failed to lengthen mitochondria in neurons, 

wild type (WT) or Drp1 knockout (KO) immortalized mouse embryonic fibroblasts 

(MEFs), or COS-7 cells. Mdivi-1 also poorly antagonized recombinant human Drp1 

GTPase activity. However, mdivi-1 rapidly and reversibly inhibited electron transport 

chain (ETC) Complex I-dependent O2 consumption by cells in a Drp1-independent 

fashion. In addition, mdivi-1 attenuated Complex I-dependent reverse electron transfer 

(RET)-mediated reactive oxygen species (ROS) production by brain mitochondria 

oxidizing succinate. Collectively, these results establish mitochondrial Complex I as a 
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previously unknown target of mdivi-1 action and suggest a re-evaluation of prior studies 

attributing the effects of mdivi-1 exclusively to inhibition of Drp1. 

 

2.2 MATERIALS AND METHODS 

 2.2.1 Preparation of Neurons 

 All procedures were in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals and were approved by the University of Maryland Institutional 

Animal Care and Use Committee. Embryonic day 18 rat cortices were used to prepare 

primary cortical neurons as described [193]. Cells were seeded at a density of 0.8 x 10
5
 

cells/well (0.32
 
cm

2
) in V7 microplates (Agilent Technologies, Santa Clara, CA) and 

maintained in a humidified atmosphere of 95% air/5% CO2 at 37ºC. Glial proliferation 

was inhibited by addition of cytosine arabinofuranoside (5 M) after 4 days in vitro 

(DIV). Neurons were used for experiments at DIV 10-14. 

 2.2.2 Culture and Transfection of Cell Lines 

WT and Drp1 KO MEFs [186] that were spontaneously immortalized by serial 

passage [194] were cultured in Iscove’s Modified Dulbecco’s Medium supplemented 

with 10% FBS and 100 g/ml primocin (InvivoGen, San Diego, CA). COS-7 cells were 

cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS, 

penicillin (100 IU/ml), and streptomycin (100 g/ml). S. cerevisiae NDI1 was sub-cloned 

from pEGFP-N1 vector into a pSMPUW base plasmid with a puromycin resistance gene 

by the University of Maryland, Baltimore Recombinant Virus Core. COS-7 cells were 

transfected with the NDI1-puromycin construct using Lipofectamine 2000 (Thermo 
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Fisher). At 24 hr post-transfection, cells were treated with 3 g/ml puromycin for 4 days 

to select for transfected cells. Ndi1 expression was confirmed by immunoblot. Detailed 

experimental procedures can be found in the Supplemental Experimental Procedures. 

 2.2.3 XF24 Microplate-based Respirometry 

 O2 consumption measurements from intact and permeabilized cells were 

performed using an XF24 Extracellular Flux Analyzer (Agilent Technologies) as 

previously described in detail [195]. Artificial cerebrospinal fluid (aCSF) assay medium 

consisted of 120 mM NaCl, 3.5 mM KCl, 1.3 mM CaCl2, 0.4 mM KH2PO4, 1 mM 

MgCl2, 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 15 mM 

glucose, and 4 mg/ml fatty acid free bovine serum albumin, pH 7.4. Cells were incubated 

in an aCSF volume of 0.675 ml in a CO2-free incubator at 37°C for one hour prior to 

assays to allow temperature and pH equilibration. Cells were then loaded into the 

instrument and further equilibrated for 15 min by three 3 min mix, 2 min wait cycles 

prior to measurements. Compounds of interest prepared in assay medium (75 μl) were 

pre-loaded into reagent delivery chambers a, b, c, and d at 10X, 11X, 12X, and 13X the 

final working concentration, respectively. O2 consumption rate (OCR) measurements 

were then made and drugs were injected sequentially as described in figure legends. For 

permeabilized cell assays, saponin (25 μg/ml unless otherwise indicated) was co-injected 

with 3.6 mM K2HPO4, 1 mM ADP, 5 mM EGTA, and the indicated mitochondrial 

substrate(s) to initiate permeabilization and ADP-stimulated respiration in aCSF assay 

medium. Note that saponin should be titrated for every individual lot obtained as the 

optimal concentration of saponin depends on source and purity. Substrate combinations 

for complex I-linked respiration consisted of 5 mM pyruvate plus 5 mM malate or 5 mM 
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glutamate plus 5 mM malate. Succinate (5 mM) in combination with rotenone (0.5 μM) 

was used to assay complex II-dependent respiration. The ATP synthase inhibitor 

oligomycin (0.3 g/ml) was used to measure OCR in the absence of oxidative 

phosphorylation, the protonophore carbonyl cyanide 4-(trifluoromethoxy) 

phenylhydrazone (FCCP, 2-3 μM) was added to measure uncoupled respiration, and the 

complex III inhibitor antimycin A (1 μM) was used to inhibit O2 consumption by the 

mitochondrial electron transport chain. Experiments were performed by either Dr. 

Pascaline Clerc or myself. 

 2.2.4 Oxygen Consumption by Isolated Brain Mitochondria 

 Sprague-Dawley rat non-synaptosomal forebrain mitochondria were isolated and 

purified on a Percoll™ gradient as previously described [196, 197]. Oxygen consumption 

was measured polarographically with a Clark-type oxygen electrode [198]. Mitochondria 

(0.5 mg/ml) were added to medium containing 125 mM KCl, 20 mM HEPES, 2 mM 

K2HPO4, pH 7.0 at 37C. Complex I-dependent oxygen consumption was measured in 

the presence of glutamate and malate (5 mM each) and MgCl2 (1 mM). Complex II-

dependent oxygen consumption was measured in the presence of succinate (5 mM), the 

complex I inhibitor rotenone (2 M), and MgCl2 (1 mM). State 3 (phosphorylating) 

respiration was initiated by addition of ADP (1 mM). 

 2.2.5 Immunofluorescence and Quantification of Mitochondrial Size 

 Primary cortical neurons were treated with mdivi-1 (75 M) or vehicle for 60 

min, fixed with 4% formaldehyde, and immunostained for Tom20 and Drp1 as previously 

described [199]. Primary antibodies used were anti-Tom20 (FL-145, Santa Cruz 
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Biotechnology, Dallas, TX, 1:2000) and anti-Drp1 (Clone 8/DLP1, BD Transduction 

Laboratories, San Jose, CA, 1:500).A Zeiss ApoTome- and AxioCamMRm Rev.3 

camera-equipped AxioObserver Z1 inverted microscope with a 100x/1.4 Plan-

Apochromat objective lens was used for fixed cell imaging. Tom20 or cytochrome c 

images were converted to 32-bit grayscale format using ImageJ software, inverted, and 

analysed with the same threshold settings in each experiment. Primary antibody for 

cytochrome c was mouse monoclonal anti-cytochrome c (Clone 6H2.B4, BD 

Biosciences, San Jose, CA, 1:500). Mitochondria were selected and analysed for area in 

neuronal processes by a blinded observer using the particle analysis function. 

Quantification of mitochondrial size specifically in neuronal processes allowed for 

unambiguous identification of individual mitochondria. The restriction of mitochondrial 

width by the width of the neuronal processes was an additional advantage that enabled 

the use of mitochondrial area as a reasonable measure of mitochondrial length. 

Mitochondria were then binned for analysis of the neuronal mitochondrial population. 

Mitochondrial morphologies in cytochrome c-stained COS-7 cells were scored using 

blinded cell counting as described for MitoTracker Red stained cells below. 

 2.2.6 Analysis of Mitochondrial Morphology Using MitoTracker Red 

COS-7 cells were grown in 2-well chamber slides (model 1 German borosilicate; 

Lab-Tek, Thermo Fisher, Waltham, MA). Cells were treated with mdivi-1 (50 M), 

staurosporine (1uM), or mdivi-1 plus staurosporine in phenol red-free cell culture 

medium (“DMEM”) or aCSF for a total of 2 hrs. MitoTracker Red CMXRos (20 nM) 

was added 30 minutes prior to imaging. Images were acquired with a Zeiss AxioObserver 

Z1 fluorescence microscope, equipped with a 100X/1.45 a-Plan-FLUAR objective lens 
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(Zeiss MicroImaging, Thornwood, NJ). Mitochondrial morphologies in cells were scored 

using blinded cell counting. Cells were divided into three categories based on 

mitochondrial morphology: “Normal”, “Fragmented,” and “Elongated,” as previously 

described [200]. The data represent at least 50 cell counts per condition. These 

experiments were performed in collaboration with Edward Cherok and Dr. Mariusz 

Karbowski. 

 2.2.7 Live Cell Time-Lapse Imaging of COS-7 Cells 

Cells were grown in 2-well chambered coverslides and transfected with 0.375 g of 

mitochondrial matrix-localized green fluorescent protein (mito-GFP) construct using 

Lipofectamine 2000 (Thermo Fisher). Cells with mito-GFP labelled mitochondria were 

imaged at ~24hr post transfection in imaging medium containing phenol red-free DMEM, 

supplemented with 10% heat-inactivated FBS, 2 mM GlutaMAX, 1 mM sodium 

pyruvate, non-essential amino acids, 100 U/ml penicillin, 100 g/ml streptomycin, and 25 

mM HEPES (pH 7.4). Vehicle (DMSO)- or mdivi-1-treated cells were imaged for 65 

minutes at room temperature. Sixty-five minutes was selected because mdivi-1 was 

reported to elongate mitochondria in COS cells within 60 minutes [70]. The image 

acquisition interval was set at 5 minutes, producing a total of 13 images per experiment. 

Each image consisted of 6 z-sections taken with an interval of 0.5 m. Images were 

acquired using a Nikon TI-E inverted microscope, equipped with CFI60 Plan 

Apochromat Lambda 100X Oil Immersion Objective Lens, (N.A. 1.45), Perfect Focus 

module, monochrome Zyla sCMOS 5.5 Megapixel camera, and NIS-Elements imaging 

software. After acquisition, maximum intensity projections were obtained using NIS-

Elements software. Image cropping and global adjustments to brightness and contrast and 



41 
 

time lapse movie formatting were performed using ImageJ software (National Institutes 

of Health, Bethesda, MD). These experiments were performed in collaboration with 

Edward Cherok and Dr. Mariusz Karbowski. 

 2.2.8 Purification of Recombinant Drp1 and Assay of GTPase Activity 

 Human Drp1 (isoform 1) was expressed and purified as a His-tagged fusion 

construct exactly as previously described [201]. Drp1 activity was measured in the 

absence and presence of mdivi-1 using a continuous, coupled GTPase assay according to 

published protocol [202]. These experiments were performed in collaboration with Dr. R. 

Blake Hill. 

 2.2.9 Cell Proliferation Assay 

 WT or Drp1 KO mouse embryonic fibroblasts were plated in DMEM without 

pyruvate on 6-well plates and allowed 24 hours to attach and recover, after which they 

were treated with vehicle (DMSO) or mdivi-1 (25 or 50 M). At 0, 24, or 48 hours 

following treatment, cells were fixed with 4% formaldehyde and stained with 1 g/ml 

Hoechst 33342 (Thermo Fisher). Images were taken at 20X using an EVOS FL Auto 

(Thermo Fisher) fluorescence microscope, with an excitation filter of 357/44 nm and an 

emission filter of 447/60 nm. At least 5 images were acquired per treatment group per 

experiment, with at least 3 experiments performed. The number of Hoechst-stained cells 

was quantified at each time point and expressed as a percentage of cells present at 0 

hours. 
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 2.2.10 Electron Microscopy 

 Drp 1 WT and KO cells were plated on 10 mm diameter glass coverslips at 2 x 

10
4
 cells/coverslip and cultured for 24 hours. Cells were then treated with mdivi-1 (50 

µM) or DMSO vehicle control for 16 min and fixed in Trump’s Fixative [203], post-fixed 

in 1% osmium tetroxide, dehydrated in graded alcohols, enbloc stained with uranyl 

acetate, embedded in epoxy resin, sectioned (50-100 nm) on an ultramicrotome, stained 

with lead acetate and examined in a Tecnai G12 electron microscope. Mitochondrial 

profile lengths were measured using a Calculated Industries Scale Master Pro Digital 

Plan measuring device. Imaging was performed in collaboration with Dr. Andrew 

Saladino. 

 2.2.11 Complex I Activity Assay 

 Mdivi-1 intrinsic fluorescence interferes with Complex I assays that are based on 

NADH autofluorescence. Therefore, Complex I activity was measured using 2,6-

dichloroindophenol (DCIP) as a terminal electron acceptor. Decylubiquinone reduced by 

Complex I delivers electrons to DCIP which is followed spectrophotometrically at 600 

nm. An incubation volume of 1 ml containing 25 mM potassium phosphate (pH 7.8), 3.5 

g/l BSA, 120 μM DCIP, 140 μM decylubiquinone, 1 μM antimycin A, and 0.4 mM 

NADH was used. Rat brain mitochondria (50 μg) were pre-incubated at 37 °C in 1 ml of 

assay buffer without NADH. After 3 min, 0.4 mM NADH was added and absorbance at 

600 nm was measured. Drug was added at 4 min and then 4 min of additional 

measurements were made. Complex I Activity Assay experiments were performed by Dr. 

Pascaline Clerc. 
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 2.2.12 Immunoblotting 

 NDI1-transfected or parental COS-7 cells were lysed by sonication in sodium 

dodecyl sulfate and protease inhibitor cocktail (Millipore, Billerica, MA), and then 30 g 

of protein was loaded on Novex WedgeWell 4-20% Tris-Glycine Mini Gels (Thermo 

Fisher). SDS-PAGE and immunodetection for Ndi1 (1:1000, graciously provided by 

Takao Yagi (The Scripps Research Institute, La Jolla, CA)) and -actin (1:5000; Sigma) 

were performed as previously described [204]. Proteins were visualized using 

SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher) and imaged with a 

ChemiDoc MP system (Bio-Rad, Hercules, CA).  

 2.2.13 Detection of Intracellular Reactive Oxygen Species by 

Dihydroethidium (DHE) Imaging 

 Rat cortical neurons (2 x 10
5
/well, DIV10-14) or MEFs (variable densities to 

achieve ~70% confluence at the time of imaging) were plated on borosilicate 4-well 

chamber slides. On the day of imaging, DHE (Thermo Fisher, Waltham, MA) was diluted 

to 2 mM in aCSF, and then incubated with Dowex cation exchange beads (Sigma-

Aldrich) for 30 min to remove oxidized DHE products. Post-bead incubation, DHE was 

diluted to a final concentration of 5 M for MEFs and of 1 M for neurons in aCSF. 

Cells were incubated at 37
o
C for 1 hour to allow DHE uptake and then imaged at 20X 

using an EVOS FL Auto (Thermo Fisher) fluorescence microscope, with an excitation 

filter of 531/40 nm and an emission filter of 593/40 nm. Images were acquired at 4 min 

intervals and fluorescence intensity over time was analyzed in blinded fashion using 

ImageJ software (NIH, Bethesda, MD). These experiments were performed in 

collaboration with Dr. Brian Roelofs. 
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 2.2.14 H2O2 Detection Using Amplex® UltraRed 

Guinea pig brain mitochondria were isolated on a discontinuous Percoll™ 

gradient as previously described [205]. H2O2 release by mitochondria was measured with 

Amplex® UltraRed using a fluorescence spectrophotometer [206]. Mitochondria (0.1 

mg/ml) were added to medium containing 125 mM KCl, 20 mM HEPES, 2 mM K2HPO4, 

1 mM MgCl2, 0.1 mM EGTA, 0.025% fatty acid-free BSA, 1 M Amplex® UltraRed, 

and 2.5 U/ml horseradish peroxidase, pH 7.0 at 37C. Dye was excited at 550 nm, and 

emission was measured at 585 nm using a fluorescence spectrophotometer [206]. Traces 

were calibrated in pmol H2O2 for each experiment using known concentrations of freshly 

prepared H2O2. These experiments were performed in collaboration with Dr. Laszlo 

Tretter. 

 2.2.15 Statistical Analyses 

 Statistical analyses were performed using SigmaPlot 12.0. OCR and ROS 

measurements comparing treatments and genotype were evaluated by two-way analysis 

of variance (ANOVA) with Tukey’s post-hoc analysis, while all other measurements 

were analyzed by one-way ANOVA with Tukey’s post-hoc analysis. Mitochondrial size 

was analyzed using a one-way ANOVA on ranks with Dunn’s post-hoc analysis. p < 0.05 

was considered significant. 
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2.3 RESULTS 

 2.3.1 Mdivi-1 Inhibits Complex I-dependent Mitochondrial Oxygen 

Consumption 

To determine the impact of mdivi-1 on bioenergetics, we first measured neuronal oxygen 

consumption rate (OCR) prior to and immediately following injection of mdivi-1 (25-100 

M). Mdivi-1 caused significant inhibition of basal respiration in primary cortical 

neurons at concentrations of 50 and 100 M. Maximal respiration, measured after 

addition of the uncoupler  

 

 

 

 

 

 

Figure 2.1. Mdivi-1 reversibly inhibits basal and maximal respiration at Complex I. (A) OCR 

traces for neurons or (B) COS-7 cells receiving mdivi-1 or DMSO vehicle (CTRL), FCCP (3 M for 

neurons, 2 M for COS-7) plus pyruvate (Pyr, 10 mM), and antimycin A (AA, 1 M). Traces are 

mean±SD from 3 wells and are representative of 4 independent experiments (2-3 wells each). (C) 

FCCP together with pyruvate or together with TMPD (0.4 mM) plus ascorbate (0.4 mM) were injected 

along with mdivi-1 (100 M) or CTRL while measuring OCR. The Complex IV inhibitor azide (5 

mM) was then injected. (D) Neurons were permeabilized by saponin (sap, 25 g/ml), and OCR was 

stimulated by 1 mM ADP in the presence of pyruvate and malate (P/M, 5 mM each) or succinate (S, 5 

mM) in the presence of rotenone (R, 0.5 M). Mdivi-1 (50 μM) or vehicle control was then injected. 

(E) Neurons were treated with rotenone or mdivi-1 (50 M) for 1 hr prior to OCR measurements. 

Rotenone or mdivi-1 was then either left on for the duration of the assay (“present”), or washed out 

and replaced with drug-free aCSF (“washout”). Following permeabilization by sap and addition of 

ADP with glutamate and malate (G/M, 5 mM each), 5 mM succinate was added. (F) Neurons or COS-

7 cells were treated with DMSO or mdivi-1 (50 M) for 1 or 5 hr. The drug was then washed out and 

maximal OCR was determined. 
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carbonyl cyanide-p-trifluoromethyoxyphenylhydrazone (FCCP), was also impaired 

(Figure 2.1A). In COS-7 cells, where the effects of mdivi-1 on mitochondrial 

morphology were initially reported, mdivi-1 (25-100 M) even more robustly inhibited 

basal and maximal respiration (Figure 2.1B). Injection of the Complex III inhibitor 

antimycin A (AA) confirmed that the mdivi-1 effect on cellular oxygen consumption was 

on the mitochondrial electron transport chain (ETC) as mdivi-1 failed to alter antimycin-

A-insensitive non-mitochondrial oxygen consumption (Figures 2.1A and 2.1B). 

 To investigate where in the ETC respiratory inhibition occurred, we first tested 

whether mdivi-1 inhibits Complex IV. Mdivi-1 was added to intact neurons either 

together with FCCP and pyruvate or together with FCCP and a combination of the cell-

permeable artificial electron donor N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD), 

ascorbate, and antimycin A. TMPD, which is reduced by ascorbate, donates electrons to 

cytochrome c-Complex IV, bypassing upstream components of the ETC [207]. Mdivi-1 

inhibited the respiration of neurons metabolizing glucose and pyruvate but did not inhibit 

TMPD/ascorbate-dependent O2 consumption by Complex IV (Figure 2.1C), indicating 

that mdivi-1 impairs respiration upstream of Complex IV. 

To further investigate the mechanism of mdivi-1-mediated respiratory inhibition, 

the neuronal plasma membrane was selectively permeabilized with saponin and 

mitochondria within permeabilized cells were supplied with substrates specific for 

Complex I or Complex II [195]. Mdivi-1-mediated respiratory inhibition was observed in 

the presence of the Complex I substrates pyruvate and malate (Figure 2.1D) or glutamate 

and malate (see Figure 2.1E) but not in the presence of the Complex II substrate succinate 

(Figure 2.1D). Mdivi-1 inhibition of Complex I-dependent respiration could be restored 
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by washing out the drug after 1 hour, in contrast to irreversible Complex I inhibition 

mediated by rotenone (Figure 2.1E), indicating that mdivi-1 is a reversible inhibitor. 

Succinate stimulated respiration in both rotenone-treated and mdivi-1-treated cells 

(Figure 2.1E), confirming that decreased OCR was primarily due to inhibition of 

Complex I rather than due to cell death or downstream ETC inhibition. In response to 

chronic treatment with mdivi-1 for 5 hr, respiratory inhibition in COS-7 cells remained 

fully reversible, however it became irreversible in neurons (Figure 2.1F), suggesting 

sustained respiratory alterations in the more oxidative phosphorylation-reliant neurons. 

 We use bovine serum albumin (BSA) in our artificial cerebrospinal fluid (aCSF) 

assay medium as a surrogate for extracellular protein [195]. We found that respiratory 

inhibition by mdivi-1 was not observed in the absence of BSA in XF24 assays (Figure 

2.2A), possibly due to binding of the hydrophobic mdivi-1 to the polystyrene assay 

plates. To further confirm the ability of mdivi-1 to impair respiration, a polarographic 

Clark O2 electrode in an acrylic-walled chamber was used to measure O2 consumption by 

isolated brain mitochondria in the absence of BSA. Similar to results with permeabilized 

cells, mdivi-1 rapidly inhibited the Complex I-dependent (Figure 2.2B) but not Complex 

II-dependent (Figure 2.2C) respiration of isolated mitochondria. Therefore, BSA is not 

required for mdivi-1 to inhibit respiration.  
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Figure 2.2. Bovine serum albumin allows mdivi-1 to inhibit neuronal respiration in XF24 assay 

plates but is not required for respiratory inhibition by mdivi-1.  (A)  Cortical neurons incubated in 

aCSF with or without 0.4% BSA were treated with DMSO vehicle (CTRL) or mdivi-1 (50 M), 

followed by FCCP (3 M) plus pyruvate (10 mM), and then antimycin A (1 M). Traces are mean ± 

SD from three wells.  (B) and (C) Isolated mitochondria (0.5 mg/ml) were incubated with Complex I 

substrates glutamate and malate (G/M, 5 mM each, (B)) or Complex II substrate succinate (S, 5 mM) 

plus rotenone (R, 2 M, (C)), and then exposed to mdivi-1 (50 M) or vehicle (CTRL).  Traces are 

representative of 3 independent experiments. Note that because cell culture media typically used for 

experiments with mdivi-1 has serum containing albumin, the presence of BSA in our assays is 

relevant to the literature describing the effects of mdivi-1.   
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 2.3.2 Mdivi-1 Fails to Elongate Mitochondria or Inhibit Drp1 GTPase 

Activity 

To test whether attenuation of OCR by mdivi-1 is associated with elongation of 

mitochondria, we used immunofluorescence microscopy for Tom20 to measure 

mitochondrial size in cortical neurons treated with mdivi-1 (50 M) for 1 or 5 hr (Figure 

2.3A). We did not observe a significant difference in size in neurons treated with mdivi-1 

compared to vehicle control at either time point (Figure 2.3B). We also failed to observe 

a significant effect of mdivi-1 exposure on mitochondrial morphology in vehicle or 

staurosporine-treated COS-7 cells, with mitochondria visualized at multiple time points 

by three different methods [MitoTracker Red staining (Figures 2.4A-1.4C), cytochrome c 

immunofluorescence (Figure 2.4D) or mitochondrially targeted green fluorescent protein 

(mito-GFP, Movies 2.1 and 2.22)]. Staurosporine caused robust mitochondrial 

fragmentation as reported [188]. 

 

 

 

 

 

 

 

Figure 2.3. Mdivi-1 does not alter mitochondrial size in neuronal processes. 

(A) Representative immunofluorescence of Tom20 (red) and Drp1 (green) in neurons following 

treatment with DMSO vehicle (CTRL) or mdivi-1 (75 M) for 1 or 5 hr (scale bars, 10 m).  

Extrasomal Tom20 and Drp1 fluorescence is primarily localized to a meshwork of neuronal processes.  

(B) Frequency of binned mitochondrial areas for the treatments described in (A). (C) Pearson’s 

coefficient for Drp1 co-localized with mitochondrial Tom20 in neurons treated with CTRL or 75 M 

mdivi-1. Results are mean±SD, where ~800-1000 mitochondria were counted per treatment group per 

experiment, and 3 separate experiments were conducted. 
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Figure 2.4 Mdivi-1 fails to influence COS-7 mitochondrial morphology in the absence or 

presence of staurosporine.   
(A) Representative images of COS-7 cells loaded with Mitotracker Red CMXRos (20 nM), and 

treated with either DMSO vehicle (CTRL), mdivi-1 (50 M), staurosporine (STS, 1 M), or STS plus 

mdivi-1 for 2 hours in aCSF respiration media. (B) and (C) Blinded quantification of mitochondrial 

morphology in Mitotracker Red-labeled COS-7 cells treated with vehicle (CTRL), mdivi-1 (50 M), 

STS (1 M), or the two drugs combined for the indicated times in aCSF medium (B) or phenol red-

free cell culture medium (DMEM) (C). Experiments were performed in aCSF that contains 0.4% BSA 

in addition to the more standard cell culture medium because our respiration measurements suggest 

that mdivi-1 can access mitochondria under those conditions. (D) Blinded quantification of 

mitochondrial morphology in cytochrome c-stained COS-7 cells treated with vehicle (CTRL) or 

mdivi-1 (50 M) in DMEM for either 1 or 6 hours. Percentages in (B-D) are based on a total of ≥50 

cells per treatment from three independently plated coverslips. 



53 
 

A lack of mitochondrial elongation despite a significant effect on bioenergetics 

within the same time frame was unexpected, raising the possibility that inhibition of OCR 

by mdivi-1 is not due to an effect on Drp1. Furthermore, we found only limited co-

localization of Drp1 with mitochondria in neurons with or without mdivi-1 treatment 

(Figures 2.3A and 2.3C), consistent with the primarily cytoplasmic Drp1 distribution in 

healthy cells [188]. Consequently, we re-evaluated whether mdivi-1 can directly 

antagonize mammalian Drp1 GTPase activity. Using recombinant human Drp1 that 

exhibits assembly-stimulated GTPase activity [208], we found that mdivi-1 poorly 

inhibited Drp1 GTPase activity (Ki>1.2 mM, Figure 2.5) at concentrations that cause 

significant attenuation of basal and maximal respiration (see Figure 2.1). As expected, 

robust inhibition of Drp1 GTPase activity was achieved using the non-hydrolyzable GTP 

analogue GTP--S. As an additional control, the previously reported inhibition of yeast 

Dnm1 by mdivi-1 [70] was confirmed (Figure 2.6). 

 

Figure 2.5. Mdivi-1 is a poor inhibitor of human Drp1 GTPase activity. 

Substrate kinetics of recombinant human Drp1 was measured at 0-100 µM mdivi-1. Data were 

globally fit to an uncompetitive model yielding a Ki > 1.2mM. The data and SEM are for 3 

independent preparations of Drp1. Residuals to the fit are shown above the graph. 
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Figure 2.6. Yeast Dnm1 GTPase activity assay.   

Purified Dnm1 from yeast was assayed for enzymatic activity using a GTP regenerative assay as 

described [202]. The following changes were made. Dnm1 (10 µM) was incubated for 30 min on ice 

with 1 mM GTP and mdivi-1 at the indicated concentrations. Samples (160 µl) were placed in 96-well 

plates, and the reactions were started by addition of 40 µl of a 5x master mix, including 125 mM 

HEPES pH 7.0, 125 mM PIPES pH 7.0, 5 mM MgCl2, 37.5 mM KCl, 5 mM phosphoenolpyruvate, 

100U/ml pyruvate kinase/lactate dehydrogenase, and 1.5 mM NADH. Reactions (150 µl) were 

transferred with a multichannel pipette to a new plate, and absorbance at 340 nm was recorded for 40 

min at 30 sec intervals on a Spectra Pro X. Absorbance was plotted vs. time, and the linear portions of 

the plot fit to a line. The slope (∆A340/sec) was converted to activity in nmol/min with the following 

equation: activity = (∆A340/sec * 60 sec/min) * (.001L) * (19 nmol/mol) / (6220 M-1cm-1) / (0.41 

cm). A buffer control for each GTP concentration was done and the background rate subtracted from 

the activity. 

 2.3.3 Mdivi-1 Inhibits Complex I-dependent Respiration in the Absence of 

Drp1 

When Drp1 is recruited to mitochondria it resides on the mitochondrial outer 

membrane [188]. To test whether a mitochondrial outer membrane or intermembrane 

space target is required for mdivi-1 to attenuate Complex I-dependent respiration, we 

permeabilized the mitochondrial outer membrane in neurons, as well as the plasma 

membrane, by adding a 20-fold higher saponin concentration compared to that used 

earlier (Figures 2.7A and 2.7B). Mdivi-1 impaired respiration to the same extent whether 

the mitochondrial outer membrane was intact or permeabilized (Figures 2.7C and 2.7D), 
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indicating that the mdivi-1 target likely resides in the mitochondrial inner membrane or 

matrix rather than the outer membrane or intermembrane space. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7.  A mitochondrial outer membrane target is not required for mdivi-1 to inhibit 

respiration.(A) Saponin (25 or 500 g/ml) was added to neurons together with the Complex I 

substrates pyruvate and malate (P/M, 5 mM each) and ADP (1 mM) to stimulate respiration.  

Permeabilizing the mitochondrial outer membrane releases cytochrome c from the electron transport 

chain [195]. To demonstrate outer membrane permeabilization by 500 g/ml saponin, purified 

cytochrome c (100 M) was added either in conjunction with saponin or after two additional OCR 

measurements, as indicated. (B) Bar graph of the data depicted in (A). (C) Saponin (25 or 500 g/ml) 

was added to neurons to together with P/M and ADP as in (A). Cytochrome c (100 M) was also 

present when 500 g/ml saponin was added to allow respiration following mitochondrial outer 

membrane compromise.  Mdivi-1 (50 μM) or vehicle control (CTRL) were then injected after two 

OCR measurements. (D) Bar graph of the data depicted in (C).  Traces are mean±SD from three wells 

and are representative of three independent experiments. Bar graphs are mean±SD, n=3. * p<0.05 

compared to control. There was no significant difference in the extent of respiratory suppression by 

mdivi-1when the mitochondrial outer membrane was intact (25 g/ml saponin, filled symbols in (C)) 

or permeabilized (500 g/ml saponin, open symbols in (C)). 
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To directly test for involvement of the mitochondrial fission protein Drp1 in 

mdivi-1-mediated respiratory inhibition, mdivi-1 (25-100 M) was added to 

immortalized WT and Drp1 KO MEFs. As was the case for neurons, mdivi-1 inhibited 

the maximal respiratory stimulation induced by uncoupler in both WT and Drp1 KO 

MEFs (Figures 2.8A-2.8C). In contrast to the impairment induced by mdivi-1, knockout 

of Drp1 in MEFs did not significantly alter respiration stimulated by the uncoupler FCCP 

(Figures 2.9A and 2.9B), similar to previous findings [187]. Hence, not only did the 

bioenergetic response of mitochondria to mdivi-1 not require Drp1, but elimination of the 

putative protein target of mdivi-1, Drp1, did not recapitulate the effect of the drug on 
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mitochondrial OCR. Consistent with the specific effect of mdivi-1 on Complex I-

dependent respiration in neurons, mdivi-1 significantly inhibited Complex I-linked but 

not Complex II-linked respiration in permeabilized Drp1 knockout MEFs (Figure 2.8D). 
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Figure 2.8. Mdivi-1-induced respiratory inhibition is not mimicked by Drp1 KO or dependent 

upon Drp1 expression. WT (A) or Drp1 KO (B) MEFs were treated with mdivi-1 (25-100 M) or 

vehicle followed by FCCP (3 M) plus pyruvate (10 mM) and antimycin A (AA, 1 M) while OCR 

was measured. Traces here and below are mean±SD of 3 wells and representative of at least 3 

experiments. (C) Maximal OCR calculated immediately following FCCP plus pyruvate addition, 

expressed as a percentage of the maximal rate in vehicle-treated cells (mean±SD, n=3). (D) Drp1 KO 

MEFs were permeabilized with 5 g/mL saponin, along with ADP (1 mM) and either pyruvate and 

malate (5 mM each) or succinate (5 mM) in the presence of rotenone (0.5 M). MEFs were then 

treated with 50 M mdivi-1 or vehicle (CTRL). OCR is expressed as a percentage of OCR prior to 

drug injection. Results are mean±SD, n=3.* p<0.05 compared to control.  (E) Electron micrographs of 

WT or Drp1 KO MEFs treated with CTRL or mdivi-1 (50 M) for 16 min. Scale bars = 1 m. (F) 

Cumulative frequency distribution plot for mitochondrial length in WT or Drp1 KO MEFs ± mdivi-1. 

Bar graph inset is mean mitochondrial length±SD. Results are from 50 mitochondria from 2 different 

experiments.  
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Complex I inhibitors decrease the rate of cell proliferation in medium depleted of 

pyruvate [209]. To further test whether mdivi-1 behaves like a Complex I inhibitor even 

in the absence of Drp1, we measured MEF proliferation in medium lacking pyruvate. 

Consistent with the possibility of Drp1-independent Complex I inhibition by mdivi-1, 

mdivi-1 slowed cell proliferation in both WT and Drp1 KO MEFs (Figures 2.9C and 

2.9D). 

 

Figure 2.9. Drp1 KO does not alter FCCP-stimulated respiration or the effect of mdivi-1 on cell 

proliferation.   

(A) WT or Drp1 KO MEFs were treated with FCCP (3 M) plus pyruvate (10 mM) or oligomycin 

(0.5 g/ml) while OCR was measured. OCRs are normalized to the final measurement prior to FCCP 

addition. (B) FCCP response in WT and Drp1 KO cells, expressed as a percentage of the baseline 

OCR prior to drug addition (mean±SD, n=4, n.s., not significant). WT (C) or Drp1 KO (D) MEFs 

grown in DMEM medium without pyruvate were treated with vehicle (CTRL), 25 M mdivi-1, or 50 

M mdivi-1 for 0, 24, or 48 hr. Cells were counted at each time point and the cell number is expressed 

as a percentage of the initial cell number. 
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Next, we examined whether mdivi-1 treatment, Drp1 KO, or a combination of the 

two had an effect on mitochondrial morphology in MEFs. Electron micrographs of MEFs 

revealed significantly elongated mitochondria in Drp1 KO cells compared to WT cells 

(Figures 2.8E and 2.8F), consistent with impaired mitochondrial fission in the absence of 

Drp1. However, mdivi-1 failed to elongate WT or Drp1 KO mitochondria within the 

same time frame (16 min) that it attenuated O2 consumption. Thus, mdivi-1 did not 

mimic the effect of deleting its suggested target, Drp1, on mitochondrial morphology at a 

time when functional effects on respiration were already apparent. 

We also considered the possibility that mdivi-1 impairs mitochondrial Complex I-

dependent respiration by inhibiting a yet to be discovered mammalian homologue of the 

yeast GTPase Dnm1. Complex I-dependent respiration by permeabilized neurons was 

measured either in the presence of GTPS, a non-hydrolyzable GTP analogue that 

antagonizes all GTPases, including Drp1 (see Figure 2.5), or dynasore, a general dynamin 

inhibitor also reported to inhibit Drp1 [210]. In contrast to mdivi-1, neither GTPS 

(Figure 2.10A) nor dynasore (Figures 2.10B and 2.10C) impaired Complex I-dependent 

respiration. 
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Figure 2.10  General GTPase or dynamin inhibition does not impair Complex I-dependent 
neuronal respiration.  Saponin (sap), pyruvate plus malate (P/M), and ADP were injected as in 

Figure 1D while neuronal respiration was monitored.  At the second arrow, neurons were treated with 

GTP--S (0.5 mM, A) or dynasore (50 M, B), and the response was compared to that of mdivi-1 (50 

M) or DMSO vehicle (CTRL) injection.  (C) Respiration of intact neurons was measured, followed 

by injection of FCCP (3 μM) plus pyruvate (10 mM) to stimulate maximal respiration (first arrow), 

and then CTRL, mdivi-1, or dynasore (second arrow).  Numbers in figure legend are mdivi-1 (mdivi) 

or dynasore (dyn) concentration in M.   Traces are mean±SD from three wells and are representative 

of three independent experiments.  

 2.3.4 Mdivi-1 Impairs Complex I-dependent NADH Oxidation by the 

Electron Transport Chain 

Having established that suppression of mitochondrial respiration by mdivi-1 is 

independent of Drp1 or other GTPases, we investigated whether mdivi-1 is a direct 
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inhibitor of Complex I. We measured Complex I activity in detergent-solubilized brain 

mitochondria by monitoring the Complex I-dependent reduction of the artificial electron 

acceptor 2,6-dichloroindophenol (DCIP). DCIP reduction was almost entirely abolished 

by the Complex I inhibitor rotenone whereas 50 M mdivi-1 did not alter the reduction of 

DCIP (Figure 2.11A). Surprisingly, 100 M mdivi-1 stimulated Complex I-dependent 

DCIP reduction (Figures 2.11A and 2.11B). DCIP reduction in the presence of 100 M 

mdivi-1 remained fully rotenone-sensitive (Figure 2.11B). These results indicate that the 

mdivi-1-mediated Complex I inhibition observed in cells likely occurs by a different 

mechanism than that induced by rotenone and may require an intact inner mitochondrial 

membrane, and/or matrix components not present in detergent-solubilized mitochondria. 

One possibility is that mdivi-1 impedes Complex I-dependent respiration 

upstream of Complex I by interfering with the supply of NADH substrate, for example, 

by inhibiting mitochondrial dehydrogenase enzymes. To test this possibility, we 

permeabilized neurons with saponin, added the pore-forming peptide alamethicin to 

porate the mitochondrial inner membrane, and then measured O2 consumption in the 

presence of exogenous NADH and cytochrome c. Exogenous NADH bypasses matrix 

dehydrogenases in this assay and O2 consumption measures Complex I-III-IV linked 

activity [211]. OCR was impaired by the Complex I inhibitor rotenone or by the Complex 

IV inhibitor azide but not by the Complex II inhibitor 2-thenoyltrifluoroacetone (TTFA), 

validating the linked activity assay using the Seahorse XF24-based method (Figure 

2.11C). Like rotenone, mdivi-1 inhibited NADH-supported OCR (Figure 2.11D), 

suggesting that mdivi-1 inhibits Complex I downstream of matrix dehydrogenases, 

possibly by interacting with the Complex I enzyme itself. 
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Figure 2.11. Mdivi-1 inhibits Complex I-III-IV linked activity, but not the ability of Complex I 

to reduce an artificial electron acceptor. 

(A) Complex I activity was quantified by DCIP reduction in brain mitochondria exposed to mdivi-1 

(50 or 100μM), rotenone (4M), or vehicle. (B) Representative trace of data quantified in A. (C) 

Neuronal OCR was measured in the presence of saponin (25 g/ml), alamethicin (40 g/ml), NADH 

(0.5 mM), and cytochrome c (100 µM). Rotenone (1 µM), sodium azide (5 mM) or TTFA (10 µM) 

were present when indicated. Note that negative OCR following azide treatment is due to inaccuracy 

at the detection limit of the instrument. (D) OCR was measured as in (C) and mdivi-1 or rotenone was 

present when indicated. Data in (A), (C), and (D) are mean±SE, n=3. * p<0.05 compared to control. 

 

To specifically evaluate whether respiratory inhibition by mdivi-1 occurs at 

Complex I in intact cells, we ectopically expressed the gene encoding the internal NADH 
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dehydrogenase (Ndi1) enzyme from Saccharomyces cerevisiae in COS-7 cells. Ndi1 is a 

single protein that can functionally substitute for Complex I in the ETC while exhibiting 

resistance to mammalian inhibitors and regulatory mechanisms [212]. The respiration of 

COS-7 cells expressing Ndi1 protein (Figure 2.12A) was not impaired by the Complex I 

inhibitors rotenone or piericidin A (Figure 2.12B), indicating complete functional 

substitution for Complex I by Ndi1. The respiration of Ndi1-expressing cells was 

similarly insensitive to mdivi-1 treatment (Figures 2.12C and 2.12D), providing strong 

evidence that inhibition of the ETC by mdivi-1 occurs at Complex I. 

 2.3.5 Mdivi-1 Preferentially Attenuates Complex I ROS Produced by Reverse 

Electron Transfer 

To further understand the mdivi-1 modulation of Complex I activity, we 

investigated its effect on ROS. Classical Complex I inhibitors like rotenone stimulate 

ROS production when mitochondria oxidize Complex I-linked substrates [198, 213]. As 

expected, complete inhibition of Complex I by rotenone led to an increase in ROS-

dependent oxidation of the fluorescent dye dihydroethidium (DHE) in both neurons and 

MEFs (Figure 2.13). The effect of piericidin A on neurons was indistinguishable from 

rotenone (Figure 2.13B). Interestingly, partial inhibition of respiration by 50 M mdivi-1 

was insufficient to elevate ROS levels in neurons (Figures 2.13A and 2.13B), but 

increased ROS levels in WT and Drp1 KO MEFs (Figures 2.13C-2.13E). 

Similar to findings with intact neurons, mdivi-1 failed to stimulate ROS emission 

from isolated brain mitochondria oxidizing Complex I substrates in the absence of ADP 

(Figures 2.14A and 2.14B). ADP significantly reduced the rate of ROS emission in both 

the absence and presence of mdivi-1, consistent with the oxidized shift in NADH/NAD
+
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ratio that accompanies phosphorylating respiration [214]. However, ROS emission 

following ADP addition was significantly higher when mdivi-1 was present. Notably, the 

mdivi-1 augmentation of ROS release during phosphorylating respiration was several-

fold lower than that observed when rotenone was added (Figures 2.14A and 2.14B). 

 

Figure 2.12. Yeast Ndi1 NADH dehydrogenase prevents respiratory inhibition by mdivi-1. 

(A)  Ndi1 and -actin protein levels in COS-7 cells (COS) transfected with the NDI1 gene and 

selected for NDI1 expression compared to parental COS. (B) COS or NDI1-transfected COS (Ndi1) 

were treated with vehicle (CTRL), rotenone (1 M), or piericidin A (100 nM), followed by FCCP (2 

M) plus pyruvate (10 mM), and then antimycin A (1 M) while OCR was measured. (C)  OCR 

traces for Ndi1-COS-7 or parental COS-7 cells treated with DMSO or mdivi-1, followed by the drugs 

in (B). Traces in (B) and (C) are mean±SD of 3 wells and representative of 3 experiments. (D) Bar 

graph showing quantification of traces in (C). 
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Figure 2.13. Mdivi-1 increases ROS in WT and Drp1 KO fibroblasts but not neurons. 

(A) DHE fluorescence (arbitrary units, A.U.) was measured over time in neurons. Rotenone (1 M) or 

mdivi-1 (50 M) was added as indicated (drug). Numbers are rates (A.U./min, mean±SEM) before 

and after drug addition. (B) The rate of DHE fluorescence change following drug addition was divided 

by the basal rate to determine fold change. Piericidin A was added at 0.5 M. DMSO was the vehicle 

for mdivi-1 and EtOH was the vehicle for rotenone and piericidin A. (C) DHE fluorescence measured 

over time in WT or Drp1 KO MEFs. Mdivi-1 was 50 M. Numbers are rates  before and after mdivi-1 

addition. (D) and (E) The rate of DHE fluorescence change following drug addition was calculated in 

either WT (D) or Drp1 KO (E) MEFs as in (B). All data in bar graphs are mean±SEM, n = 5. * 

p<0.05. 
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When well-coupled brain mitochondria oxidize succinate rather than Complex I-

linked substrates, ROS are produced from the quinone-binding (Q) site of Complex I 

[215]. Rotenone and similar Complex I inhibitors attenuate this so-called reverse electron 

transfer (RET) ROS production [198, 206]. Like rotenone, mdivi-1 caused a significant 

and dose-dependent attenuation of RET-mediated ROS production (Figures 2.14C and 

2.14D). Subsequent addition of ADP to slightly decrease the electrochemical proton 

gradient by stimulating proton flux through the ATP synthase largely abolished ROS 

emission by brain mitochondria oxidizing succinate. This finding is consistent with the 

high protonmotive force requirement to drive reverse electron transfer from ubiquinone 

to Complex I [206, 216] and further supports the Complex I origin of succinate-

stimulated ROS under our experimental conditions. 
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Figure 2.14. Mdivi-1 modulates ROS production by brain mitochondria as predicted by 

Complex I inhibition. 
(A) Representative traces depicting H2O2 production by isolated brain mitochondria oxidizing 

glutamate and malate (G/M, 5 mM each) before and after addition of DMSO (CTRL) or mdivi-1 (50 

μM), followed by addition of ADP (2 mM), and then rotenone (1 μM). (B) Quantification of the data 

in (A) (mean±SD, n=5). * p<0.05 compared to control, @ p<0.05 compared to the respective 

condition with no ADP, # p<0.05 for mdivi-1 rate after ADP compared to control rate after ADP. 

Each rotenone (Rot) bar is the mean of 2 experiments. (C) Representative traces depicting RET-

mediated H2O2 production by brain mitochondria incubated with succinate, followed by addition of 

CTRL or mdivi-1, and then ADP (2 mM). (D) Quantification of the data in (C) (mean±SD, n=3). * 

p<0.05 compared to control. 
 

2.4 DISCUSSION 

Since its identification from a chemical library screen in 2008, mdivi-1 has been 

used prevalently as a selective inhibitor of the mammalian mitochondrial fission protein 

Drp1. Here, we showed that mdivi-1 inhibits mitochondrial Complex I-dependent 

respiration in mammalian neurons, fibroblasts, and kidney cells at concentrations 



69 
 

reported to antagonize mitochondrial fission. Drp1 was not required for mdivi-1 to inhibit 

respiration, and knockout of Drp1 or general dynamin GTPase inhibition did not mimic 

the effect of mdivi-1 on mitochondrial OCR. Furthermore, mdivi-1 modified cell 

proliferation and mitochondrial ROS in a manner consistent with Complex I inhibition, 

and the yeast Complex I functional equivalent Ndi1 rescued the respiration of 

mammalian cells treated with mdivi-1. Consequently, we conclude that the effects of 

mdivi-1 on mitochondria are not specific to Drp1. 

Whether mdivi-1 can directly inhibit Drp1 in mammalian cells remains unclear. 

Elegant work indicates that mdivi-1 impairs yeast Dnm1 GTPase activity, likely via an 

allosteric binding mechanism that prohibits Dnm1 self-assembly [70]. However, because 

mdivi-1 was initially tested without effect on recombinant Drp1 protein that could not 

self-assemble, Drp1 antagonism in mammalian cells was inferred from the drug’s effect 

on mitochondrial morphology and its ability to inhibit the yeast homologue. Here, we 

showed that the GTPase activity of recombinant human Drp1 protein capable of self-

assembly [208] was impaired with very poor potency (Ki>1.2 mM). No inhibition was 

observed at concentrations (e.g. 50 M) reported to elongate mitochondria. 

Our studies do not exclude the possibility that in cells mdivi-1 targets Drp1-

dependent fission steps other than GTP hydrolysis or, alternatively, inhibits Drp1 activity 

by indirect mechanisms. However, we found that despite rapid effects on Complex I-

dependent respiration, mdivi-1 did not significantly alter mitochondrial size. Therefore, 

the suppression of respiration by mdivi-1 does not require changes in the mitochondrial 

network by either Drp1-dependent or Drp1-independent mechanisms. 
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Interestingly, Berman et al. observed that in primary cortical neurons ~25% of 

mitochondria underwent a fission event within 15 minutes [217], suggesting that the 

majority of mitochondria should have undergone fission after one hour. Nevertheless, we 

saw no effect of mdivi-1 on cortical neuron mitochondrial size at this time point, or after 

a longer, five hour incubation. In addition, we failed to see an effect of mdivi-1 on COS-7 

cell mitochondrial morphology following incubations of 1, 2, 6, or 24 hours, and mdivi-1 

did not prevent mitochondrial fragmentation induced by staurosporine. We measured 

mitochondrial morphology in cells using multiple methods, including those used in prior 

studies with mdivi-1: TOM20 or cytochrome c immunofluorescence, Mito-GFP 

fluorescence, MitoTracker Red staining, and electron microscopy. A subtle difference in 

experimental conditions compared to published studies may have prevented us from 

seeing an effect of mdivi-1 on mitochondrial morphology. 

Since the initial description of the anti-mitochondrial fission effect of mdivi-1, the 

evidence that mdivi-1 inhibits mammalian Drp1 is correlative; i.e. data showing that 

mdivi-1 affects mitochondrial size in the same manner as Drp1 siRNA or K38A 

dominant negative Drp1 [189]. To our knowledge, there are no convincing 

demonstrations that mdivi-1 directly inhibits Drp1. One study showed a minor ~25% 

decrease in cellular GTPase activity ascribed to Drp1 following a 24 hour treatment with 

50 M mdivi-1 [218]. Notably, mitochondrial fusion proteins Mfn1, Mfn2 and Op2 were 

all significantly upregulated at this time point, suggesting that mdivi-1 may elongate 

mitochondria in some cells by Drp1-independent mechanisms. 

The major novel finding of our study is the identification of mdivi-1 as a 

reversible inhibitor of Complex I. Unexpectedly, mdivi-1 stimulated rather than inhibited 
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Complex I-catalyzed electron transfer to an artificial electron donor in detergent-

solubilized mitochondria, suggesting that the integrity of the lipid bilayer and/or other 

mitochondrial components influence how mdivi-1 interacts with Complex I. 

Nevertheless, mdivi-1 acts as a Complex I inhibitor in cells since it impaired respiration, 

which was rescued by Ndi1 expression, and it triggered ROS accumulation in MEFs. 

 The well-characterized Complex I inhibitor rotenone causes parkinsonian 

neurodegeneration in rodents [219]. In contrast, mdivi-1 has little to no reported in vivo 

toxicity and is instead neuroprotective in several animal models, including mouse models 

of Parkinson’s disease [192]. The toxicity of rotenone was linked to the induction of 

oxidative stress [219]. We found that mdivi-1 is a weak Complex I inhibitor compared to 

rotenone, and 50 M mdivi-1 generated almost no ROS from isolated brain mitochondria 

either in the absence or presence of ADP, compared to >4 fold stimulation by a saturating 

concentration of rotenone (Figure 7B). Strikingly, mdivi-1 failed to elevate ROS in intact 

neurons, which may partly explain its lack of in vivo brain toxicity. Importantly, in 

contrast to chronic mdivi-1 treatment [192], conditional knockout of Drp1 in 

dopaminergic neurons caused degeneration associated with axonal mitochondria loss 

[220]. The absence of dopaminergic neurodegeneration following several days of mdivi-1 

administration suggests that mdivi-1 is not a potent antagonist of Drp1 in vivo. 

 We further investigated the ability of mdivi-1 to modulate Complex I-dependent 

ROS production by measuring ROS released by brain mitochondria incubated with 

succinate. Succinate accumulates during ischemia and is oxidized rapidly during 

reperfusion, producing ROS by reverse electron transfer that contribute to injury [221, 

222]. RET ROS is also thought to play a role in Alzheimer’s disease [223] and lifespan 
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[224, 225]. We found that mdivi-1 dose dependently inhibits ROS produced by RET. 

Whereas mdivi-1 barely elevated ROS by brain mitochondria oxidizing Complex I 

substrates in the presence of ADP, mdivi-1 was effective as a RET inhibitor, with ~80% 

ROS inhibition at 50 M mdivi-1. Interestingly, 25 M mdivi-1 had no effect on 

respiratory capacity in cortical neurons, yet still inhibited succinate-driven ROS 

production by ~60%. Notably, multiple reports indicate that mdivi-1 mitigates oxidative 

stress in animals and suggest that this effect is due to Drp1 inhibition [226, 227]. 

However, conditional knockout of Drp1 in the cerebellum led to increased rather than 

decreased oxidative stress [194]. Because Drp1 ablation alters oxidative stress in vivo, it 

is problematic to use KO mice to evaluate the ability of mdivi-1 to alter ROS in the 

absence of Drp1. 

 Overall, our results raise the possibility that mdivi-1 is a relatively unusual 

Complex I inhibitor that is not only weak and reversible, but has the ability to attenuate 

pathological ROS production at the Complex I Q site with limited impact to ROS in 

healthy neurons. Interestingly, metformin, a drug widely prescribed for the treatment of 

Type II diabetes, partially inhibits Complex I [228] and RET ROS [229], but, in contrast 

to mdivi-1, is reported to exacerbate toxicity in a mouse model of Parkinson’s disease 

[230]. The translational potential of mdivi-1 is supported by the success of metformin in 

humans while its potentially different mode of action may increase its utility in some 

disorders. Nevertheless, it is important to note that because the structure of mdivi-1 

contains a thiophenol, it likely has multiple cellular targets and additional experiments 

will be needed to demonstrate the specificity of its effects. 
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 Drugs that prevent mitochondrial dysfunction are highly sought. Because we find 

that mdivi-1 influences multiple aspects of mitochondrial function—respiration and 

ROS—even in the absence of Drp1, it has limited utility in studies aiming to demonstrate 

a specific role for Drp1-dependent fission in biological processes. However, its ability to 

target several aspects of mitochondrial dysfunction, particularly succinate-driven RET 

ROS and cytochrome c release [70], make it an attractive therapeutic drug candidate 

against pathologies in which RET ROS is implicated, such as ischemia-reperfusion injury 

[221] and Alzheimer’s disease [223]. 

 In summary, the putative Drp1 inhibitor mdivi-1 was found to rapidly and 

reversibly suppress Complex I-linked mitochondrial respiration in a variety of cell types. 

However, mdivi-1 had these effects without concurrent lengthening of mitochondria. 

Mdivi-1 was then found to attenuate reverse electron transfer-mediated ROS production, 

a condition relevant in many injury models. Therefore, the following study tested the 

ability of mdivi-1 to dampen proinflammatory microglial activation, either through 

modulation of mitochondrial structure, or through suppression of ROS production during 

activation. 
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CHAPTER 3: MDIVI-1 IMPAIRS PROINFLAMMATORY MICROGLIAL 

ACTIVATION WITHOUT PREVENTING MITOCHONDRIAL STRUCTURAL 

REMODELING 

  

3.1 INTRODUCTION 

Microglia are the resident immune cells of the central nervous system (CNS) 

[231]. In the healthy brain, they actively participate in brain development and synaptic 

plasticity [232]. However, upon CNS insult, microglia migrate to the site of injury and 

proliferate [233].  In activated states, microglia destroy pathogens, remove debris, and 

promote tissue repair [49].  Under neuropathological conditions, microglia frequently 

become over-stimulated, releasing excessive amounts of pro-inflammatory factors [39]. 

Long-term exposure of brain cells to inflammatory factors is thought to exacerbate 

damage caused by brain injury [49]. Many hypotheses for the mechanisms involved in 

microglial activation cite reactive oxygen species (ROS) as a major propagator of 

inflammation [234, 235]. Mitochondria are a major source of ROS production [215], and 

while the role of mitochondrial ROS in proinflammatory microglial activation is 

controversial [236], it is evident that mitochondria themselves play a role in the activation 

process. 

Mitochondrial fission in neurons is currently being studied as a target for 

neuroprotection [237-239], yet it is not as widely studied in other brain cells.  

Mitochondrial morphology changes through a highly dynamic process regulated by the 

actions of GTPase proteins.  Mitochondrial fission is achieved through recruitment of the 

GTPase dynamin-related protein 1 (Drp1) to the mitochondrial outer membrane [58], 

forming constricted organelles which pinch off into separate mitochondria [70]. In 
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addition to controlling shape, mitochondrial fission and its opposing process, 

mitochondrial fusion, play a key role in regulating intermixing and complementation of 

mitochondrial DNA and the bioenergetic function of mitochondria [240].  Disruption of 

the mitochondrial fission/fusion balance has been implicated in numerous 

neurodegenerative disorders as well as pathology following acute brain injury [239, 241]. 

Intriguingly, a recent study reported that microglial mitochondria undergo morphological 

changes following activation triggered by lipopolysaccharide treatment [242], indicating 

that treatments targeting mitochondrial dynamics may be relevant for neuroinflammatory 

disease. 

Mdivi-1 is a quinazolinone derivative reported to inhibit Drp1-dependent 

mitochondrial fission and to block Bax-dependent cytochrome c release [70].  It has been 

reported to protect against cerebral ischemia/reperfusion in rats [76]  and acute ischemia 

in mouse retina [243]. We have previously found that mdivi-1 is an inhibitor of 

mitochondrial bioenergetic function in neurons, mouse embryonic fibroblasts, and 

monkey kidney cells (see Chapter 2). In this chapter, we set out to test the hypothesis that 

mitochondrial fission is necessary for proinflammatory microglial activation. We 

demonstrate that mdivi-1 impairs proinflammatory microglial activation both in vitro and 

in vivo, while upregulating the expression of anti-inflammatory IL-10. Surprisingly, 

mdivi-1 has this effect without a concurrent impairment of mitochondrial fragmentation. 

While mdivi-1 was also shown to impair microglial bioenergetics, this does not appear 

responsible for its inflammatory effects. We conclude that mdivi-1 impairs microglial 

activation through inhibiting transcription of proinflammatory factors downstream of NF-
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B DNA binding, and that this is associated with attenuation of lysine 310 acetylation of 

the p65 subunit of NF-B. 

 

3.2 MATERIALS AND METHODS 

 3.2.1 Materials.  

 All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless 

otherwise indicated.  

 3.2.2 Preparation of rat primary cortical microglia.  

 Rat primary microglia were prepared from cerebral cortices of 1-day-old Sprague 

Dawley rats as previously described [244]. Briefly, cortices were dissected, homogenized 

by tituration, and plated in poly-D-lysine-coated culture flasks. Cells were maintained in 

95% air/5% CO2 at 37C in growth medium consisting of Dulbecco’s Modified Eagle’s 

Medium (DMEM)/F12 supplemented with 10% fetal bovine serum (FBS) and penicillin 

(100 IU/ml) plus streptomycin (100 g/ml). At 7-8 days after preparation, flasks were 

shaken at 100 rpm for 1 hr to detach and isolate microglia. 

 3.2.3 HAPI Cell Culture.  

 Highly aggressively proliferating immortalized (HAPI) rat microglial cells were 

cultured in DMEM supplemented with 10% heat-inactivated FBS, penicillin (100 IU/ml), 

and streptomycin (100 g/ml). Cells were maintained in 95% air and 5% CO2 at 37C. 

Only cells under passage 30 were utilized in this study.  
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 3.2.4 XF24 microplate-based respirometry.  

 Oxygen consumption measurements from intact microglial cells were performed 

using a Seahorse XF24 Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, 

CA) as previously described [245].  Assay medium consisted of 120 mM NaCl, 3.5 mM 

KCl, 1.3 mM CaCl2, 0.4 mM KH2PO4, 1 mM MgCl2, 5 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), 15 mM glucose, and 4 mg/mL fatty acid-free 

bovine serum albumin, pH 7.4.  For electron transport chain complex-specific oxygen 

consumption measurements, saponin (2.5 g/mL) was injected together with 1 mM ADP, 

3.6 mM K2HPO4, 5 mM EGTA, and mitochondrial substrates in order to permeabilize 

cells and stimulate ADP-dependent respiration linked to specific complexes. Complex I 

substrates were pyruvate and malate (5 mM each) and Complex II substrate was 

succinate (5 mM) in the presence of the Complex I inhibitor rotenone (0.5 M). Cells 

were incubated in a CO2-free incubator at 37C for 1 hr prior to assays to allow 

temperature and pH equilibration.  

 3.2.5 In vitro stimulation protocol.  

 Microglial cells were incubated with 100 ng/ml lipopolysaccharide (LPS) and 10 

ng/ml interferon-gamma (IFN-) for 18 hours to induce activation to a pro-inflammatory 

state. 

 3.2.6 Griess assay – nitric oxide release.   

 Nitric oxide secreted in microglial culture supernatant was quantified by Griess 

assay (ThermoFisher), which measures the stable nitric oxide derivative nitrite. Equal 

volumes of N-(1-naphthyl)ethylenediamine and sulfanilic acid were mixed together to 



78 
 

form the Griess Reagent.  In 96-well plates, 20 L of Griess reagent, 150 L of 

microglial supernatant, and 130 L deionized water was mixed per well.  A photometric 

reference standard was then prepared from 1 mM sodium nitrite.  The mixture was then 

incubated for 30 minutes at room temperature without light.  The absorbance at 560 nm 

was measured on a microplate reader. Absorbance readings were then converted to nitrite 

concentrations by comparison with sodium nitrite standard.   

 3.2.7 ELISA analysis of TNF- and IL-1.  

 Rat tumor necrosis factor- (TNF-) and interleukin-1β (IL-1β) released in 

microglial culture supernatants were quantified by enzyme linked immunosorbent assay 

(ELISA) following the manufacturer’s protocol (R&D Systems).   

 3.2.8 Immunofluorescence and Quantification of Mitochondrial Morphology. 

 HAPI microglial cells plated on Nunc Lab-Tek Chambered Coverglass slides 

(Thermo Scientific) were treated with vehicle or LPS/IFN-, along with DMSO vehicle 

or mdivi-1 for specified time periods, fixed with 4% formaldehyde in a phosphate 

buffered saline (PBS) solution for 20 minutes at room temperature. They were then 

immunostained for Tom20 (Santa Cruz, sc-11415, 1:2000) and Drp1 (BD, 611113, 

1:500) as previously described [199]. At least eight random images were captured for 

each condition with a Zeiss ApoTome- and AxioCamMRm Rev.3 camera-equipped 

AxioObserver Z1 inverted microscope using a 100x/1.4 Plan-Apochromat objective lens. 

Tom20 images were analyzed for mitochondrial length and area using Mytoe, a source 

code for analyzing mitochondrial dynamics [246]. 
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 3.2.9 Animal experimental subjects.  

 10-12 week old male C57BL/6J mice were used for all in vivo experiments. Mice 

were maintained on a 12 hour light/dark cycle with ad libitum water and food. All studies 

were conducted in accordance with the NIH Guide for the Care and Use of Laboratory 

Animals and were approved by the Institutional Animal Care and Use Committee at the 

University of Maryland School Of Medicine. 

 3.2.10 Intracerebroventricular (ICV) injection and mdivi-1 treatment. 

 Adult male C57Bl/6 mice (10-12 weeks old) were anesthetized with isoflurane 

(4% induction and 1.5% maintenance) for stereotaxic surgery to inject 5 L of artificial 

cerebrospinal fluid (Harvard Apparatus, Holliston, MA, USA) or lipopolysaccharide 

(LPS; 1 g/kg) from Escherichia coli 026:b6 (Sigma Aldrich, St. Louis, MO, USA) 

unilaterally into the left lateral ventricle (coordinates from bregma = A: − 0.5, L: − 1.0, 

V: − 2.0) over 10 minutes. The injection needle was kept in place for 10 minutes 

following the infusion, and slowly removed over the following 5 minutes. Mice were 

treated with 20 mg/kg mdivi-1 or equal volume vehicle (DMSO in corn oil) by oral 

gavage 2 hr prior to ICV injection and every 12 hr up until 72 hr post-injection. Mice 

were anesthetized (100 mg/kg sodium pentobarbital, intraperitoneal) and transcardially 

perfused with ice-cold 0.9% saline (100 mL). Ipsilateral cortical and hippocampal tissue 

were rapidly dissected and snap-frozen on liquid nitrogen for RNA extraction. 

 3.2.11 Quantitative real-time PCR.   

 RNA was extracted from snap-frozen cortical punches, ipsilateral hippocampus, 

or rat primary cortical microglia using an RNeasy mini Kit (Qiagen) with on-column 

DNase treatment (Qiagen). cDNA synthesis was performed using a Verso cDNA RT kit 



80 
 

(Thermo Scientific). All protocols performed were according to the manufacturer’s 

instructions. Real-time polymerase chain reaction was performed using Taqman gene 

expression assays on an ABI 7900 HI FAST Real Time PCR (Applied Biosystems). Gene 

expression was determined relative to endogenous control samples (glyceraldehyde 3-

phosphate dehydrogenase (GAPDH)) to yield a relative quantity value (2
-Ct

). 

 3.2.12 Aconitase Activity Determination.  

 HAPI microglial cells were treated with vehicle or LPS/IFN-, along with DMSO 

vehicle or mdivi-1 (37.5-75 M) for 18 hours, after which protein was collected in ice 

cold dPBS, and lysed by sonication. Mitochondrial and cytosolic aconitase activity were 

assessed using an Aconitase Activity Assay Kit (MAK051; Sigma) according to the 

manufacturer’s protocol. 

 3.2.13 Nuclear translocation of NF-B.  

 HAPI microglial cells plated on Nunc Lab-Tek Chambered Coverglass slides 

(Thermo Scientific) were treated with vehicle or LPS/IFN-, along with DMSO vehicle 

or mdivi-1 for specified time periods, and then fixed with 4% formaldehyde in a 

phosphate buffered saline (PBS) solution for 20 minutes at room temperature. They were 

then immunostained for the p65 subunit of NF-B (Cell Signaling Technologies, 6956, 

1:500)  and co-stained with 0.75 g/mL Hoechst (ThermoFisher, H3570) as previously 

described [199]. Cells were imaged at 40x and 100x using an EVOS FL Auto 

(ThermoFisher) fluorescence microscope, with excitation and emission filters of 

470/22nm and 510/42 nm for NF-B and for 357/44nm and 447/60nm for Hoechst. 

Images were then scored as having NF-B in the nucleus or not by a blinded observer. 
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~75-100 cells were counted per treatment group per experiment, and at least 3 separate 

experiments were conducted.  

 3.2.14 Nuclear protein extraction and NF-B p65 DNA Binding Assay.   

Nuclear protein was obtained using a Nuclear Extract Kit (Active Motif, Carlsbad, CA). 

This protein was assessed for its ability to bind a generic NF-B DNA consensus site (5’-

GGGACTTTCC-3’) using the TransAM
 
NFB p65 Chemi ELISA (40097; Active Motif, 

Carlsbad, CA), following the manufacturer’s instructions. 

 3.2.15 Statistical analysis.  

 Statistical analyses were performed using SigmaPlot 12.0 (Systat Software Inc, 

San Jose, CA).  One-way analysis of variance was employed to evaluate statistical 

significance, with p<0.05 considered significant. Tukey’s post-hoc analysis was used to 

compare individual groups. Data in figures are presented as mean ± standard deviation. 

3.3 RESULTS 

 3.3.1 Microglial mitochondria fragment during activation.  

 Rat HAPI microglia were untreated or stimulated with two canonical activators of 

proinflammatory microglial activation, LPS and IFN-, and mitochondrial morphology 

was visualized at 2 hour intervals for 8 hours, and again at 18 hours.  While control 

microglia maintained long tubular mitochondrial structures over the time course of 

imaging, those microglia activated with LPS/IFN-  underwent morphological changes, 

with shortened mitochondria becoming highly evident by 6-8 hours. Mitochondrial 

branch length was significantly decreased following 6 hours of LPS/IFN- treatment (Fig. 
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3.1a and 3.1b), while mitochondrial area was diminished by 6 hours of LPS/IFN- 

stimulation (Fig. 3.1a and 3.1c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.  Microglial mitochondria fragment over time in response to stimulation by LPS/IFN-

. 

(a) Representative immunofluorescence imaging of Tom20 in HAPI rat microglial cells following 

treatment with vehicle or LPS/IFN- for 2, 4, or 8 hours. (b) Microglia were treated with CTRL or 

LPS + IFN- and were fixed at 2, 4, 6, 8, or 18 hours after treatment. Mitochondrial branch length (b) 

and mitochondrial area (c) were quantified. Results are mean ± standard deviation. Mitochondrial 

quantification was determined from more than 200 mitochondrial particles in at least 30 cells per 

group. # p < 0.05 compared to CTRL group within the same time point. 
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  3.3.2 Mdivi-1 impairs neuroinflammation in vitro and in vivo.  

 As microglial mitochondria underwent dramatic morphological changes following 

stimulation with LPS/IFN-, we predicted that inhibiting mitochondrial fission would 
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impair microglial activation. To test the effect of inhibiting mitochondrial fission on 

proinflammatory microglial activation, we utilized the putative mitochondrial fission 

inhibitor mdivi-1. Mdivi-1 (37.5-75 M) impaired the release of nitric oxide (Fig. 3.2a), 

IL-1β (Fig. 3.2b), and TNF- (Fig. 3.2c) by microglia stimulated with LPS/IFN-. 

 

Figure 3.2. Mdivi-1 impairs microglial release of proinflammatory factors. 

(a) Primary rat cortical microglia were treated with DMSO Vehicle (CTRL) or LPS/IFN- for 18 

hours ± mdivi-1 (37.5-75µM), and release of nitric oxide (a), TNF- (b), or IL-1β (c) were quantified 

by Griess assay (a) or ELISA (b and c). Data are presented as mean ± standard deviation. # p < 0.05 

compared to CTRL DMSO. * p < 0.05 compared to LPS/IFN DMSO. 

 

We next set out to determine the effect of mdivi-1 treatment on 

neuroinflammation in vivo. To model general neuroinflammation in the brain, we injected 

1 g/kg LPS or artificial cerebrospinal fluid (aCSF; Harvard Apparatus) into the left 
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lateral ventricle of 10-12 week old male mice. Mice then received 20 mg/kg mdivi-1 or 

DMSO vehicle dissolved in corn oil by oral gavage (p.o.) every 12 hours, as represented 

in our experimental flowchart (Fig. 3.3a). Seventy-two hours following i.c.v. injection, 

we dissected out the ipsilateral hippocampus and also obtained a tissue punch of the 

ipsilateral cortex. Gene expression analysis showed that treatment with 1 g/kg LPS 

induced upregulation of the proinflammatory markers TNF-, IL-1β, IL-6, and NLRP3 in 

both hippocampus and cortex. Neither NOS2 (inducible nitric oxide synthase) or NOX2 

(NADPH oxidase) were upregulated 72 hours post-LPS injection (Fig. 3.3b-c). Treatment 

with 20 mg/kg mdivi-1 significantly impaired the LPS-induced upregulation of the 

proinflammatory gene transcripts for TNF-, IL-1β, IL-6, and NLRP3 in both ipsilateral 

cortex and hippocampus (Fig. 3.3b-c).  
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Figure 3.3. Mdivi-1 impairs neuroinflammation in response to LPS in vivo. 

(a) Graphical outline of in vivo experimental procedures. Quantitative PCR was used to assess the 

expression levels of TNF, IL-1β, IL-6, Nlrp3, NOS2, and NOX2 in the ipsilateral cortex (b)  and 

hippocampus (c) of mice 72 hours following i.c.v. injection of LPS (1 g/kg) or aCSF. Mdivi-1 (20 

mg/kg) or DMSO were given by oral gavage in corn oil every 12 hours beginning 2 hours prior to 

i.c.v. injection. Data are presented as mean ± standard deviation. * p < 0.05 compared to aCSF + 

DMSO. 

 3.3.3 Mdivi-1 does not prevent mitochondrial fragmentation following 

LPS/IFN-.  

 To provide evidence that mdivi-1 may be impairing microglial proinflammatory 

factors through its role as an inhibitor of mitochondrial fission, we quantified 

mitochondrial morphology in LPS/IFN--treated cells ± mdivi-1. Consistent with its lack 

of mitochondrial fission suppression in other cell types (see Chapter 2), mdivi-1 did not 
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affect mitochondrial branch length or area during LPS/IFN--induced microglial 

activation (Fig. 3.4a-c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.  Mdivi-1 does not prevent microglial mitochondria from shortening over time in 

response to stimulation by LPS/IFN-. 

(a) Representative immunofluorescence imaging of Tom20 in HAPI rat microglial cells following 

treatment with vehicle or LPS/IFN- ± 75 M mdivi-1 for 2, 4 or 8 hours. (b) Microglia were treated 

with CTRL or LPS/IFN- ± 75 M mdivi-1 and were fixed at 2, 4, 6, 8, or 18 hours after treatment. 

Mitochondrial branch length (b) and mitochondrial area (c) were quantified. Results are mean ± 

standard deviation. Mitochondrial quantification was determined from more than 200 mitochondrial 

particles in at least 30 cells per group. # p < 0 .05 compared to CTRL at same time point. 
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 3.3.4 Mdivi-1 inhibits microglial mitochondrial respiration.  

 As mdivi-1 did not appear to be impairing microglial activation through inhibition 

of mitochondrial fragmentation, we set out to determine if mdivi-1 could be affecting 
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mitochondrial function through a mechanism not directly related to mitochondrial fission. 

Based upon our previous findings in other cell types (see Chapter 2), we predicted that 

mdivi-1 would impair microglial mitochondrial respiration. As expected, mdivi-1 (37.5-

75 M) inhibited both the basal and maximal oxygen consumption of HAPI microglial 

cells (Fig. 3.5a and 3.5d). To determine where in the electron transport chain mdivi-1 was 

acting, we selectively permeabilized the plasma membrane with saponin, and supplied 

mitochondria with substrates specific for Complex I (pyruvate and malate) or Complex II 

(succinate, and the Complex I inhibitor rotenone to ensure that we were only measuring 

respiration from Complex II), as previously described [245]. Similar to our findings in 

other cell types, mdivi-1 inhibited Complex I-linked oxygen consumption in microglia 

(Fig. 3.5b)  

 3.3.5 Inhibition of Complex I-mediated respiration does not impair 

microglial activation.  

 As mdivi-1 significantly inhibited Complex I-linked mitochondrial respiration in 

microglia, we hypothesized that mdivi-1 could be impairing microglial release of 

proinflammatory factors through its action as a Complex I inhibitor. As such, we tested 

for the ability of the known Complex I inhibitor rotenone to impair release of 

proinflammatory factors following LPS/IFN- stimulation of HAPI microglial cells. 

Concentrations of rotenone (5-50 nM) that impair microglial respiration to a similar or 

greater extent than 37.5-75 M mdivi-1 were titrated in Fig. 3.5c and 3.5d. These 

concentrations of rotenone did not have any effect upon microglial release of nitric oxide 

(Fig. 3.5e) or TNF- (Fig. 3.5f), indicating that inhibition of Complex I of the electron 
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transport chain alone is insufficient to explain the ability of mdivi-1 to impair 

proinflammatory microglial activation.  

 

 

 

 

 

 

 

 

 

Figure 3.5. Mdivi-1 inhibits microglial mitochondrial respiration, but inhibition of Complex I-

linked respiration does not impair LPS/IFN--stimulated microglial activation. 

(a) HAPI microglia were treated with DMSO Vehicle (CTRL) or mdivi-1 (37.5-75  followed by 

FCCP (4 M) plus pyruvate (10 mM), and then antimycin A (AA: 1 M) while OCR was measured. 

(b) Saponin (2.5 g/mL) was added to microglia together with the Complex I-linked substrates 

pyruvate and malate (5 mM each) or the Complex II-linked substrate succinate (5 mM) plus the 

Complex I inhibitor rotenone (1 M). Data are expressed as percent of control cells for either 

Complex I (CI)- or Complex II (CII)-linked respiration. (c) Microglia were treated with DMSO 

Vehicle (CTRL) or rotenone (5-50 nM followed by FCCP (4 M) plus pyruvate (10 mM), and then 

antimycin A (AA: 1 M) while OCR was measured. (d)  Basal OCR (third measurement point) or 

maximal OCR (following FCCP + Pyruvate addition) expressed as percent of control for microglia 

treated with mdivi-1 or rotenone. Data are presented as mean ± standard deviation. # p < 0.05 

compared to CTRL DMSO. * p < 0.05 compared to LPS/IFN DMSO. (e-f) Microglia were treated 

with DMSO Vehicle (CTRL) or LPS/IFN- for 18 hours ± rotenone (5, 25, or 50 nM), and release of 

nitric oxide (e) or TNF- (f) were quantified by Griess assay or ELISA, respectively. Data are 

presented as mean ± standard deviation. # p < 0.05 compared to CTRL DMSO. * p < 0.05 compared 

to LPS/IFN DMSO. 
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 3.3.6 Mdivi-1 does not prevent microglial activation by impairing oxidative 

stress. 
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 Previous studies have shown that reactive oxygen species are upregulated and 

play an important role in the process of microglial activation, although the source of 

ROS, mitochondrial or cytosolic, remains controversial ([236]). The activity of the ROS-

sensitive citric acid cycle enzyme aconitase was decreased following 18 hours of 

LPS/IFN- treatment in both mitochondrial and cytosolic fractions, suggesting an 

increase in oxidative stress throughout the cell. Mdivi-1 (37.5-75 M) did not prevent 

this LPS/IFN--induced decrease in cytosolic or mitochondrial aconitase activity (Fig 

3.6a-b). 75 M mdivi-1 treatment alone inhibited cytosolic actonitase activity (Fig. 3.6a). 

Levels of mitochondrial superoxide dismutase (SOD2), an indirect measure of oxidative 

stress induced during microglial activation [247], were also increased following 

LPS/IFN- treatment. Mdivi-1 did not prevent this increase, while mdivi-1 alone 

increased SOD2 levels (Fig. 3.6c-d), suggesting a slight stimulation of ROS by mdivi-1 

itself.  

  At 72 hours following i.c.v. injection of LPS in vivo (see Fig. 3.3a), levels of 

SOD2 were upregulated (Fig. 3.6e-f). Although mdivi-1 treatment (20 mg/kg) 

statistically decreased the LPS-induced upregulation of SOD2, SOD2 was not back to 

control levels. This finding suggests that impairment of oxidative stress is not the primary 

mechanism by which mdivi-1 is suppressing neuroinflammation in vivo. The antioxidant 

gene NADPH quinone dehydrogenase 1 (Nqo1) was upregulated following LPS + mdivi-

1 alone in both cortex and hippocampus, while the antioxidant gene nuclear factor 

(erythroid-derived 2)-like 2 (Nrf2) was also upregulated in LPS + mdivi-1-treated cortex 

but not hippocampus (Fig. 3.6e-f). 
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 3.3.7 Mdivi-1 upregulates  IL-10.  

 A recent study discovered that metformin, an anti-diabetic drug that was shown to 

inhibit mitochondrial Complex I, impairs macrophage production of IL-1 in response to 

LPS [248]. This study also showed that metformin boosted production of the anti-

inflammatory molecule IL-10. As such, we predicted that mdivi-1 would similarly boost 

production of IL-10 in mice treated with LPS or in rat microglia treated with LPS/IFN-. 

Mdivi-1 significantly increased mRNA levels of IL-10 in the cortex (Figure 3.7a) and 

hippocampus (Figure 3.7b) of mice treated i.c.v with LPS. Mdivi-1 also increased mRNA 

levels of IL-10 in rat primary cortical microglia in vitro following LPS/IFN- treatment 

(Figure 3.7c).  To test the prediction that upregulation of IL-10 is the mechanism of 

mdivi-1’s anti-inflammatory action, we treated LPS/IFN--stimulated microglia with 

antibody against IL-10 (n-IL-10). While n-IL-10 slightly increased release of nitric oxide, 

it was unable to overcome the pronounced protective effect of mdivi-1 (Figure 3.7d). 
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Figure 3.6. Mdivi-1 does not attenuate reactive oxygen species induction during microglial 

activation. 

HAPI microglial cells were treated ± LPS/IFN-± mdivi-1 (37.5-75 M) for 18 hours, after which 

cytosolic (a) or mitochondrial (b) aconitase activities were quantified using an absorbance-based kit. 

(c and d) SOD2 levels normalized to the mitochondrial marker Tom20 were determined by 

immunoblot. Data are presented as mean ± standard deviation. # p < 0.05 compared to CTRL DMSO. 

Quantitative PCR was used to assess the expression levels of SOD2, Nqo1, and Nrf2 in ipsilateral 

cortex (e)  and hippocampus (f)  of mice 72 hours following i.c.v. injection of LPS (1 g/kg) or aCSF. 

Mdivi-1 (20 mg/kg) or DMSO were given by oral gavage in corn oil every 12 hours beginning 2 hours 

prior to i.c.v. injection. Data are presented as mean ± standard deviation. * p < 0.05 compared to aCSF 

+ DMSO. # p < 0.05 compared to indicated group. 
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Figure 3.7.  Mdivi-1 upregulates the anti-inflammatory marker IL-10. 
Quantitative PCR was used to assess the expression levels of IL-10 in ipsilateral cortex (a) and  

hippocampus (b) of mice 72 hours following i.c.v. injection of LPS (1 g/kg) or aCSF. Mdivi-1 (20 

mg/kg) or DMSO were given by oral gavage in corn oil every 12 hours beginning 2 hours prior to 

i.c.v. injection. Data in a-b are presented as mean ± standard deviation. # p < 0.05 compared to aCSF 

+ DMSO. (c) Quantitative PCR was used to assess the expression level of IL-10 in rat primary cortical 

microglia treated ± LPS/IFN-± mdivi-1 (37.5-75 M) for 18 hours. (d) Release of nitric oxide was 

quantified by Griess assay in rat primary cortical microglia treated ± LPS/IFN-± mdivi-1 (37.5-75 

M) ± antibody to neutralize IL-10 (n-IL-10) for 18 hours.  Data in c-d are presented as mean ± 

standard deviation. # p < 0.05 compared to CTRL DMSO.  

 

 3.3.8 Mdivi-1 blocks transcription of proinflammatory factors downstream of 

NF-kB nuclear translocation and DNA binding.  

 Many of the proinflammatory genes upregulated during microglial activation are 

under the control of the transcription factor NF-B [249]. As such, we measured the 

effect of mdivi-1 on nuclear translocation of the p65 subunit of NF-B following 
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LPS/IFN- treatment (Fig. 3.8-b). Treatment with LPS/IFN- induced 72.8% ± 4.3% 

translocation to the nucleus by 1.5 hours, which dampened to 37.2% ± 15.7% by 4 hours. 

Intriguingly, mdivi-1 treatment (75 M) not only slightly increased NF-B translocation 

to the nucleus by 1.5 hours (to 89.3% ± 4.7%) upon LPS/IFN- stimulation, but also 

stabilized its presence in the nucleus at 4 and 6 hours (Fig. 3.8b). Although NF-B is 

present in the nucleus following LPS/IFN- stimulation and mdivi-1 treatment, it may not 

be active. With this in mind, we tested the ability of NF-B p65 to bind DNA. p65 DNA 

binding showed a similar pattern to nuclear translocation, with mdivi-1 increasing 

LPS/IFN--induced DNA binding over time (Fig. 3.8c). We then quantified mRNA levels  

for several proinflammatory genes in microglia treated ± LPS/IFN- ± mdivi-1 for 18 

hours. LPS/IFN- treatment significantly upregulated mRNA levels of NOS2, IL-1, IL-

6, and to a lesser degree, TNF- (Figure 3.8d). Levels of NLRP3 were not changed (data 

not shown). Mdivi-1 (37.5-75 M) dose-dependently impaired gene expression of NOS2, 

IL-1, and IL-6, while there was only a modest trend towards inhibition of TNF- (Fig. 

3.8d). That transcripts encoded by NF-B were inhibited by mdivi-1 treatment while NF-

B remained capable of binding DNA in the nucleus suggests that mdivi-1 impairs 

proinflammatory gene transcription downstream of DNA binding. Previous studies have 

shown that peroxisome proliferator-activated receptor gamma (PPAR- can impair NF-

B-dependent transcription downstream of nuclear translocation and DNA binding [250]. 

The PPAR- antagonist G335 (50 M) in combination with mdivi-1 (75 M) failed to 

reverse the inhibitory effect of mdivi-1 on LPS/IFN- induced release of nitrite to a 

greater degree than it augmented nitrite release in non- LPS/IFN--stimulated microglia 
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(Fig. 3.9a). This result implied that PPAR- was not behind the decrease in 

proinflammatory factor transcription.  As acetylation of lysine 310 of the p65 subunit of 

NF-B is essential for full transcriptional actions of NF-B [251], we then examined the 

effects of mdivi-1 on LPS/IFN--induced K310 acetylation. Indeed, LPS/IFN- prompted 

a robust increase in K310 acetylation, which was strongly attenuated by mdivi-1 

treatment (Fig. 3.9b) This finding suggested that the impairment in proinflammatory 

factor transcription by mdivi-1 may be mediated by mdivi-1’s ability to diminish 

acetylation of NF-B p65. 

 

 

 

 

 

 

 

Figure 3.8. Mdivi-1 does not prevent translocation of NF-B to the nucleus. 

(a) Representative images of microglia treated with LPS/IFN-± mdivi-1 (75 M) and then fixed at 

0.25, 0.5, 1, 1.5, 2, 4, or 6 hours following treatment, and stained for the p65 subunit of NF-and 

Hoechst(b) Cells were determined to have nuclear translocation of NF-B or not by a blinded 

observer, where ~75-100 cells were counted per treatment group per experiment, and at least 3 

separate experiments were conducted. (c) Nuclear extracts from microglia stimulated with LPS/IFN-

± mdivi-1 (75 M) for 1, 1.5, 2, 4, or 6 hours were analyzed for their ability to bind to p65 NF-B 

using a luminescence reporter assay. (d) Quantitative PCR was used to assess the expression level of 

NOS2, IL-1, IL-6, and TNF in rat primary cortical microglia treated ± LPS/IFN-± mdivi-1 (37.5-75 

M) for 18 hours. Data are presented as mean ± standard deviation. # p < 0.05 compared to CTRL 

DMSO. * p < 0.05 compared to LPS/IFN DMSO. 
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Figure 3.9. Mdivi-1 impairs NF-B acetylation. 

(a) Rat microglia were treated with DMSO Vehicle (CTRL) or LPS/IFN- for 18 hours ± mdivi-1 

(75µM) ± G3335 (50 M), and release of nitric oxide was quantified by Griess assay. (b and c) 

Acetyl-NF-B/NF-B levels were determined by immunoblot. Data are presented as mean ± standard 

deviation. # p < 0.05 compared to CTRL DMSO. * p < 0.05 compared to LPS/IFN DMSO. 

 

3.4 DISCUSSION 

 The equilibrium between mitochondrial fission and fusion is increasingly being 

indicted as a major player in many cellular processes, such as energy production, 

apoptosis, and cellular quality control [240]. Dysregulation of mitochondrial fission and 

fusion has also been implicated in numerous neurodegenerative processes [237-239]. The 

only drug currently marketed as a specific inhibitor of Drp1, the GTPase that regulates 

mitochondrial fragmentation, is the quinazolinone derivative mdivi-1 [70]. The goal of 
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the present study was to test the hypothesis that mdivi-1 would impair proinflammatory 

microglial activation through inhibition of mitochondrial fission and modulation of 

mitochondrial bioenergetic function. We demonstrated that microglial mitochondria 

undergo structural remodeling over time following stimulation with LPS/IFN-. Mdivi-1 

significantly impaired proinflammatory markers in microglia in vitro, as well as 

following i.c.v. injection of LPS in vivo. Our findings are consistent with a previous 

report demonstrating that BV2 microglial cells shorten following LPS stimulus, and that 

mdivi-1 inhibits their proinflammatory response [242]. To our knowledge, ours is the first 

study examining the role of mdivi-1 on activation in primary microglia and following in 

vivo i.c.v. LPS injection. Interestingly, mdivi-1 only moderately impaired production of 

TNF- in vitro, while it completely blocked TNF mRNA expression in vivo. The mild 

inhibition of TNF-production by mdivi-1 closely resembles that of metformin, another 

mitochondrial Complex I inhibitor, on TNF- production in LPS-treated macrophages. 

Metformin was shown to decrease LPS-induced production of IL-1, while having no 

effect on production of TNF- [248]. As qPCR from tissue punches quantifies TNF 

expressed by all cells rather than just by microglia, and the induction of TNF- in 

primary microglia by LPS/IFN- was modest compared to other cytokines, mdivi-1 may 

be impairing production of TNF in vivo by astrocytes as opposed to microglia. 

Additionally, while production of nitric oxide is highly upregulated in primary microglia 

in vitro, NOS2 (iNOS) gene expression is not upregulated 72 hours following i.c.v. 

injection of LPS. Given the large volume of literature implicating iNOS in microglial 

activation following TLR4 stimulation [49, 252-254], this would seem surprising. 

However, this study only focused on 72 hours post-injection, and it is possible that iNOS 
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expression is upregulated closer in time to LPS injection and is downregulated by the 

time point examined in this study. 

In contrast to a previous report showing that mdivi-1 prevents mitochondrial 

structural remodeling during microglial activation [242], in our hands mdivi-1 did not 

prevent the LPS/IFN--induced structural changes of microglial mitochondria, indicating 

that the mechanism of action was through another, previously unknown target of mdivi-1. 

This is also consistent with our findings that mdivi-1 does not lengthen mitochondria in 

neurons, COS-7 kidney cells, or mouse embryonic fibroblasts, and does not inhibit Drp1 

GTPase activity (see Chapter 2). One possible explanation for the discrepancy between 

our finding and the earlier finding that mdivi-1 prevented mitochondrial fragmentation 

during microglial activation [242] may lie in the different model systems used. Our study 

utilized rat HAPI microglial cells, while the previous study used a mouse cell line. 

Additionally, our activation model used a combination of LPS and IFN- to activate 

microglia, whereas the previous study utilized only LPS. It may be that the pathway 

activated by IFN- in combination with LPS induces a type of mitochondrial remodeling 

that is distinct from that induced by LPS alone, and that this remodeling is not affected by 

mdivi-1. 

 We showed earlier that mdivi-1 is a weak and reversible inhibitor of Complex I 

(see Chapter 2). Here we demonstrated that mdivi-1 impaired Complex I function in 

microglia, raising the possibility that mdivi-1 may impair proinflammatory activation 

through its action as a Complex I inhibitor. However, the Complex I inhibitor rotenone 

failed to have any effect upon LPS/IFN--stimulated production of nitric oxide or TNF-, 
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indicating that impairment of mitochondrial Complex I alone is not sufficient to dampen 

microglial activation. In fact, while the literature is conflicting [236], there is some 

evidence that rotenone alone can activate microglia, an effect not seen in our hands. We 

showed earlier that mdivi-1 is an inhibitor of reverse electron transfer-stimulated reactive 

oxygen species production (RET ROS, see Chapter 2). As mdivi-1 is the only reported 

RET ROS inhibitor without previous indications of in vivo toxicity, we hypothesized that 

it may be impairing microglial activation through modulation of ROS production, a well-

established major player in the activation process. While mdivi-1 did moderately 

decrease SOD2 induction during activation in vivo, the enzyme was not lowered to basal 

levels, suggesting only mild suppression of ROS. In vitro, mdivi-1 did not prevent 

LPS/IFN--induced changes in two markers of oxidative stress, SOD2 levels and 

impaired aconitase activity. Intriguingly, mdivi-1 by itself was able to impair aconitase 

activity and increase levels of SOD2, suggesting that the drug alone induced moderate 

oxidative stress.  

 Data in macrophages demonstrated that metformin, another well-known inhibitor 

of mitochondrial Complex I, impaired LPS-induced IL-1 production while failing to 

regulate TNF- levels [248], similar to our findings with mdivi-1. The same study found 

that metformin boosted production of the anti-inflammatory cytokine IL-10, which we 

also observed with mdivi-1 treatment. As such, we wanted to determine if upregulation of 

IL-10 by mdivi-1 was sufficient to explain its effects on proinflammatory markers. Use of 

an antibody to neutralize the effects of IL-10 failed to reverse mdivi-1’s effects on 

proinflammatory markers. Thus, IL-10 induction alone does not appear to be the 

mechanism for the overall anti-inflammatory effects of the drug. However, a further 
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dose-response for the neutralizing antibody needs to be performed, as we have not yet 

shown that this dose of neutralizing IL-10 antibody fully binds all of the IL-10 released in 

the system. If this dose of antibody is only partially effective at eliminating IL-10, then 

induction of anti-inflammatory IL-10 could still prove to be one of the mechanisms of 

mdivi-1’s general anti-inflammatory nature. 

 The expression of proinflammatory factors such as TNF- and IL-1 are 

regulated by the transcription factor NF-B, which translocates from the cytosol to the 

nucleus when activated [255]. Once active in the nucleus, NF-B binds to B sites in the 

promoters and enhancers of various inflammatory genes to either induce or repress their 

expression [256]. As mdivi-1 repressed the secretion of nitric oxide, TNF- and IL-1 

following LPS/IFN- stimulation in vitro, as well as the gene expression of multiple 

proinflammatory factors following i.c.v. LPS injection in vivo, we expected that mdivi-1 

would impair translocation of NF-B to the nucleus. Surprisingly, mdivi-1 instead 

slightly elevated the nuclear translocation of NF-B following LPS/IFN- and stabilized 

its nuclear presence at 4 and 6 hours, times when NF-B was already starting to diminish 

in microglia treated with LPS/IFN- alone. As genes normally transcribed by NF-B 

were repressed by mdivi-1 treatment, we predicted that NF-B may be stuck in the 

nucleus but not actively bound to DNA. However, NF-B DNA binding induced by 

LPS/IFN- was increased by mdivi-1 treatment, leading us to conclude that mdivi-1 was 

impairing production of proinflammatory factors in LPS/IFN--activated microglia 

downstream of DNA binding but upstream of transcription itself, implying some type of 

post-translational modification of NF-B. Since the majority of phosphorylation events 
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involving NF-B take place in the cytoplasm, and acetylation mostly occurs in the 

nucleus [257], where we observed NF-B to be ‘stuck’, we focused on the potential role 

of acetylation in mediating the effect of mdivi-1. Acetylation of the p65 subunit at lysine 

310 is necessary for NF-B to achieve full transcriptional activity [251]. Indeed, we 

observed a strong increase in K310 acetylation following LPS/IFN- treatment, which 

was attenuated by mdivi-1 treatment.  On the other hand, acetylation at K221 has been 

shown to enhance NF-B DNA binding, impairing its association with IB, the protein 

that is thought to remove promoter-bound NF-B [251, 258]. Of course, acetylation is not 

the only post-translational modification regulating NF-B activity. The 

dephosphorylation of p65 at S536 by protein phosphatase 2A has been shown to interfere 

with p65’s interaction with p300, thus impairing the transcriptional activity of NF-B 

[259, 260]. Chromatin immunoprecipitation assays may be useful in the future to 

determine which of NF-B’s genomic targets are interrupted by mdivi-1 treatment. 

 While there is conflicting data on the ability of mdivi-1 to inhibit Drp1 GTPase 

activity and prevent mitochondrial fragmentation (see Chapter 2), mdivi-1 has been used 

in over 100 publications to date, and is protective against a wide array of insults. The data 

in this chapter raise the possibility that a large reason for the protective effects of mdivi-1 

is its anti-inflammatory nature. Although it is protective against many injury models, 

mdivi-1 is likely not a strong candidate for use in clinical trials due to its wide array of 

off-target effects. That mdivi-1 affected microglial mitochondrial oxygen consumption 

led us to test the hypothesis that microglial mitochondrial respiratory impairment is 

necessary for proinflammatory microglial activation. 
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CHAPTER 4: INFLUENCE OF A PHYSIOLOGICALLY RELEVANT BRAIN 

OXYGEN TENSION ON MITOCHONDRIAL RESPIRATORY IMPAIRMENT 

IN INFLAMMATORY MICROGLIA 

  

4.1 INTRODUCTION 

 Microglia, the innate immune cells of the central nervous system, are dynamic 

cells that continually survey their surrounding environment, and assist in maintaining 

cellular homeostasis [231-233]. However, upon brain injury, microglia migrate to the site 

of injury, and shift from a ‘surveying’ to an ‘activated’ state [39, 261, 262]. Increased 

numbers of microglia have been found in brains with Alzheimer’s disease, Parkinson’s 

disease, multiple sclerosis, and various other neurodegenerative diseases [263]. These 

activated microglia release various pro-inflammatory factors that, in excess, are 

deleterious. One of these factors released by activated microglia is nitric oxide (NO) [49]. 

NO is produced in microglia by inducible nitric oxide synthase (iNOS), a protein that is 

normally not highly expressed in the healthy brain, but is induced following brain insult 

in order to produce NO [49]. Mitochondria are major targets of NO signaling in 

neuroinflammation following brain injury. Many neurodegenerative diseases and 

instances of brain trauma show impairments in mitochondrial function [264-270], and 

levels of nitrates derived from NO are seen to be elevated in serum of patients with 

multiple sclerosis [271]. NO has been previously reported to inhibit mitochondrial 

respiration at Complex IV of the electron transport chain via competitive inhibition at the 

oxygen binding site of the complex [47, 48]. While this inhibition was reversible initially, 

an irreversible inhibition was seen to develop following several hours of exposure to NO 

[48, 49].  
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 Several studies have shown that the pO2 that reaches the brain (15-40 mm Hg, ~2-

5% O2) is much lower than atmospheric O2 tension (160 mm Hg, 21% O2) [272-274]. O2 

is a precursor of the highly reactive oxidant superoxide. Oxygen tension has a 

demonstrated influence on reactive oxygen species (ROS) production, with higher levels 

of O2 leading to greater production of superoxide [275-278]. Superoxide and NO can 

quickly react to form peroxynitrite (ONOO
-
), which is thought to irreversibly inhibit all 

complexes of the mitochondrial electron transport chain[49, 279]. Surprisingly, the 

potential influence of oxygen tension on NO-mediated mitochondrial respiratory 

inhibition has been largely overlooked in in vitro studies of microglia-mediated 

neuroinflammation. 

 This study hypothesized that mitochondrial respiratory inhibition during 

proinflammatory microglial activation is mediated by nitric oxide at a physiologically 

relevant oxygen tension (3% O2), but by peroxynitrite at atmospheric 21% O2. We 

activated microglia at 3% O2 as well as at atmospheric 21% O2, and studied their 

bioenergetic properties. Results suggest that activation of microglial cells by LPS/IFN- 

stimulation impairs their mitochondrial respiratory capacity at either O2. Respiratory 

inhibition at 3% O2 appears to be NO-mediated, whereas respiratory inhibition at 21% O2 

appears to be mediated by selective degradation of subunits of mitochondrial Complex I. 
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4.2 MATERIALS AND METHODS 

4.2.1 Primary rat cortical microglial prep and microglial cell line culture 

 Rat primary microglia were prepared from cerebral cortices of 1-day-old Sprague 

Dawley rats as previously described [280]. Briefly, cortices were dissected, homogenized 

by tituration, and plated in poly-D-lysine-coated culture flasks. Cells were maintained in 

growth medium consisting of Dulbecco’s Modified Eagle’s Medium/F12 supplemented 

with 10% fetal bovine serum, penicillin (100 IU/mL), and streptomycin (100 g/mL) at 

37C with 5% CO2. 7-8 days after preparation, flasks were shaken at 100 rpm for 1 hr to 

isolate microglia in the medium. 

Highly aggressively proliferating immortalized (HAPI) microglial cells were 

maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% 

heat-inactivated fetal bovine serum (FBS), penicillin (100 IU/mL) and streptomycin (100 

g/mL) and maintained in 95% air/5% CO2 at 37C.   

To achieve “3% O2” experimental conditions, cells were placed and cultured in a 

5% CO2/3% O2/92% N2 incubator at 37C. 

4.2.2 Microglial stimulation protocol 

 Microglial cells were incubated with 10 ng/mL interferon-gamma (IFN-) and 

100 ng/mL lipopolysaccharide (LPS) for 18 hours to induce activation.  

4.2.3 Measurement of cellular oxygen consumption  

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 

measurements from microglial cells were performed using an XF24 Extracellular Flux 

Analyzer (Seahorse Bioscience) as previously described [245, 281]. HAPI cells were 
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plated at a density of 4 x 10
4
 cells per well and allowed to attach overnight. To activate 

microglia, cells were treated with 100 ng/mL lipopolysaccharide (LPS) and 10 ng/mL 

interferon-gamma (IFN-) for 18 hours prior to onset of OCR and ECAR measurements. 

Assay medium consisted of 120 mM NaCl, 3.5 mM KCl, 1.3 mM CaCl2, 0.4 mM 

KH2PO4, 1 mM MgCl2, 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES), 15 mM glucose, and 4 mg/mL fatty acid free bovine serum albumin, pH 7.4.  

Cells were incubated in a CO2-free incubator at 37C for 1 hr prior to assays to allow 

temperature and pH equilibration. XF24 assays consisted of cycles of 2 min mix, 1 min 

wait, and 2 min measurement. 

To perform experiment at 3% O2, the XF24 Analyzer was placed into a 

workspace of an Xvivo System environmental chamber (Biospherix Ltd., Parish, NY). 

The workspace was regulated to 3% O2 with no CO2 using N2 displacement. At least 4 

hours prior to assay, aCSF and a calibration cartridge with 1 mL of XF calibrant (Agilent 

Technologies) were positioned in a 3% O2/0% CO2/97% N2 environmental chamber at 

37C. Assays were then ran as previously described, with the exception that 3 blank wells 

that received successive injections of 100 mM sodium sulfite to chemically remove O2 

and provide a reference for 0% O2. Following 3% O2 assays, data was recalculated using 

the XF Hypoxia Rate Calculator Program (Agilent Technologies). 

4.2.4 Measurement of released nitric oxide 

Release of the nitric oxide derivative nitrite  from cells in culture supernatant was 

quantified by Griess assay (ThermoFisher), according to manufacturer’s protocol. Nitrite 

levels were then normalized to total cellular protein level. 



109 
 

4.2.5 Measurement of released TNF- and IL-1 

Release of TNF- or IL-1 from cells in culture supernatant was quantified by  

enzyme linked immunosorbent assay (ELISA) according to manufacturer’s protocol 

(R&D Systems). TNF- or IL-1 levels were then normalized to total cellular protein 

level. 

4.2.6 Immunoblot analysis 

Microglia were lysed by sonication in Novex Tris-Glycine SDS Sample buffer 

with 1:100 Halt Protease and Phosphatase Inhibitor Cocktail (ThermoFisher). Equal 

protein amounts of cell lysates (30 g/well) were loaded on Novex WedgeWell 4-20% 

Tris-Glycine Mini Gels (ThermoFisher). SDS-PAGE and immunodetection for SOD2 

(abcam; ab13533), Tom20 (Santa Cruz; sc-11415), NDUFV1 (Sigma-Aldrich; 

SAB108612), NDUFS1 (abcam; ab169540), NDUFS2 (abcam; ab192022), NDUFA9 

(abcam; ab14713), SDHA (Cell Signaling; 6389), OXPHOS (abcam; ab110413), and -

actin (Sigma; A5316) were performed. Proteins were imaged and analyzed with a 

ChemiDoc MP system (Bio-Rad, Hercules, CA). 

4.2.7 Statistical Analysis 

One-way or two-way analysis of variance (ANOVA) was utilized to evaluate 

statistical significance for all OCR and ECAR measurements. Tukey’s post-hoc analysis 

was then employed to compare individual groups, with a p < 0.05 considered significant. 

All statistical analyses were done using SigmaPlot 12.0 (Systat Software, Inc., San Jose, 

CA). Data in figures are presented as mean ± standard deviation. 
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4.3 RESULTS 

4.3.1 Inhibition of microglial respiration by LPS/IFN- treatment 

Consistent with previous findings in BV2 mouse microglial cells [282], treatment 

of HAPI rat microglial cells (data not shown) or primary rat cortical microglia with LPS 

(100 ng/mL) and IFN- (10 ng/mL) (LPS/IFN-) for 18 hours significantly impaired 

microglial mitochondrial respiration (oxygen consumption rate – OCR) at both a 

physiologically relevant (3%) and atmospheric (21%) O2. This decrease in basal OCR 

was observed regardless of O2 level, with basal and FCCP-induced maximal respiration 

each being inhibited by ~50-60% following activation with LPS/IFN- (Figure 4.1A-B). 

LPS/IFN- induced a strong increase in extracellular acidification rate (ECAR), an 

indirect measure of glycolysis (Figure 4.1C), an adaptation that likely provides the energy 

needed for microglia to survive and proliferate despite impaired mitochondrial respiratory 

function. 
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Figure 4.1. Respiration is inhibited by LPS/IFN- activation at either 3% O2 or 21% O2. (A) 

Basal oxygen consumption rate (OCR) in rat primary cortical microglia with and without LPS/IFN--

stimulated activation at both 3% O2 and 21% O2. (B) Maximal OCR in rat primary cortical microglia 

with and without LPS/IFN--stimulated activation at both 3% O2 and 21% O2. (C) Extracellular 

acidification rate (ECAR) in rat primary cortical microglia with and without LPS/IFN--stimulation at 

both 3% O2 and 21% O2.  Data are reported as means of at least three independent experiments ± SD, 

with three samples per condition in each experiment (# p < 0.05 compared to CTRL of the same O2). 

4.3.2 Respiratory inhibition is dependent on nitric oxide at physiologically relevant 

3% O2 but not at atmospheric 21% O2 

We first performed a time course experiment measuring maximal oxygen 

consumption and release of nitric oxide every 2 hours following stimulation with 

LPS/IFN-Maximal oxygen consumption rate was impaired in a time-dependent 

manner, with significant declines observable by 8 hours at both 21% and 3% O2 (Fig. 

4.2A-C). Although released nitric oxide was significantly increased by 8 hours at both 

oxygen tensions as well (Fig. 4.2A-B), the amount of NO released at 21% O2 was nearly 

double that released at 3% O2 (Fig. 4.2C). 
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Mitochondrial respiration can be inhibited by both NO and ONOO
-
. NO is 

thought to compete with oxygen at Complex IV of the mitochondrial electron transport 

chain in order to reversibly inhibit respiration, while ONOO
-
-mediated inhibition is 

irreversible [49]. At higher oxygen tensions, the greater proportion of O2 available is 

thought to allow for greater production of the highly reactive radical superoxide, which 

rapidly reacts with NO to form ONOO
- 

[283]. Therefore, more ONOO
-
 should be 

produced at higher O2 levels, resulting in a greater level of ONOO
-
 at 21% O2 than at 3% 

O2. We therefore hypothesized that the mechanism of respiratory inhibition would differ 

at 3% O2 vs. 21% O2 due to dissimilar superoxide-mediated production of ONOO
-
 and 

differing levels of NO. Specifically, we predicted that respiratory inhibition at 3% O2 

would occur via NO, while ONOO
-
 (produced by higher concentration of superoxide 

reacting with NO) would mediate inhibition at 21% O2.   
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Figure 4.2. LPS/IFN- treatment induces inhibition of microglial respiration while increasing 
nitric oxide production. (A) Representative maximal oxygen consumption rate (OCR) (grey line) vs 

released nitric oxide (NO; open bars) time course at 3% O2 and (B) at 21% O2. # p < 0.05 compared to 

2 hr. (C) Quantification of released NO at 3% and 21% O2 every 2 hours from 2-18 hours following 

LPS/IFN- treatment. Data are reported as means of at least three independent experiments ± SD, with 

three samples per condition in each experiment. * p < 0.05 compared to indicated group. 

 

To determine the role of nitric oxide on LPS/IFN--induced respiratory 

impairment, we employed the NO scavenger carboxy-PTIO (cPTIO). cPTIO acutely 

rescued respiratory inhibition in LPS/IFN--activated microglia at 3% O2 (Figure 4.3A, 

4.3C). However, cPTIO was unable to rescue respiratory inhibition at 21% O2 (Figure 

4.3B, 4.3C). 

We then set out to determine the effect of inhibiting the enzyme that produces 

nitric oxide in microglia, inducible nitric oxide synthase (iNOS). Inhibiting iNOS with 

1400W [284] fully prevented the LPS/IFN--induced impairment of respiration at 3% O2 
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(Fig. 4.3D, 4.3F). At 21% O2, 1400W slightly prevented respiratory impairment, but only 

by 8.34 ± 4.37% (Fig. 4.3E,4.3F), even though it fully prevented NO production (Fig. 

4.4). The finding that eliminating NO production by iNOS or acutely scavenging NO 

using cPTIO completely prevents or rescues respiratory impairment is suggestive of a 

mechanism of respiratory inhibition solely dependent upon NO at 3% O2, while the 

inability of the same treatments to rescue respiration at 21% O2 indicates a diverging 

mechanism of respiratory impairment at the higher O2 level. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Respiratory inhibition is dependent on nitric oxide at physiological 3% O2 but not at 
atmospheric 21% O2. (A) Representative OCR measurements in rat primary cortical microglia at 3% 

O2 and (B) at 21% O2 with and without LPS/IFN- treatment. FCCP (4 M) was injected along with 

pyruvate (10 mM) to induce maximal OCR. Either buffer or carboxy-PTIO (400 M), a scavenger of 

nitric oxide, was then injected. Antimycin A (AA; 1 M) was injected last to inhibit mitochondrial 

respiration. (C) Quantification of inhibition of maximal respiratory capacity by LPS/IFN--stimulated 

activation, and rescue of respiratory capacity by acute scavenging of NO at 3% O2. (D) Representative 

OCR measurements in rat primary cortical microglia at 3% O2 and (E) at 21% O2 with and without 

LPS/IFN- treatment in the presence or absence of 50 M 1400W. FCCP (4 M) was injected along 

with pyruvate (10 mM) to induce maximal OCR. (F) Quantification of maximal respiratory capacity at 

3% and 21% O2. Bar graphs are mean ± SD from at least three similar experiments, with three 

samples per conditions in each experiment. # p < 0.05 compared to CTRL. * p < 0.05 compared to 

indicated group. 
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Figure 4.4. 1400W impairs release of nitric oxide at 3% and 21% O2, TNF- only at 21% O2, 

and does not impair IL-1 release. Primary rat cortical microglia were treated with DMSO Vehicle 

(CTRL) or LPS/IFN- for 18 hours ± 1400W (100 M), and release of nitric oxide at 21% O2 (A) and 

3% O2 (B), TNF- at 21% O2 (C) and 3% O2 (D), and IL-1 at 21% O2 (E) and 3% O2 (F) were 
quantified by Griess assay or ELISA. Data are presented as mean ± standard deviation. # p <0.05 

compared to CTRL DMSO. * p <0.05 compared to LPS/IFN DMSO. 
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 4.3.3 Increased oxidative stress is not responsible for respiratory inhibition at 

21% oxygen 

 To test our prediction that respiratory inhibition at 21% O2 was mediated by 

ONOO
-
, we treated microglia with the peroxynitrite scavenger uric acid during the 18 

hour activation time period. Surprisingly, uric acid treatment did not prevent LPS/IFN--

induced respiratory inhibition (Figure 4.5A). We then performed a similar experiment 

with the mitochondrially targeted superoxide scavenger MitoTEMPO, and found that 

scavenging of mitochondrial superoxide during activation did not prevent respiratory 

impairment (Figure 4.5B). To test our initial prediction that oxidative stress is elevated at 

21% O2 compared to 3% O2, we assayed activity levels of the ROS-sensitive TCA cycle 

enzyme aconitase. Both cytosolic (Figure 4.5C) and mitochondrial (Figure 4.5D) 

aconitase activity were impaired by LPS/IFN- activation, suggesting an increase in 

oxidative stress at both atmospheric and physiologically relevant O2. Unexpectedly, 

oxidative stress was not elevated at 21% O2 compared to 3% O2.  Similar results were 

found by immunoblotting for mitochondrial superoxide dismutase as an indirect indicator 

of oxidative stress (SOD2; Figure 4.5E-F). 
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Figure 4.5. Removing superoxide or peroxynitrite does not have an effect on respiratory 
inhibition. (A and B) OCR measurements in rat primary cortical microglia at 21% O2 with and 

without LPS/IFN- treatment with either (A) MitoTEMPO or (B) Uric acid treatment throughout the 

18 hour activation.. FCCP (4 M) was injected along with pyruvate (10 mM) to induce maximal 

OCR. Either buffer or carboxy-PTIO (400 M), a scavenger of nitric oxide, were injected at the 

second line. Antimycin A (AA; 1 M) was injected at the third line to inhibit mitochondrial 

respiration. (C and D) Activity of cytosolic (C) and mitochondrial (D) aconitase activity at 3% and 

21% O2 following18 hour treatment with LPS/IFN-. Data are reported as means of at least three 

independent experiments ± SD. # p < 0.05 compared to CTRL. * p < 0 .05 compared to indicated 

group. (E) Immunoblots for SOD2, b-actin, and Tom20 for microglia treated for 18 hours with buffer 

or LPS/IFN-g at 3% or 21% O2. (F) Relative expression levels of SOD2/Tom20 quantified from 

immunoblots at 3% and 21% O2. n = 2. 
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 4.3.4 Rescue of respiratory inhibition by exogenous electron donor 

 Since our evidence suggests that oxidative stress does not play an exclusive role 

in mediating respiratory inhibition at 21% O2, we next set out to determine where in the 

mitochondria respiratory inhibition was occurring.  NO is thought to impair respiration 

by competing with oxygen at Complex IV of the ETC [47, 48]. To determine whether 

Complex IV is the site of inhibition in activated microglial cells, we utilized N,N,N′,N′-

tetramethyl-p-phenylenediamine (TMPD), a cell permeable electron donor that can 

donate electrons directly to cytochrome c-Complex IV of the ETC, thus bypassing 

Complexes I through III entirely [207]. Ascorbate was added to re-reduce TMPD 

following oxidation. If respiratory inhibition were occurring earlier in the electron 

transport chain than cytochrome c or Complex IV, TMPD/ascorbate would rescue 

respiratory inhibition. However, impairment at Complex IV would not be rescued by 

TMPD/ascorbate treatment. If the previous model [49] describing NO-induced inhibition 

at Complex IV applies to activated microglial cells, respiratory inhibition caused by NO 

would not be rescued by TMPD/ascorbate treatment, while another upstream form of 

respiratory inhibition may be rescued. TMPD/ascorbate treatment was able to acutely 

rescue respiratory impairment caused by LPS/IFN--stimulation at 21% O2 (Fig. 4.6A), 

but was unable to rescue impaired respiration at 3% O2 (Fig. 4.6B). These results are 

consistent with the possibility of an NO-O2 competition mechanism of respiratory 

impairment at Complex IV at 3% O2 but not at 21% O2. We then tested the ability of 

idebenone, a short chain coenzyme Q10 analogue that can transfer electrons to Complex 

III of the electron transport chain [285, 286], to rescue respiratory impairment. Similar to 

TMPD/ascorbate, idebenone/ascorbate treatment acutely rescued respiratory impairment 
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in LPS/IFN--stimulated microglia at 21% O2 (Fig. 4.6C). At 3% O2, idebenone partially 

rescued respiratory impairment (Fig. 4.6D), inconsistent with results demonstrating 

impairment at Complex IV. However, there is evidence that idebenone can act as an 

antioxidant [287], raising the possibility that idebenone may be rescuing respiration 

through the reversal of a post-translational modification. These results indicate that 

LPS/IFN- treatment inhibits respiration at Complex IV at 3% O2 and somewhere 

upstream of Complex III at 21% O2. 

 

 

 

 

 

 

 

 

Figure 4.6. Exogenous electron donors rescue respiratory inhibition fully at 21% O2, but not at 
3% O2. (A) OCR measurements in rat primary cortical microglia at 3% O2 and (B) 21% O2 with and 

without LPS/IFN- treatment. FCCP (4 M) was injected along with pyruvate (10 mM) to induce 

maximal OCR. Either buffer, TMPD (0.4 M), ascorbate (2 mM), or TMPD/ascorbate were injected 

at the second line. (C and D) OCR measurements in rat primary cortical microglia at 3% O2 (C) and 

21% O2 (D) with and without LPS/IFN- treatment. FCCP (4 M) was injected along with pyruvate 

(10 mM) to induce maximal OCR. Either buffer, idebenone (75 M), ascorbate (2 mM), or 

idebenone/ascorbate were injected at the second line. Data are reported as means of at least three 

independent experiments ± SD. 

 



121 
 

 

 

4.3.5 Thiol modifications may mediate respiratory inhibition at 3% O2 

 In addition to competing with O2 at Complex IV of the ETC, NO can lead to thiol 

modifications of proteins, such as s-nitrosylation, which result in functional alterations 

[288, 289]. The endogenous antioxidant glutathione was shown to protect protein thiol 

groups from s-nitrosylation or oxidation [290, 291]. To determine whether s-nitrosylation 

could be the mechanism of NO-dependent respiratory inhibition at 3% O2, we tested 

whether the cell permeable glutathione analogue glutathione ethyl ester (GSH-EE) could 

rescue oxygen consumption. GSH-EE acutely rescued respiratory inhibition in LPS/IFN-
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-activated microglia at 3% O2 (Fig. 4.7A), but not at 21% O2 (Fig. 4.7B), consistent with 

the possibility that NO is impairing microglial mitochondrial respiration through 

reversible thiol modifications at 3% O2. 

 

Figure 4.7. Thiol modifications regulate respiratory inhibition at 3% but not 21% O2. (A) OCR 

measurements in rat primary cortical microglia at 3% O2 and (B) 21% O2 with and without LPS/IFN- 

treatment. FCCP (4 M) was injected along with pyruvate (10 mM) to induce maximal OCR. Either 

buffer or GSH-EE (10 M) was injected at the second line. Data are reported as means of at least three 

independent experiments ± SD (* p < 0.05). 

 

 4.3.6 Mitochondrial Complex I is degraded following LPS/IFN- treatmentat 

21% O2 

 As mitochondrial respiration downstream of Complex III appeared intact 

following activation with LPS/IFN- at 21% O2, we predicted that protein levels of 

subunits of Complex I or Complex II would be degraded during LPS/IFN--induced 

activation. Accordingly, we observed that levels of the Complex I subunits NDUFS1, 

NDUFS2, NDUFA9, and NDUFB8 were strongly decreased following LPS/IFN- 

treatment at 21% O2, but were decreased to a far lesser degree at 3% O2 (Figure 4.8). The 

Complex II subunit SDHB was also degraded at 21% O2, but less so at 3% O2 (Figure 
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4.8). Levels of the Complex II subunit SDHA, the Complex III subunit UQCRC2, and the 

Complex V subunit ATP5A were not significantly decreased following LPS/IFN- 

treatment (Figure 4.8), indicative of a relatively selective degradation of Complex I 

subunits at 21% O2. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. LPS/IFN- induces degradation of mitochondrial Complex I subunits more strongly 
at 21% O2 than at 3% O2. (A and B) Representative immunoblots for Complex I subunits 

(NDUFS1, NDUFS2, NDUFA9, and NDUFB8), Complex II subunits SDHA and SDHB, the Complex 

III subunit UQCRC2, the Complex V subunit ATP5A, and -actin at 21% O2 (A) or 3% O2 (B) at the 

indicated times post-LPS/IFN- treatment. (C) Quantification of mitochondrial Complex subunit 

protein levels normalized to -actin following stimulation with LPS/IFN- at 21% O2 or 3% O2.Data 
are expressed relative to levels in the control (CTRL) at 21% O2. n=1. 
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4.4 DISCUSSION 

 Nearly all of the experiments in the literature studying NO-mediated 

mitochondrial inhibition have been performed at atmospheric O2. Elegant work has 

demonstrated that the oxygen tensions measured in brain tissues are much lower than 

those present in the atmosphere (primarily 15-40 mm Hg or ~2-5% O2 compared to 160 

mm Hg or 21% O2) [274]. Higher concentrations of O2 at atmospheric rather than more 

physiologically relevant conditions may lead to a greater production of ROS such as 

superoxide [277]. Considering the widely accepted role of ROS in mitochondrial 

dysfunction following brain insults, it is surprising that the role of oxygen tension during 

in vitro studies of neurodegeneration has not been more closely examined. 

 This study demonstrated that activation of microglia cells in vitro with LPS/IFN- 

inhibits the respiration of their mitochondria at either a physiologically relevant oxygen 

tension (3% O2) or atmospheric 21% O2. However, the mechanism of respiratory 

inhibition in proinflammatory microglia appears to differ between the two oxygen 

tensions. The ability of carboxy-PTIO, a NO scavenger, to acutely rescue respiratory 

inhibition at 3% O2 and of 1400W, an iNOS inhibitor, to prevent respiratory impairment, 

suggests that NO is the primary mediator of this inhibition at 3% O2. However, 

scavenging of NO or prevention of NO production was unable to rescue or prevent 

respiratory inhibition at atmospheric 21% O2. The cytochrome c-complex IV electron 

donor TMPD rescued respiratory inhibition at 21% O2, but not at 3% O2. It has been 

widely accepted that NO causes reversible respiratory inhibition at Complex IV of the 

ETC. These results support the hypothesis that respiratory inhibition at 3% O2 is NO-

linked, while that at 21% O2 is not dependent upon NO.  
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 Since more superoxide is predicted to be present at higher pO2 [277], we 

hypothesized that respiratory inhibition in inflammatory microglia at 21% O2 would be 

mediated by ONOO
- 

formed from the reaction of superoxide with NO. To test this 

hypothesis, we scavenged ONOO
- 
by treating with uric acid. However, we were unable to 

rescue respiratory inhibition by uric acid, or by the subsequent scavenging of NO with 

cPTIO. We also attempted to limit ONOO
-
 production at 21% O2 by removing 

superoxide in the mitochondrial matrix via the mitochondrially-targeted antioxidant 

MitoTEMPO, while potentially increasing unreacted NO produced endogenously during 

microglial activation. Although we predicted that this would allow for subsequent acute 

rescue of respiratory impairment by scavenging of NO, cPTIO was unable to improve 

microglial respiration. Surprisingly, we did not find that the higher concentration of 

oxygen at atmospheric conditions led to increased oxidative stress compared to that 

observed at 3% O2, as measured by two independent markers. Overall, our results suggest 

that respiratory inhibition at 21% O2 is not primarily due to ONOO
-
. 

 It is possible that one of the wide array of pro-inflammatory cytokines or other 

pro-inflammatory mediators produced during microglial activation may be responsible 

for the respiratory inhibition observed at atmospheric 21% O2. For instance, while 

1400W treatment prevented nitric oxide release, it did not abolish microglial release of 

IL-1and only modestly impaired release of TNF-. Both of these factors have been 

shown to impair mitochondrial Complex I and II activities and ATP production [292], yet 

their ability to affect mitochondria has not been studied at an oxygen tension that more 

closely resembles physiological conditions. Future experiments studying the role of these 

and other proinflammatory factors on microglial mitochondrial bioenergetics are 
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necessary. Nevertheless, it is telling that none of these proinflammatory mediators appear 

to have much of an effect on mitochondrial respiration at 3% O2, as removal of NO alone 

or treatment with GSH-EE to reverse NO-mediated thiol modifications acutely rescued 

the observed inhibition.  

 Based on the ability of exogenous electron donors for Complex III (idebenone) 

and Complex IV (TMPD) to acutely rescued respiratory impairment at 21% O2, we 

predicted that LPS/IFN- induces degradation of mitochondrial proteins upstream of 

Complex III. Indeed, we observed severe decreases in protein levels of multiple Complex 

I proteins, as well as the Complex II subunit SDHB at 21% O2, phenomena that were 

significantly dampened at 3% O2. Future studies into the mechanism of respiratory 

impairment at 21% O2 should focus on preventing this degradation of mitochondrial 

subunits, which we predict would avert microglial mitochondrial respiratory impairment. 

Of course, moderating NO levels with cPTIO or 1400W may be necessary, as preventing 

the mitochondrial degradation of ETC Complex subunits may open the door for NO-

mediated impairments.  

 This study focused only upon the effect of microglial proinflammatory activation 

on mitochondrial respiration of microglia. However, neuronal dysfunction is a major 

consequence of microglial activation during uncontrolled neuroinflammation. As such, 

future studies are needed to discern the role of oxygen tension on neuronal mitochondrial 

dysfunction caused by proinflammatory microglia. 

 The main finding of this chapter is that the oxygen tension present during culture 

and assay conditions directly influences the mechanism of bioenergetic impairment in 
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proinflammatory microglia. While 3% O2 was used as a model for a more physiologically 

relevant brain oxygen tension, it is likely that the oxygen tension present in tissues 

throughout the brain exists on a continuum. For instance, cells closer to blood vessels 

experience higher exposure to oxygen. A potential future study to address this issue is to 

intracerebroventricularly inject LPS and IFN- into the lateral ventricle of mice, similar 

to experiments performed in Chapter 3. Microglia can then be isolated via Percoll 

gradient (see Appendix 3), and immunoblots for levels of mitochondrial Complex 

subunits can be performed. If LPS/IFN- induces selective degradation of mitochondrial 

Complex I subunits in in vivo microglia, we can be more confident that 21% O2 is more 

physiologically relevant; while a lack of Complex I subunit degradation in vivo would 

suggest that 3% O2 is a more physiologically relevant oxygen tension. However, 

microglia isolated from adult brain will be exposed to 21% O2 during the isolation 

procedure out of necessity. This exposure may in turn affect Complex subunit stability. 

Overall, this study demonstrated that the oxygen tension present during in vitro assays 

can influence the mechanism of bioenergetic impairment, and suggested that the oxygen 

tension used during experiments should be carefully considered when designing future 

neuroinflammation studies utilizing in vitro microglia. 
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CHAPTER 5: EXOGENOUS ELECTRON DONORS AND MICROGLIAL 

ACTIVATION 

  

5.1 INTRODUCTION 

Microglia are the resident immune cells of the brain, and play an important role in both 

disease and health [1, 293]. Basally, microglia regularly survey their environments, and 

assist in maintaining cellular homeostasis and promoting synaptogenesis [3, 4]. While 

vitally important to healthy brain function, microglia also ‘activate’ in response to brain 

insult. This activation allows microglia to assist in the repair of damaged cells through 

their release of growth factors, cytokines, and metabolites. Although this is initially 

protective, prolonged microglial activation can lead to further brain damage in the 

process known as neuroinflammation [6, 7, 9]. 

We previously showed that activation of microglia with LPS/IFN- inhibited 

microglial mitochondrial respiration (see Chapter 4). This respiratory impairment was 

hypothesized to be caused by selective degradation of subunits of mitochondrial Complex 

I, and degradation of the SDHB subunit of Complex II. Mitochondrial Complexes III and 

IV were shown to be functionally intact. It has been suggested that the short chain 

coenzyme Q10 analogue idebenone can transfer electrons to complex III of the 

mitochondrial electron transport chain [294-296]. This study tested the hypothesis that 

bypassing the LPS/IFN--induced inhibition of Complex I of the electron transport chain 

with idebenone would prevent microglial production of proinflammatory factors.  

5.2 MATERIALS AND METHODS 



130 
 

5.2.1 Primary rat cortical microglial preparation and highly aggressively 

proliferating immortalized (HAPI) microglial cell culture 

Rat primary microglia were prepared from cerebral cortices of 1-day-old Sprague 

Dawley rats as previously described [280]. Briefly, cortices were dissected, homogenized 

by tituration, and plated in poly-D-lysine coated culture flasks. Cells were maintained in 

growth medium consisting of Dulbecco’s Modified Eagle’s Medium/F12 supplemented 

with 10% fetal bovine serum and penicillin (100 IU/ml) plus streptomycin (100 g/ml) at 

37C with 5% CO2. 7-8 days after preparation, flasks were shaken at 100 rpm for 1 hr to 

isolate microglia in the medium. 

Highly aggressively proliferating immortalized (HAPI) microglial cells were 

maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% 

heat-inactivated fetal bovine serum (FBS), penicillin (100 IU/mL) and streptomycin (100 

g/mL) and maintained in 95% air/5% CO2 at 37C.   

5.2.2 In vitro stimulation protocol 

Microglial cells were incubated with 10 ng/mL interferon-gamma (IFN-) and 

100 ng/mL lipopolysaccharide (LPS) for 18 hours to induce activation.   

5.2.3 Measurement of cellular respiration 

Oxygen consumption rate (OCR) measurements from microglial cells were 

performed using an XF24 Extracellular Flux Analyzer (Agilent Technolgies) as 

previously described in detail[297].  Assay medium consisted of 120 mM NaCl, 3.5 mM 

KCl, 1.3 mM CaCl2, 0.4 mM KH2PO4, 1 mM MgCl2, 5 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), 15 mM glucose, and 4 mg/ml fatty acid free 
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bovine serum albumin, pH 7.4.  Cells were incubated in a CO2-free incubator at 37°C for 

45 min prior to assays to allow temperature and pH equilibration.   

5.2.4 Quantification of released nitric oxide, TNF-, and IL-1β 

Nitric oxide secreted in microglial culture supernatant was quantified by Griess 

assay (ThermoFisher Scientific). Equal volumes of N-(1-naphthyl)ethylenediamine and 

sulfanilic acid were mixed together to form the Griess Reagent.  In 96-well plates, 20 L 

of Griess reagent, 150 L of microglial supernatant, and 130 L deionized water was 

mixed per well.  A photometric reference standard was then prepared from 1 mM sodium 

nitrite.  The mixture was then incubated for 30 minutes at room temperature without 

light.  The absorbance at 560 nm was measured on a microplate reader. Absorbance 

readings were then converted to nitrite concentrations by comparison with sodium nitrite 

standard.  All data are expressed as mean pmol/ng protein ± standard deviation. 

Rat tumor necrosis factor- (TNF-) and interleukin-1β (IL-1β) released in 

microglial culture supernatants were quantified by enzyme linked immunosorbent assay 

(ELISA) following the manufacturer’s protocols (R&D Systems).  All data are expressed 

as mean pg/mL ± standard deviation. 

5.2.5 Statistical Analysis 

Statistical analyses were done using SigmaPlot 12.0 (Systat Software Inc, San 

Jose, CA). One-way analysis of variance (ANOVA) with Tukey’s post-hoc analysis was 

performed to determine statistical significance, with p <0.05 considered significant. 
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5.3 RESULTS 

 5.3.1 The exogenous electron donor idebenone acutely rescues LPS/IFN--

induced respiratory inhibition.  

 Consistent with previous findings (see Chapter 4), treatment of rat primary 

cortical microglia for 18 hours with 100 ng/mL LPS and 10 ng/mL IFN- impaired basal 

and maximal OCR (Figure 5.1). As we previously showed that this respiratory 

impairment at 21% O2 was upstream of Complex IV, likely at Complex I, we 

hypothesized that bypassing mitochondrial respiratory inhibition would restore oxygen 

consumption rate, and impair proinflammatory microglial activation. Idebenone, which 

transports electrons from NAD(P)H to Complex III of the mitochondrial electron 

transport chain, acutely rescued LPS/IFN--induced respiratory inhibition (Figure 5.1). 

Ascorbate was added to reduce idebenone following oxidation.  

 

Figure 5.1. Idebenone rescues LPS/IFN--impaired mitochondrial respiration. Oxygen 

consumption rate (OCR) in rat primary cortical microglia with and without LPS/IFN- treatment. 

FCCP (4 M) was injected along with pyruvate (10 mM) to induce maximal OCR. Either buffer, 

idebenone (75 M), ascorbate (2 mM), or idebenone/ascorbate were injected at the second line. Data 

are reported as means of at least three independent experiments ± SD (* p < 0.05). 
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 5.3.2 Idebenone impairs proinflammatory microglial activation.  

 After finding that idebenone successfully rescued respiratory inhibition, we next 

tested the prediction that this respiratory bypass would prevent microglial activation to a 

proinflammatory state. Indeed, treatment with idebenone concomitant with LPS/IFN- for 

18 hours significantly impaired microglial release of nitrite (Fig. 5.2A), IL-1 (Fig. 

5.2B), and TNF- (Fig. 5.2C).  

 We finally wanted to evaluate whether this impairment of proinflammatory factor 

production by idebenone was due to its ability to donate electrons to mitochondrial 

Complex III, and not through an off-target effect. Specifically, idebenone impaired 

microglial release of proinflammatory factors following LPS/IFN- stimulation in the 

presence of Complex I inhibitors rotenone (data not shown) or piericidin A, as well as in 

the presence of the Complex II inhibitor 3-NP, yet failed to do so in the presence of 

Complex III inhibitor antimycin A (Fig. 5.2D). Additionally, none of the inhibitors alone 

had any effect on microglial factor release following LPS/IFN- or control stimulation. 
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Figure 5.2. Idebenone impairs microglial release of proinflammatory factors. 

Primary rat cortical microglia were treated with DMSO Vehicle (CTRL) or LPS/IFN- for 18 hours ± 

idebenone (75µM), and release of nitric oxide (a), Il-1β (b), or TNF- (c) were quantified by Griess 

assay or ELISA. Data are presented as mean ± standard deviation, n=3 * p < 0.05 compared to 

LPS/IFN DMSO. 

 

5.4 DISCUSSION 

The major finding of this study is that idebenone bypasses mitochondrial respiration in 

LPS/IFN--activated microglia, and that this respiratory bypass impairs microglial release 

of proinflammatory factors. Future studies examining the role of idebenone in microglial 

activation and mitochondrial function should determine the effect of idebenone on the 

production of anti-inflammatory factors, such as IL-10. While mitochondrial dysfunction 
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is becoming increasingly implicated in the process of proinflammatory microglial 

activation, these studies generally only focus on preventing mitochondrial functional 

changes as a means of treatment. However, pretreatment is not usually relevant in the 

clinic, as neuroinflammation is generally only clinically observed once symptoms of 

neurodegenerative disease are evident or following traumatic brain injury. In fact, some 

studies have suggested that the bioenergetic shift observed during proinflammatory 

activation in macrophages, cells that are generally assumed to function in a similar 

manner to microglia, is irreversible [298]. The findings of this chapter that the respiratory 

impairment induced during microglial activation can by bypassed with the clinically 

approved drug idebenone is very promising for future interventions in pathologies with 

known inflammatory components, such as Alzheimer’s disease, Parkinson’s disease, 

multiple sclerosis, traumatic brain injury, and spinal cord injury. 
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CHAPTER 6: DISCUSSION AND CONCLUDING REMARKS 

 This dissertation describes four major findings: 1) that the putative Drp1 inhibitor 

mdivi-1 weakly and reversibly impairs mitochondrial Complex I function in a variety of 

cell types without inhibiting Drp1 GTPase activity or lengthening mitochondria; 2) that 

microglial mitochondria shorten in response to LPS/IFN-, and that mdivi-1 impairs 

proinflammatory microglial activation downstream of NF-B DNA binding but upstream 

of transcription without any effect on mitochondrial morphology; 3) that the mechanism 

of respiratory inhibition in microglia activated by LPS/IFN- differs between 21% 

(atmospheric, supraphysiological) O2 and 3% (physiological) O2; and 4) that bypass of 

respiratory inhibition by an exogenous electron donor rescues respiratory inhibition and 

impairs proinflammatory microglial activation. 

 Chapter 1 of this dissertation provides an extensive review of the literature on 

microglial activation and the role of mitochondria and reactive oxygen species in 

microglial activation. Taken together, the literature describes an important role for 

reactive oxygen species in the process of microglial activation, while there is emerging 

evidence that mitochondrial functional changes may also participate in microglial 

proinflammatory activation. We therefore hypothesized that microglial mitochondrial 

structural and bioenergetic dysfunction stimulate proinflammatory microglial activation. 

Specifically, in Chapter 2 we hypothesized that pharmacological inhibition of Drp1 by 

mdivi-1 leads to increased mitochondrial bioenergetics. In Chapter 3, we hypothesized 

that chemical inhibition of mitochondrial fission will impair proinflammatory microglial 

activation. We hypothesized in Chapter 4 that respiratory inhibition during 

proinflammatory microglial activation is mediated by nitric oxide at 3% O2 and by 
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peroxynitrite at 21% O2. Finally, in Chapter 5 we hypothesized that bypassing 

mitochondrial respiratory inhibition will impair proinflammatory microglial activation. 

 In Chapter 2, we initially set out to test the hypothesis that tubular mitochondrial 

morphology is required for mitochondrial respiratory function. We first tested the 

prediction that the putative Drp1 inhibitor mdivi-1 would cause Drp1-dependent changes 

in mitochondrial respiration. Indeed, mdivi-1 was found to rapidly and reversibly inhibit 

mitochondrial respiration in a variety of cell types. Using cell permeabilization 

techniques pioneered by our laboratory to deliver energy substrates specific various 

mitochondrial ETC complexes [245], we observed that this respiratory inhibition 

occurred at mitochondrial Complex I. Transfecting cells with yeast Ndi1, a single protein 

capable of oxidizing NADH and functionally substituting for mammalian Complex I[299, 

300], was able to prevent respiratory inhibition by classical Complex I inhibitors as well 

as by mdivi-1, further confirming that the inhibitory action of mdivi-1 was at Complex I. 

We next tested the prediction that mdivi-1 would rapidly elongate mitochondria. 

Surprisingly, mdivi-1 failed to lengthen mitochondria in COS-7 kidney cells or neurons, 

as well as in WT or Drp1 KO mouse embryonic fibroblasts. Mdivi-1 also failed to inhibit 

the GTPase activity of mammalian Drp1. We finally tested the ability of mdivi-1 to 

modulate mitochondrially-derived reactive oxygen species production. Mdivi-1 weakly 

augmented ROS produced by forward electron transfer in isolated brain mitochondria and 

mouse embryonic fibroblasts, but not in rat cortical neurons. Mdivi-1 also dose-

dependently impaired ROS produced by reverse electron transfer in isolated brain 

mitochondrial oxidizing succinate, a condition relevant during ischemia-reperfusion and 

possibly other injury models[221, 222].  
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 In Chapter 3, we set out to test the hypothesis that mitochondrial fission is 

necessary for proinflammatory microglial activation. We assessed the predictions that 

microglial mitochondria would fragment following stimulation with LPS/IFN-, and that 

the putative mitochondrial fission inhibitor mdivi-1 would impair proinflammatory 

microglial activation. Microglial mitochondria were found to undergo structural 

remodeling following LPS/IFN- treatment, with mitochondria being significantly 

shortened by at least 6 hours of treatment and remaining so following 18 hours of 

activation. We then showed that the putative Drp1 inhibitor mdivi-1 attenuated microglial 

release of proinflammatory factors in vitro following LPS/IFN- treatment and overall 

neuroinflammation in vivo following intracerebroventricular (i.c.v.) injection of LPS. 

Unexpectedly, this inhibition occurred without concurrent inhibition of the observed 

mitochondrial shortening. Similar to previous findings in other cell types (see Chapter 2), 

mdivi-1 was found to impair Complex I-linked mitochondrial respiration in microglial 

cells. However, the classical Complex I inhibitor rotenone failed to show similar effects 

as mdivi-1 on microglial activation, leading us to believe that this Complex I inhibition 

by mdivi-1 was not the primary mechanism behind its anti-inflammatory abilities. While 

mdivi-1 upregulated expression of the important anti-inflammatory cytokine IL-10, 

neutralizing IL-10 actions with an antibody was unable to prevent mdivi-1’s effects on 

proinflammatory factors. Once mdivi-1 was shown not to affect reactive oxygen species 

production during activation, we focused on its ability to impair the release of 

proinflammatory factors under the control of the transcription factor NF-B [249]. 

Mdivi-1 not only failed to attenuate p65 NF-B nuclear translocation and DNA binding 

in response to LPS/IFN- treatment, it actually enhanced and stabilized these occurrences 
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over time. However, qPCR gene expression analysis showed that mdivi-1 treatment 

successfully impaired transcription of proinflammatory factors in microglia, suggesting 

that mdivi-1 impairs proinflammatory gene transcription downstream of NF-B DNA 

binding. Our data are consistent with the possibility that mdivi-1 impairs this 

transcription through inhibition of p65 acetylation at lysine 310, an important process 

required for full NF-B transcriptional activity[251]. Although mdivi-1 was not useful 

for truly testing the role of mitochondrial dynamics in microglial activation as we initially 

set out to examine, the drug was nevertheless strongly anti-inflammatory and our findings 

suggest that it shows promise for the treatment of numerous pathologies presenting with 

excessive and damaging neuroinflammation. 

 A major limitation of the mitochondrial morphological measurements performed 

in Chapters 2 and 3 was that they were quantified in a 2 dimensional plane. Mitochondria 

are highly dynamic organelles that likely weave in and out of a 2 dimensional plane. It is 

therefore possible that what we would quantify as shorter mitochondria are actually just 

mitochondria bending into another plane of view, and likewise that what we would view 

as longer mitochondria are actually organelles that are bending into the plane of view. 

Future studies of mitochondrial dynamics during microglial activation should utilize 

confocal or super-resolution microscopy that is better able to define 3 dimensional 

objects such as mitochondria. 

 At the time of this dissertation, mdivi-1 has been utilized in over 100 publications, 

and has been found to be protective against a wide variety of injuries. That mdivi-1 does 

not impair mitochondrial fragmentation in a variety of models, as well as the findings that 

it has several important off-target effects, is therefore both worrying and exciting. Results 
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in isolated brain mitochondria (see Figure 2.14) suggest that mdivi-1 weakly augments 

ROS production from forward electron transfer under certain conditions, similar to its 

ability to weakly induce dihydroethidium oxidation in mouse embryonic fibroblasts but 

not in primary cortical neurons (see Figure 2.13). Additionally, mdivi-1 dose-dependently 

attenuated ROS production at Complex I stemming from reverse electron transport 

(RET). This RET ROS is heavily implicated in ischemia-reperfusion injury [221] and 

may be relevant to other forms of brain injury. If mdivi-1 is indeed an inhibitor of this 

damaging RET ROS, this result may explain some of the protective attributes of this 

intriguing drug. On the other hand, we discovered in Chapter 3 that mdivi-1 impaired the 

transcription of proinflammatory factors during LPS/IFN--induced microglial activation, 

likely through impairment of acetylation at lysine 310 of the p65 subunit of NF-B. As 

neuroinflammation is implicated in a wide variety of neurological pathologies, the 

potential use of mdivi-1 as an inhibitor of neuroinflammation is highly encouraging.  

 In Chapter 4, we tested the hypothesis that respiratory inhibition during 

proinflammatory microglial activation is mediated by nitric oxide at a physiologically 

relevant O2 (3% O2, 23 mm Hg) and by peroxynitrite at atmospheric O2 (21% O2, 160 

mm Hg). We initially found that microglial mitochondrial respiration was attenuated 

following LPS/IFN-stimulation regardless of the oxygen tension. We next evaluated the 

prediction that nitric oxide was responsible for respiratory inhibition at 3% O2, but not at 

21% O2, and that the respiratory impairment observed at 21% O2 would be mediated by 

increased levels of peroxynitrite. Indeed, time-course analysis showed that microglial 

respiration became significantly impaired at the same time point (8 hours) that the release 

of nitric oxide became significantly elevated. Either acutely removing nitric oxide with 
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the scavenger cPTIO or preventing its production by iNOS with the inhibitor 1400W 

fully rescued respiratory inhibition at 3% O2, but not at 21% O2. Surprisingly, scavenging 

of peroxynitrite with uric acid or mitochondrial superoxide with MitoTEMPO during 

LPS/IFN--induced microglial activation did not prevent respiratory impairment at 21% 

O2. Additionally, while LPS/IFN- elevated markers of oxidative stress at both oxygen 

levels, we did not find the expected further increase in oxidative stress at 21% O2 

compared to 3% O2. To pinpoint the mechanism of respiratory inhibition at both oxygen 

tensions, we then utilized exogenous electron donors and found that Complex IV-linked 

respiration was impaired at 3% O2, consistent with an NO-mediated mechanism. 

However, Complexes III and IV were functional at 21% O2, suggesting an upstream 

mechanism of respiratory impairment. Finally, we found that LPS/IFN- induced a 

selective degradation of subunits of mitochondrial Complex I, and that this degradation 

was much stronger at 21% O2 compared to 3% O2. 

 Chapter 5 of this dissertation tested the hypothesis that restoration of 

mitochondrial respiratory function will prevent proinflammatory microglial activation. 

Specifically, we assessed the predictions that exogenous electron donors would bypass 

respiratory inhibition following LPS/IFN-stimulation, and that bypassing respiratory 

inhibition with exogenous electron donors would reduce the production of 

proinflammatory mediators by LPS/IFN-stimulated microglia. Utilizing idebenone to 

donate electrons to Complex III of the electron transport chain bypasses an upstream 

impairment of microglial mitochondrial respiration induced by LPS/IFN-treatment. 

Indeed, restoring mitochondrial respiration with idebenone was correlated with attenuated 

release of microglial proinflammatory factors. 
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 The study outlined in Appendix 1 tested the hypothesis that proinflammatory 

microglia would inhibit the mitochondrial bioenergetic function of co-cultured neurons. 

Briefly, we found that LPS/IFN--activated microglia impaired neuronal respiration 

much more potently at 3% O2 compared to 21% O2, and that this impairment was acutely 

rescued by scavenging of nitric oxide at 3% O2, but not at 21% O2. 

 While the data in Appendix 1 began to explore the effects of LPS/IFN--activated 

microglia on neuronal bioenergetics, much work remains to be done. This study only 

added microglia that had been treated with LPS/IFN- for 16 hours to neurons, and 

allowed them to attach for 2 hours prior to the beginning of bioenergetic measurements. 

A useful future study would be to activate microglia for 18 hours, and then to add their 

conditioned media to neuronal cultures and assay neuronal bioenergetics. This would 

allow us to differentiate between any contact-mediated effects and those caused by a 

long-lived soluble factor. If nitric oxide is the main mediator of neuronal respiratory 

inhibition, especially at 3% O2, it is unlikely that conditioned media would impair 

neuronal respiration due to the relatively short half-life of nitric oxide. A concern 

regarding these studies is that respiration measured by the Seahorse Extracellular Flux 

Analyzer may not be entirely from neurons. Although the same density of microglia 

(untreated or LPS/IFN- treated) were plated in control wells and respired minimally 

compared to wells with neurons, it is impossible to know for sure that measured 

respiration is only from neurons. Additionally, determining the effects of 

proinflammatory microglia on the mitochondrial bioenergetics of other brain cells, such 

as astrocytes or oligodendrocytes, would be very useful. 
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 The study outlined in Appendix 2, completed in collaboration with Sausan Jaber, 

tested the hypothesis that sex influences the bioenergetic parameters of primary rat 

cortical astrocytes and microglia assayed at physiological (3%) O2. Although Sausan 

found several sex differences in astrocyte bioenergetic parameters, we did not observe 

any differences in mitochondrial oxygen consumption parameters in primary rat cortical 

microglia. 

 While the data in Appendix 2 began to touch on the subject of sex differences in 

microglial mitochondrial function, there is much that needs to be done to address any 

differences that may exist between the sexes. While it would be useful to perform the in 

vitro studies described herein in both male and female neonatally-isolated primary 

cortical microglia, the yield necessary for these experiments would require a large 

number of animals to be sacrificed. It is also more physiologically relevant that 

mitochondrial morphological and bioenergetic assays be performed either ex vivo or in 

vivo. It is possible that sex differences would be observed in the various mitochondrial 

parameters assayed in this dissertation. Neuroinflammation is observed in a wide variety 

of neurodegenerative diseases and injuries and the vast majority of these brain insults 

result in worse outcomes for males than females [301]. This potentially emphasizes the 

importance of mitochondrial function in microglial activation, as there is likely an 

evolutionarily-defined sex difference in mitochondrial protection from insult [302]. 

Mitochondria are passed on exclusively from the maternal line [303], meaning that male 

mitochondria do not need to focus on protecting themselves in order to be passed on to 

offspring. This maternal inheritance of mitochondria may be particularly important in 
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mitochondrial functional changes in microglia, considering the large array of evidence 

suggesting a role for mitochondria in microglial activation [236]. 

 Appendix 3 outlines the procedure for isolating a microglia-enriched population 

of cells for ex vivo bioenergetic analysis. Briefly, differential centrifugation using Percoll 

gradients is used to pull out a microglia-enriched population of cells, that are then seeded 

on coated plates and allowed to settle prior to bioenergetic analysis. While this is a useful 

first step into studying bioenergetic function of microglia in the brain, further 

optimization of the technique is needed. 

 These studies, while informative, are limited to LPS treatment in combination 

with IFN- in vitro, and limited to LPS alone in vivo. The signaling pathways, whether 

initiated by IFN- or not, may differentially affect microglial mitochondrial function. 

Therefore, i.c.v. injections of LPS plus IFN- should be performed in vivo to confirm in 

vitro results using both agents. Additionally, while the i.c.v. injections of LPS in vivo 

assist in making the in vitro findings more plausible physiologically, brain injury and 

neurological disease do not consist of simple injections of endotoxins into the brain. 

While the ex vivo bioenergetic experiments performed using Percoll gradient-enriched 

microglia that were begun in this thesis (see Appendix 3) lend credence to the 

applicability of our in vitro results and offer a strong tool for the ex vivo study of 

microglial bioenergetics, a technique to sensitively study cell-specific bioenergetics in an 

in vivo environment remains desirable. Moreover, the quantification of mitochondrial 

morphology in this dissertation was performed solely in vitro. Further histological 

staining quantifying microglial mitochondrial morphology changes in vivo are needed to 

test whether mdivi-1 does or does not have an effect on mitochondrial dynamics in an 



145 
 

animal model and more importantly, to ensure that the mitochondrial morphology 

changes observed in vitro also occur in vivo. Transgenic mice that express fluorescent 

mitochondria specifically in neurons or astrocytes are available [304] and are a useful 

tool for studying mitochondrial morphological changes in vivo in a specific cell type. The 

creation of a transgenic mouse expressing fluorescent mitochondria specifically in 

microglia would be a welcome addition to the field and is a top future goal. Finally, study 

of the role of microglial mitochondrial dynamics and bioenergetics in microglial 

activation in more physiologically relevant disease models than i.c.v injection of 

endotoxin, such as controlled cortical impact traumatic brain injury or hypoxic ischemic 

encephalopathy, is a necessary continuation of the work begun in this dissertation. 

 One major aspect of mitochondrial function/dysfunction that was not studied in 

this dissertation was the role of mitochondrial quality control in proinflammatory 

microglial activation. Mitochondrial quality control is the ability of the cell to generate 

new mitochondria through a process termed mitochondrial biogenesis, while degrading of 

damaged or dysfunctional mitochondria through mitochondrial autophagy, termed 

mitophagy [305]. The initial increase in several mitochondrial proteins observed in the 

first several hours following LPS/IFN- stimulation (see Figure 4.8) may point to 

alterations in mitochondrial quality control machinery during the activation process. Of 

particular interest are any differences seen in mitochondrial quality control between 21% 

O2 and 3% O2, as well as any sex differences that may exist in quality control machinery. 

That there appears to be a much stronger and specific degradation of subunits of 

mitochondrial Complex I during LPS/IFN--induced activation at 21% O2 than at 3% O2 

lends credence to this idea and should be addressed in future studies.  
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 In conclusion, the experiments described in this dissertation suggest that 

mitochondrial dysfunction contributes to activating microglia to a proinflammatory state 

following an insult to the brain. Specifically, mitochondria undergo a dramatic structural 

remodeling following LPS/IFN- treatment. In addition to mitochondrial shortening, we 

found that microglial mitochondrial oxygen consumption was significantly impaired 

(>50% reduction) following 18 hours of LPS/IFN- treatment. Excitingly, treatments 

aimed at modulating these mitochondrial alterations appear promising for moderating 

proinflammatory microglial activation. These studies strongly support the study of 

mitochondrial dynamics and bioenergetics in future microglial research, as well as careful 

consideration of the oxygen tension used during in vitro studies of neuroinflammation. 

Although mdivi-1 was not able to impair proinflammatory microglial activation through 

inhibition of mitochondrial fission, the massive mitochondrial structural remodeling that 

occurs during LPS/IFN--induced activation should not be overlooked. The increasing 

prevalence of mitochondrial dysfunction being implicated in neurodegenerative diseases 

alone points to the importance of studying mitochondrial structure. Future studies should 

attempt to develop a treatment that will not only prevent mitochondrial fragmentation in 

response to pathological stimuli but can actively reverse these structural changes. 

 While the changes in mitochondrial morphology are quite interesting, potentially 

the most exciting clinically-relevant finding from this dissertation stems from Chapter 5; 

that bypassing mitochondrial respiratory impairment attenuates microglial release of 

proinflammatory factors. Idebenone is already approved for Phase III clinical trials and 

has proven safe in humans [306], overcoming a major stumbling block in many drug 

trials. Importantly, idebenone can acutely reverse mitochondrial respiratory impairment 
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18 hours following activation with LPS/IFN-. The majority of neuroinflammation is 

implicated as injurious following some sort of harmful stimuli; be it pathogenic, in 

response to neuronal death, or following blunt injury. While it would be advantageous to 

be able to prevent any of these damaging stimuli, that is essentially an impossibility. 

Unless a patient is lucky enough to be in the operating room when injured, it is unlikely 

that any clinician would be able to overcome the effects of the primary injury. Thus, it is 

imperative that treatment aimed at impairing the secondary injury, often presenting as 

excess neuroinflammation, is able to not only prevent inflammation, but actively reverse 

it when it occurs. That bypassing of respiratory inhibition by exogenous electron donors 

is able to acutely reverse respiratory inhibition points to a clinically relevant treatment 

strategy that should be further studied in the near future. 

 The ability of mdivi-1 to attenuate LPS/IFN--induced acetylation of the p65 

subunit of NF-B raises a larger question about the role of protein acetylation and its role 

in mitochondrial bioenergetic function and proinflammatory microglial activation. Recent 

studies have found that knockdown of Sirtuin3 (Sirt3), an NAD-dependent deacetylase 

that preferentially localizes to the mitochondrial matrix [307], led to a decrease in ATP 

levels in mouse embryonic fibroblasts [308]. Another study demonstrated that Sirt3 

knockdown led to higher acetylation and lower oxygen consumption in HepG2 cells, an 

effect that was reversed by the knockout of GCN5L1, a mammalian regulator protein 

shown to control mitochondrial acetylation and respiration.[309]. While the role of 

sirtuins and protein acetylation on mitochondrial oxygen consumption has not been 

explicitly tested in microglia, Sirt1 has been shown to impair LPS-induced 

proinflammatory cytokine release in BV2 microglial cells [310, 311]. Although Sirt1 is 
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also a deacetylase similar to Sirt3, Sirt1 is primarily localized to the nucleus and cytosol, 

where it can regulate function of factors such as NF-B and HIF-1 [312]. Intriguingly, 

increased expression of Sirt1 has been shown to decrease oxygen consumption in PC12 

cells [313], in marked contrast to the effects of Sirt3 knockdown. The seemingly 

differential responses between nuclear or mitochondrial acetylation and cellular oxygen 

consumption is worthy of further study. Additional study into whether an increase in 

mitochondrial acetylation precedes impaired oxygen consumption or vice versa is also 

necessary during microglial activation. If hyperacetylation precedes impaired oxygen 

consumption, restoration of mitochondrial sirtuins may be all that is necessary to 

attenuate the effects of bioenergetic loss. However, it may be that impaired oxygen 

consumption and slow-down of the TCA cycle leads to a buildup in acetyl-CoA levels. 

Acetyl-CoA is a substrate for lysine acetyltransferases [314], so an increase in acetyl-

CoA levels due to impaired oxygen consumption could lead to an increase in lysine 

acetylation in the cell; therefore leading to an increase in transcription of 

proinflammatory factors. Additionally, the possibility exists that activity of mitochondrial 

or nuclear deacetylases differ with varying oxygen concentrations. Treatment with a pan-

sirtuin inhibitor was demonstrated to significantly enhance acetylation of Complex I 

subunits [308]. The deacetylation of mitochondrial proteins is also shown to induce 

mitophagy in mouse embryonic fibroblasts, and this increased mitophagy is blocked by 

knockdown of Sirt3 [315]. As previously mentioned, there is likely a difference in 

mitophagy between 3% and 21% O2, a phenomenon that may be explained by differing 

sirtuin activities. It may be that the increased degradation of Complex I subunits seen at 

21% O2 compared to 3% O2 following activation of microglia with LPS/IFN- is 
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regulated by sirtuin activity. Understanding the complex interplay between oxidative 

metabolism and protein acetylation and their roles in proinflammatory microglial 

activation is an important step in understanding the link between mitochondrial 

dysfunction and microglial activation. 

 Overall, the experiments described herein suggest that mitochondrial dysfunction, 

from mitochondrial dynamics to bioenergetics, strongly impact microglial activation 

following brain insult. Future elucidation of the placement of mitochondrial dysfunction 

in the proinflammatory signaling cascade may allow for a more targeted mitochondrial 

therapy against neuroinflammation following brain injury or during various 

neurodegenerative diseases.  
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APPENDIX 1: PROINFLAMMATORY MICROGLIA INHIBIT CO-CULTURED 

NEURONAL MITOCHONDRIAL RESPIRATION 

A1.1 INTRODUCTION 

 While the bulk of this dissertation has focused on the impact of LPS/IFN- 

treatment on microglial mitochondrial function, we must remember that microglia do not 

exist in a vacuum in the brain. In vivo, microglia interact heavily with neurons and other 

cell types. One of the main hallmarks of excessive microglial activation and 

neuroinflammation is toxicity to surrounding neurons. It is thus of utmost importance to 

determine the effects of proinflammatory microglial activation on the mitochondrial 

bioenergetic function of surrounding neurons. While the resulting study is only in its 

infancy, it should provide a solid framework for future studies exploring the role of 

inflammatory microglia on neuronal bioenergetic function. Based upon our results from 

Chapters 4-5, we hypothesized that proinflammatory microglia will inhibit the respiration 

of co-cultured neurons via nitric oxide-mediated mechanisms at  physiologically relevant 

3% O2 but not at atmospheric 21% O2. 

A1.2 MATERIALS AND METHODS 

 A1.2.1 Preparation of Rat Cortical Neurons.  

 All procedures were in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals and were approved by the University of Maryland Institutional 

Animal Care and Use Committee. Dr. Pascaline Clerc, Shealinna Ge, or Sausan Jaber 

used embryonic day 18 rat cortices to prepare primary cortical neurons as described 

[193], and graciously allowed for me to use these neuronal cultures. Cells were seeded at 

a density of 0.8 x 10
5
 cells/well (0.32

 
cm

2
) in V7 microplates (Agilent Technologies, 

Santa Clara, CA) and maintained in a humidified atmosphere of either 95% air/5% CO2 
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at or 3% O2/92% N2/5% CO2 37ºC. Glial proliferation was inhibited by addition of 

cytosine arabinofuranoside (5 M) after 4 days in vitro (DIV). Neurons were used for 

experiments at DIV 10-14. 

 A1.2.2 Culture of Rat Microglial Cell Line.  

 Highly aggressively proliferating immortalized (HAPI) microglial cells were 

cultured in DMEM supplemented with 10% heat-inactivated FBS, penicillin (100 IU/ml), 

and streptomycin (100 g/ml) at 21% O2 or 3% O2 in a 37C incubator also containing 

5% CO2. 

 A1.2.3 Microplate-Based Cellular Respirometry.  

 Oxygen consumption rate (OCR) measurements from intact and permeabilized 

cells were performed using an XF24 Extracellular Flux Analyzer (Agilent Technologies) 

as previously described in detail (see Chapters 2-5). Artificial cerebrospinal fluid (aCSF) 

assay medium consisted of 120 mM NaCl, 3.5 mM KCl, 1.3 mM CaCl2, 0.4 mM 

KH2PO4, 1 mM MgCl2, 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES), 15 mM glucose, and 4 mg/ml fatty acid free bovine serum albumin, pH 7.4.  

A1.3 RESULTS 

 A1.3.1 Inhibition of neuronal oxygen consumption by co-cultured 

inflammatory microglia at atmospheric and a physiologically relevant oxygen 

tension.  

 Previous members of our laboratory have shown that the nitric oxide donor, 

DETA-NO, inhibitsmaximal neuronal oxygen consumption at both 3% and 21% O2 (data 

not shown). However, an approximately ten-fold concentration of NO donor was required 
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to impair respiration at 21% O2 compared to 3% O2. To test our prediction that 

inflammatory microglia will impair co-cultured neuronal mitochondrial oxygen 

consumption, we first activated microglial cells for 16 hours with 100 ng/mL 

lipopolysaccharide and 10 ng/mL interferon-gamma. To model the effect of 

inflammatory microglia on surrounding neurons in the brain, we trypsinized these 

microglia, added them to neuronal cultures, and allowed cells to attach for 2 hours prior 

to oxygen consumption measurements. (Fig. A1.1). The addition of non-stimulated 

microglia to neuronal cultures did not significantly increase oxygen consumption rate 

(data not shown). However, exposure of neurons to activated microglia resulted in a 

significant decrease in maximal oxygen consumption rate at 3% O2. At 21% O2, there 

was a trend towards respiratory inhibition, yet the number of microglia added was not 

sufficient to significantly impair neuronal respiration (Fig. A1.2). 

 

Figure A1.1. Scheme of microglia-neuron co-culture. 

HAPI rat microglial cells were activated with 100 ng/mL LPS and 10 ng/mL IFN- for 16 hours. They 

were then trypsinized and added to primary rat cortical neuronal cultures, and allowed to attach for 2 

hours prior OCR measurements. 
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Figure A1.2. Pronflammatory microglia inhibit the mitochondrial respiration of co-cultured 

neurons at 3% O2. 

Representative oxygen consumption rate trace of primary rat cortical neurons exposed to 20K, 40K, or 

60K HAPI microglial cells that had been activated for 16 hours with LPS/IFN- in a separate dish, and 

then plated on top of neurons for 2 hours prior to OCR measurements at either 21% or 3% O2. The 

uncouple FCCP plus pyruvate was added to induce maximal mitochondrial respiration. 

 

A1.3.2 Respiratory inhibition is dependent upon nitric oxide at 3% O2. 

 To test whether the effect of proinflammatory microglia on neuronal oxygen 

consumption is mediated by nitric oxide at 3% O2 (similar to results in Chapter 4), we 

added the nitric oxide scavenger carboxy-PTIO (cPTIO) to microglia-neuron co-cultures. 

Similar to results in activated microglia alone, neuronal oxygen consumption was acutely 

rescued at 3% O2 by removal of nitric oxide, but the trend towards inhibition observed at 

21% O2 was not reversed by cPTIO (Fig. A1.3). 
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Figure A1.3. Neuronal respiratory inhibition is rescued by removing NO at 3% O2. 

Representative oxygen consumption rate trace of primary rat cortical neurons exposed to 20K, 40K, or 

60K HAPI microglial cells that had been activated for 16 hours with LPS/IFN- in a separate dish, and 

then plated on top of neurons for 2 hours prior to OCR measurements at either 21% or 3% O2. The 

uncoupler FCCP plus pyruvate was added to induce maximal mitochondrial respiration, followed by 

the nitric oxide scavenger cPTIO, and finally antimycin A (AA) to prevent mitochondrial oxygen 

consumption. 

 

A1.4 DISCUSSION 

 Similar to our results in proinflammatory microglia (see Chapter 4), nitric oxide 

appears to be mediating the mitochondrial respiratory inhibition in neurons caused by co-

cultured activated microglia at 3% O2. Further characterization of the role of 

proinflammatory microglia on neuronal respiration will be necessary for future studies. 

Because a strong trend toward neuronal respiratory inhibition upon proinflammatory 

microglial co-culture was observed at 21% O2, addition of a greater number of microglia 

would likely lead to respiratory inhibition even at atmospheric 21% O2. An interesting 

experiment would be to activate microglia and then add this conditioned medium to 

neurons, thus determining whether a long-lasting soluble factor is capable of impairing 

neuronal respiration. As NO has a biological half-life of 2-6 seconds, any respiratory 
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impairment observed under these conditions would appear to rule of NO as being 

sufficient to impair neuronal respiration. 

 Finally, more detailed studies into the direct mechanism of respiratory impairment 

at both oxygen tensions in neurons must be performed. Experiments using TMPD and 

idebenone in microglia showed that respiratory impairment in microglia themselves 

occurred at mitochondrial Complex IV at 3% O2, and upstream of Complex III at 21% 

O2, likely through the selective degradation of Complex I subunits. Exogenous electron 

donors should be utilized in future experiments to determine the site of respiratory 

impairment caused by proinflammatory microglia in neurons. 
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APPENDIX 2: SEX DIFFERENCES IN THE MITOCHONDRIAL 

BIOENERGETICS OF ASTROCYTES BUT NOT OF MICROGLIA ARE 

REVEALED BY CONDUCTING EXPERIMENTS AT A PHYSIOLOGICALLY 

REALISTIC BRAIN OXYGEN TENSION 

A2.1 INTRODUCTION 

Mitochondria, the organelles primarily responsible for production of cellular 

ATP, also participate in the production and detoxification of reactive oxygen species, 

control the onset of apoptotic cell death, and contribute to intracellular calcium signaling. 

Mitochondrial ATP production is especially important in the brain, as the central nervous 

system (CNS) consumes ~20% of the total oxygen inspired, while only accounting for 

~2% of the total body weight [316]. Mitochondrial dysfunction is a nearly ubiquitous 

occurrence in neurodegenerative diseases [264, 269, 317] and acute CNS injuries [301, 

302, 318]. While mitochondrial respiratory impairment is associated with numerous 

pathologies, evidence comes primarily from studies using isolated brain mitochondria, 

which are derived from both neurons and glia, or from primary neuronal cultures. Roles 

for mitochondrial respiratory function/dysfunction in neuroglia such as astrocytes and 

microglia are comparatively understudied, which is surprising since neuroglia are thought 

to comprise ~50% of the brain [319, 320].  

Astrocytes were initially regarded as “glue” or “housekeeping” cells of the brain. 

However, they are now recognized to have many pivotal functions such as regulation of 

ion homeostasis [321], neurotransmitter recycling [322], control of brain vasculature 

function [323], and calcium signaling [324]. Astrocytes also carry out important 

bioenergetic roles in the brain, including regulation of brain glucose uptake, production 

and storage of brain glycogen, and provision of metabolic and antioxidant support for 

neurons [325].  
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Microglia are the resident immune cells of the brain [231] that play diverse roles 

in physiology, such as surveying the surrounding environment to clear cellular debris, 

synaptic pruning and the promotion of synaptogenesis [232, 233]. In pathology, however, 

microglia become “activated,” a process thought to initially protect nearby cells through 

the cordoning off of damaged areas and release of various cytokines and growth factors. 

Nonetheless, microglial activation that fails to resolve becomes maladaptive and leads to 

the creation of a toxic inflammatory milieu which actively contributes to delayed 

neuronal cell death [39, 49]. 

There is increasing evidence that there are sex differences in mitochondrial 

function in both health and disease. A recent study found that isolated brain mitochondria 

from female mice have higher Complex I-linked respiration than male mitochondria at 3 

months, a difference that no longer exists by 20 months or following ovariectomy [326]. 

Multiple studies have demonstrated that the glutathione antioxidant defense system, 

which protects mitochondrial bioenergetic function, is elevated in females compared to 

males [301, 326], an effect that is abolished by ovariectomy [326]. While these studies 

suggest that the presence of sex hormones may directly regulate mitochondrial function, 

fewer studies have examined whether there are intrinsic sex differences in mitochondrial 

function at the cellular level. A sex difference in respiration was not apparent in brain 

mitochondria isolated from postnatal day 7 rats [301]. However, isolated forebrain 

mitochondria are derived from multiple cell types which may mask cell type-specific sex 

differences. Neonatally prepared glial cultures will have had hormone exposure in utero, 

allowing for organizational effects, yet are not exposed to hormones during their in vitro 
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formation or during experimental assays. This makes primary glial cultures an excellent 

system to study fundamental sex differences in defined cell populations. 

The primary goal of this study was to test for intrinsic sex differences in the 

mitochondrial respiratory properties of relatively pure populations of rat cortical 

astrocytes or microglia. An additional goal was to determine whether experimental 

oxygen tension influences the astrocytic or microglial bioenergetic function of either sex. 

The vast majority of in vitro work on mitochondrial function has been performed at 

atmospheric oxygen (21% O2, 160 mm Hg) although atmospheric O2 tension is far higher 

than the pO2 that reaches cells within the brain (~15-40 mm Hg, ~2-5% O2) [273]. 

Oxygen tension regulates many biochemical processes with the potential to impact 

mitochondrial respiration, including superoxide and nitric oxide formation and the 

stability of oxygen-sensitive transcription factors such as HIF-1. Therefore, we 

hypothesized that conducting experiments at brain physiological 3% O2 may reveal sex 

differences in mitochondrial bioenergetics that would not otherwise be observed. 

Accordingly, we found that male astrocytes exhibit a higher respiratory capacity than 

female astrocytes when cultured and assayed at 3% O2 but not when experiments are 

conducted at atmospheric 21% O2. However, we did not find sex differences in either 

bioenergetic parameters or release of two key proinflammatory cytokines in quiescent or 

activated microglia, irrespective of experimental O2.  

A2.2 MATERIALS AND METHODS 

 A2.2.1 Materials.  

 Unless otherwise indicated, all reagents were purchased from Sigma-Aldrich (St. 

Louis, MO). 
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 A2.2.2 Preparation of primary rat cortical astrocytes.  

 All procedures were approved by the University of Maryland Institutional Animal 

Care and Use Committee and were compliant with the NIH Guide for the Care and Use 

of Laboratory Animals. Primary rat cortical astrocytes were prepared from postnatal day 

1 Sprague Dawley rat pups as described [328]. Briefly, rats were sexed visually by 

comparing the distance between the genitals and anus. Only rats that were easily 

identifiable as male or female by at least two parties were used in this study. Rat pups 

were euthanized by decapitation and cortices were removed, homogenized by trituration, 

and vortexed for one minute. Brain homogenate from two pups of the same sex were then 

passed through a 70 M filter before plating into two separate tissue culture-treated flasks 

in Eagle’s Minimal Essential Medium (EMEM) containing 10% fetal bovine serum 

(FBS), 1% non-essential amino acids (NEAA) and 50 g/mL gentamicin. One flask was 

placed in a standard 37C incubator at 95% air/5% CO2 (20% O2). The other flask was 

placed in a 37C 92% N2/5% CO2/3% O2 incubator (referred to as 3% O2). After two 

days cell culture medium was changed to gentamycin-free medium and cells were 

thereafter maintained on medium without gentamicin. At 18 days in vitro, cells were 

trypsinized using TrypLE Express and sub-cultured prior to assays. 

 A2.2.3 Preparation of primary rat cortical microglia.  

 Primary rat cortical microglia were prepared from cortices of one day old Sprague 

Dawley rats as previously described [244]. Briefly, cerebral cortices were dissected, 

homogenized by serial titration with progressively narrower serological pipets, and plated 

in culture flasks coated with poly-D-lysine. Cells were maintained at 21% or 3% O2 as 

described above  in medium consisting of Dulbecco’s Modified Eagle’s Medium 
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(DMEM)/F12 supplemented with penicillin (100 IU/mL) plus streptomycin (100 g/mL) 

and 10% fetal bovine serum (FBS). Seven days after preparation, flasks were shaken for 

one hour at 100 rpm, after which medium was collected and centrifuged to isolate 

microglia. To induce microglial activation, cells were treated with 100 ng/mL 

lipopolysaccharide (Sigma: L2654) and 10 ng/mL recombinant interferon- (R&D 

Systems: 485-MI-100) for 18 hours prior to bioenergetic measurements or cytokine 

quantification. 

 A2.2.4 XF24 microplate-based respirometry.  

 Oxygen consumption measurements from primary rat cortical astrocytes or 

microglia were performed using a Seahorse XF24 Extracellular Flux Analyzer (Agilent 

Technologies, Santa Clara, CA) as previously described [245]. Astrocytes were plated at 

60,000 cells per well and microglia were plated at 100,000 cells per well and allowed to 

attach overnight. Microglia were either untreated or stimulated for 18 hours prior to assay 

with a combination of 100 ng/mL lipopolysaccharide (LPS) and 10 ng/mL interferon- 

(IFN-). Prior to the run, cells plated in three of the 24 wells were lysed with RIPA 

buffer. Lysates from these wells was used for protein quantification measured using the 

Pierce Micro BCA Assay. Assay medium consisted of 1.3 mM CaCl2, 0.4 mM KH2PO4, 

1 mM MgCl2, 120 mM NaCl, 3.5 mM KCl, 5 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), 15 mM glucose, and 4 mg/mL fatty acid-free 

bovine serum albumin (BSA), pH 7.4. Cells were incubated in a CO2-free incubator at 

37C for 45 minutes prior to assay to allow temperature and pH calibration. XF24 assays 

consisted of cycles of 3 min mix, 2 min wait, and 2 min measure for astrocytes, and 2 

min mix, 1 min wait, and 2 min measure for microglia. 
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For experiments performed at 3% O2, the Seahorse XF24 instrument was placed 

into the workspace of an Xvivo System environmental chamber (Biospherix, Ltd., Parish, 

NY) that also contained four cell culture incubators with independent gas control. The 

Xvivo workspace was at room temperature (~25C) and regulated to 3% O2 (with no 

CO2). A minimum of 4 hours prior to assays, aCSF assay medium and a calibration 

cartridge containing XF calibrant (Agilent Technologies) were placed into a partitioned 

3% O2/97% N2/0% CO2 incubator set to 37C to equilibrate to temperature and 3% O2. 

Cells to be assayed at 3% O2 were cultured within another partitioned incubator set to 3% 

O2/92% N2/5% CO2 within the Xvivo System. Forty-five minutes prior to assays, cell 

culture medium was exchanged for 3% O2-equilibrated aCSF assay medium within the 

3% O2-regulated Xvivo workspace and cells were then transferred to the CO2-free 3% O2 

partitioned incubator. Injection port drug loading of the cartridge was also conducted at 

3% O2 within the environmental chamber. XF24 assays consisted of the same mix-wait-

measurement cycles described above. Importantly, three empty wells of each assay plate 

(A6, B6, and C6) received four successive injections of 1 M sodium sulfite (1:10, 1:11, 

1:12, and 1:13 dilutions in the assay wells, respectively) to chemically scavenge oxygen 

and provide a zero O2 reference. Sodium sulfite stock (1 M) was made fresh immediately 

prior to each assay by dissolving powder in aCSF assay medium in a glass vial with a 

tight-fitting lid. For XF assays conducted at 3% O2, OCRs generated by the XF software 

from were recalculated using the XF Hypoxia Rate Calculator Program (Agilent 

Technologies). The sodium sulfite zero oxygen reference is essential for the Hypoxia 

Rate software to calculate OCR at 3% O2. 
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 A2.2.5 ELISA analysis of TNF- and IL-1.  

 Rat interleukin-1 (IL-1) and tumor necrosis factor- (TNF-) released into the 

medium by microglia were quantified by enzyme linked immunosorbent assays (ELISA) 

following the manufacturer’s protocols (R&D Systems). 

 A2.2.6 Statistical analysis.  

 Statistical analyses were performed using SigmaPlot 12.0 (Systat Software Inc, 

San Jose, CA). Two-way or three-way analysis of variance (ANOVA) was employed to 

evaluate statistical significance, with p < 0.05 considered significant. Tukey’s post-hoc 

analysis was used to compare individual groups. 

A1.3 RESULTS 

 A2.3.1 Astrocyte bioenergetics – all of the experiments in this section were 

performed by Sausan Jaber.  

 The basal oxygen consumption rate (OCR) of male and female primary rat glial 

cells was measured at 3% or 21% O2. Cells that were assayed at 3% O2 were also 

cultured at 3% O2 and were not exposed to room air prior to measurements.  Cells that 

were assayed at 21% O2 were cultured at 20% O2 (95% air, 5% CO2).  Following 

acquisition of basal OCR, maximal respiration was induced by the addition of the 

uncoupler FCCP and the cell permeable mitochondrial Complex I substrate pyruvate (10 

mM). Provision of excess substrate was done to preclude any differences due to 

insufficient substrate supply, enabling us to examine differences in OCR due to 

differences in electron transport chain function. The Complex III inhibitor antimycin A 

was added last and any remaining oxygen consumption was regarded as non-

mitochondrial respiration.  
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 Primary rat cortical astrocytes showed no significant difference in basal 

respiration rate between male and female astrocytes at either 21% or 3% oxygen (21% 

O2: 39.06 ± 7.01 (male) vs. 35.96 ± 3.88 (female) pmol O2/min/g protein; 3% O2: 42.43 

± 6.44 (male) pmol O2/min/g proteinvs. 38.29 ± 4.58 (female) pmol O2/min/g protein). 

However, at 3% O2 male astrocytes demonstrated a significantly higher maximal 

respiration rate than female astrocytes (192.93 ± 28.81 (male) pmol O2/min/g protein vs. 

133.51 ± 17.18 9 (female) pmol O2/min/g protein). Male astrocytes at 3% O2 also had a 

higher maximal respiration rate than either male or female astrocytes at 21% O2 (125.93 

± 18.25 (male) pmol O2/min/g protein and 123.71 ± 14.94 9 (female) pmol O2/min/g 

protein). The difference in maximal respiration rate remained significant even after 

respiration was normalized to basal respiration (data not shown), indicating that male 

astrocytes have greater spare respiratory capacity than female astrocytes at 3% O2. Spare 

respiratory capacity, the difference between basal and maximal respiration, is thought to 

reflect the capability of cells to response to increased energy demand with an elevation in 

oxidative phosphorylation [329] 

 A2.3.2 Microglial bioenergetics.  

 Primary rat cortical microglia were either untreated (CTRL) or stimulated with 

LPS plus IFN- (LPS/IFN-) for 18 hours prior to oxygen consumption measurements. 

There was no difference between male and female cells in basal OCR, maximal OCR, or 

spare respiratory capacity at either oxygen tension (Fig. A2.1A-D). While there was a 

trend towards a lower basal OCR at 3% O2 compared to 21% O2 in both male and female 

cells, the differences were not statistically significant (Fig. A2.1E). There was no sex or 

oxygen tension difference in maximal OCR (Fig. A2.1F). However, spare respiratory 
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capacity of untreated microglia (CTRL) was significantly increased at 3% O2 compared 

to 21% O2 (Fig. A2.1G). At both 21% O2 (Fig. A2.1A-B) and 3% O2 (Fig. A2.1C and D), 

basal and maximal OCR were significantly impaired by LPS/IFN- treatment. However, 

there was no difference between male and female microglial cells in basal or maximal 

OCR or the extent of impairment at either oxygen tension. While there was not a 

statistically significant effect of oxygen tension on basal or maximal OCR in untreated 

microglia, both basal and maximal OCR were impaired to a greater degree at 3% O2 

compared to 21% O2 following LPS/IFN- treatment (Fig. A2.1E-F). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.1. LPS/IFN- induces a greater respiratory impairment in microglia at 3% O2 
compared to 21% O2, regardless of sex. (A) Representative traces of oxygen consumption rate 

(OCR) measurements from primary rat cortical microglia at 21% O2 following 18 hours of LPS (100 

ng/mL) plus IFN- (10 ng/mL) (LPS/IFN-) stimulation or control (CTRL) treatment. FCCP (4 M), 

pyruvate (pyr, 10 mM) and antimycin A (AA, 1 M) were added when indicated. (B) Quantification 

of basal OCR, maximal OCR, and spare respiratory capacity from the experiments described in (A). 

(C) Representative traces of OCR measurements from cortical microglia at 3% O2 following 18 hours 

of LPS/IFN- stimulation or CTRL treatment. Drug additions were as in (A). (D) Quantification of 

basal OCR, maximal OCR, and spare respiratory capacity from the experiments described in (C). (E-

G) Comparison of basal OCR (E), maximal OCR (F), and spare respiratory capacity (G) from 

microglia (both male and female) at 21% vs. 3% O2. Traces in (A) and (C) are mean ± standard 

deviation of three wells of cells from the same animal. Data in (B) and (D) are mean ± standard 

deviation, n=3-4 microglial preparations derived from different animals. Data in (E-G) are mean ± 

standard deviation, n=6-8 microglial preparations derived from different animals. #p <0.05 compared 

to CTRL of the same sex. *p<0.05 for 21% vs. 3% O2. 
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 A2.3.3 Neither sex nor oxygen tension regulate microglial release of 

proinflammatory factors in response to LPS/IFN-.   

 We finally set out to determine whether sex or physiological oxygen tension 

compared to atmospheric O2 influences microglial secretion of proinflammatory 
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cytokines in response to LPS/IFN-. There were no significant sex or oxygen tension-

dependent differences in the levels of TNF- (Fig. A2.2A) or IL-1 (Fig. A2.2B) 

released by microglia stimulated with LPS/IFN- for 18 hours.  There were also no 

differences in basal cytokine release from untreated cells (CTRL, Fig. A2.2A-B). 

 

Figure A2.2. Lack of effect of sex or oxygen tension on microglial release of key 
proinflammatory cytokines. Primary rat cortical microglia were untreated (CTRL) or treated with 

100 ng/mL LPS plus 10 ng/mL IFN- for 18 hours (LPS/IFN-), and the release of TNF- (A) and IL-

1 (B) were quantified by ELISA. Data are presented as mean ± standard deviation, n=3-4.  

 

A2.4 DISCUSSION 

  This study demonstrates an intrinsic sex difference in the mitochondrial 

bioenergetics of astrocytes at physiological 3% O2 that was not observed at atmospheric 

21% O2. Male astrocytes exhibited a higher maximal respiration rate than female 

astrocytes, but only when oxygen consumption was measured at 3% O2. In contrast to 

astrocytes, there was no sex difference in non-stimulated or LPS/IFN--activated rat 

microglial respiration at either 3% or 21% O2. Basal and maximal OCR also showed no 

oxygen tension-dependent differences in non-stimulated microglia. However, LPS/IFN- 
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treatment induced a greater impairment of both basal and maximal OCR at 3% O2 

compared to 21% O2, regardless of sex.  

 A recent study by Mirza et al demonstrated that although there were no sex 

differences in sham treated mice, male mice presented with significantly higher levels of 

the proinflammatory cytokines TNF- and IL-1 than females in isolated blood serum 

three days following hypoxic-ischemic encephalopathy (HIE) [330]. The same study 

demonstrated that the percentage of MHCII
+
 microglia, a well-established marker of 

activated microglia, was increased to a greater degree in males than females following 3 

days of HIE [330]. Gene-expression analysis of iNOS, IL-1, TNF-, and IL-6 mRNA 

levels in brains of mice aged 3 days to 12 months did not show any sex differences 

except for in 3 day-old mice, where females presented with higher expression of IL-1, 

TNF-, and IL-6 [331]. Consistent with increased microglial activation in females, a 

recent study by Doyle et al observed decreased levels of amoeboid microglia in the 

periaqueductal gray (PAG) of P60-90 female mice than male mice, and that 

intraperitoneal injection of LPS induced more amoeboid microglia in the PAG of females 

[332]. Considering that sex differences in microglial activation have been demonstrated 

by several groups, we predicted that in vitro primary microglia may exhibit sex 

differences in proinflammatory cytokine production following exposure to LPS and IFN-

. Although we found no organizationally-mediated sex differences in cytokine 

production, it may be that any sex differences found in vivo stem from hormone levels in 

the brain milieu, as well as from differing ‘activating’ agents present following brain 

insult than are used to activate microglia in vitro (LPS/IFN-). 
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 The Organizational/Activational Hypothesis of hormone action states that 

gonadally-derived steroid hormones create lasting sex differences in brain circuitry that 

are then activated by sex-specific hormones in adulthood [333]. Importantly, activation of 

the testes during a critical window during the late stages of embryonic development leads 

to a surge in production of the hormone testosterone in males [334, 335]. This 

testosterone plays a large role in the masculinization or defeminization of neural circuitry 

(organization), through influencing processes such as synaptogenesis and neurite 

outgrowth [336]. As cultures of cells are not exposed to the same sex hormones 

circulating in the adult brain, any sex differences observed in vitro would likely be 

caused by organizational modifications occurring in utero or intrinsic differences in gene 

expression between XX and XY chromosome-containing cells. Our data suggests that 

any in vivo sex differences seen in the bioenergetic properties of microglia would likely 

be due to the presence of sex-specific hormones in the brain milieu since no sex 

differences were observed in cultured microglia. However, the higher maximal 

respiration and reserve respiratory capacity found in male astrocytes at 3% O2 suggests a 

lasting organizational modification likely occurring in utero in astrocytes. Intriguingly,  

lasting in vitro sex differences have been found in intracellular calcium concentrations 

and gamma-aminobutryic acid responses in cultured hippocampal neuronal cultures 

[337], as well as in sexual differentiation of dopaminergic neurons [338]. That these sex 

differences have been observed even in the absence of sex hormones in vitro in neurons 

and astrocytes but not microglia may be explained by the developmental origin of these 

brain cells. Both neurons and astrocytes are widely accepted to develop from radial glial 

cells [339, 340]; however, microglia are thought to arise from precursor cells originating 
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in the yolk sac [341]. It may be that lasting sex differences observed in neurons and 

astrocytes originate from alterations occurring in precursor radial glial cells, adaptations 

that would not be found in yolk sac-derived microglia. 

 While basal respiration showed no significant difference in astrocytes, the higher 

maximal respiration observed in male astrocytes at 3% O2 is an indicator of an increased 

capacity for mitochondrial respiration. It may be that males upregulate expression of ETC 

proteins at 3% O2 more so than females, or that mitophagy is induced in females but not 

in males, leading to a relative increase in male/female ETC protein levels. This may not 

lead to any sex differences in basal respiration, as the energy demand on resting 

astrocytes would not be changed. However, an increase in the levels of ETC proteins 

would provide males with a greater capacity for oxidative phosphorylation, as indicated 

by increase maximal respiratory capacity. Alternatively, other factors could be modifying 

function of the electron transport chain. For instance, nitric oxide has been shown to 

impair Complex IV of the ETC through competition with molecular oxygen [48]. Greater 

production of nitric oxide in females than in males could manifest as an impairment in 

mitochondrial respiration. Additionally, posttranslational modifications could be playing 

an important role in mitochondrial function. Perhaps the best-characterized oxygen-

sensitive protein is hypoxia-inducible factor-1 (HIF-1). HIF-1 is generally degraded 

under high-oxygen conditions, yet the hydroxylase necessary for this degradation uses 

oxygen as a substrate, thus preventing degradation under low-oxygen conditions [342]. 

Activation of HIF-1a is necessary for a wide variety of transcriptional processes [327, 

343]. It may be that differential regulation of HIF-1a between males and females leads to 
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up- or down-regulation of enzymes responsible for posttranslational modifications that 

either assist or impair mitochondrial function. 

Higher; however, should not necessarily be interpreted as ‘better’. Increased 

oxidative phosphorylation may increase the probability of higher reactive oxygen species 

production, a byproduct that males may not be innately capable of handling. Males 

present with more unfavorable prognoses following brain injury and have a higher 

susceptibility for many neurodegenerative diseases compared to females. While the 

causes of this differential susceptibility are not yet fully understood, mitochondrial 

(dys)function may play an important role. Sexual dimorphism has been observed in a 

variety of mitochondrial functions, such as mitochondrial quality control and cellular 

antioxidant capacity. Following rat neonatal hypoxia-ischemia, females showed an innate 

ability to upregulate mitophagy, a process which removes damaged mitochondria by 

organellar degradation in lysosomes, while males incurred a deficit [344, 345]. Females 

have also been documented to have a higher antioxidant capacity, presented through 

higher levels of the small molecule antioxidant glutathione, as well as higher levels of 

ROS-detoxifying enzymes such as glutathione peroxidase (GPx) and manganese 

superoxide dismutase (MnSOD) [301, 346]. These adaptations are thought to reduce or 

prevent mitochondrial damage following insult. That female mitochondria appear to have 

an increased resilience to injury may stem from the finding that mitochondria are 

maternally inherited. Because female mitochondria are passed on to offspring, wheras 

male mitochondria disappear with death of the host, the preservation of functional 

mitochondria in the female lineage may be evolutionarily necessitated. 
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 When cells are plated for in vitro assays, they are customarily seeded at a uniform 

density. However sex, age, and brain region differences in the number and morphology of 

microglia have recently been reported [347]. Sex differences in the number and 

complexity of astrocytes in adult rats have also been reported [348]. It is possible sex 

differences in the bioenergetics of astrocytes or microglia in vivo may be primarily due to 

a simple in vivo difference in cell number. That is, the ability of a single glial cell to 

produce energy to facilitate physiological brain activity may be irrelevant if there is a 

significant difference in the number or makeup of surrounding cells assisting in this 

process in vivo. 

 Overall, the findings described in this appendix demonstrate the importance of 

controlling for oxygen tension when studying in vitro sex differences of glial cells. 

Additional studies are required to determine the mechanisms behind the dichotomous 

bioenergetic profiles of male and female glia at 21% atmospheric oxygen and 3% 

physiological oxygen.  
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APPENDIX 3: UTILIZING DIFFERENTIAL CENTRIFUGATION TO STUDY 

EX VIVO MICROGLIAL BIOENERGETICS 

A3.1 ANIMAL SUBJECTS 

 Similar to experiments performed in Chapter 3, 10-12 week old male C57BL/6J 

mice were used, and all studies were performed in accordance with the NIH Guide for the 

Care and Use of Laboratory Animals, and were approved by the University of Maryland 

School of Medicine Institutional Animal Care and Use Committee. 

 

A3.2 PERCOLL ISOLATION OF MICROGLIA-ENRICHED CELL 

POPULATION 

 A3.2.1 Materials 

 “Medium A” for each mouse brain consisted of 50 mL Hanks’ Balanced Salt 

Solution with phenol red, 650 L of 45% Glucose, and 750 L of 1M HEPES. 100% 

Percoll was prepared by adding 103.5 mL of stock Percoll and 11.5 mL of 10X Hanks’ 

Balanced Salt Solution with added phenol red. 75% Percoll consisted of 7.5 mL of 100% 

Percoll and 2.5 mL of PBS per brain, while 25% Percoll consisted of 2.5 mL of 100% 

Percoll and 7.5 mL of PBS per brain. 

 A3.2.2 Method 

 Male mice were anesthetized with 100 mg/kg sodium pentobarbital 

(intraperitoneal) and transcardially perfused with 100 mL of ice-cold 0.9% saline. 

Olfactory bulb and cerebellum were removed on ice, and the remainder of the brain was 

placed into 7 mL of ice-cold Medium A. Brains in Medium A were transferred to a petri 

dish and chopped with a 0.23mm single edge razor blade, and then transferred to a 7 mL 
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Dounce homogenizer. Tissue was dissociated by gentle up and down strokes. Cell 

suspension was passed through a 70 m filter into a 50 mL conical tube, and Medium A 

was added to a final volume of 30 mL. Tubes were centrifuged at 200 x g for 10 minutes 

at 4C with no brake and half acceleration. The resulting pellet was resuspended in 10 

mL of 75% Percoll, after which 10 mL of 25% Percoll and then 6 mL of PBS were 

layered on top. These gradients were centrifuged at 800 x g for 30 minutes at 4C with no 

brake and half acceleration. The layer between the 25% Percoll and PBS was removed, 

and the microglial layer (between the 75% and 25% Percoll layers) was collected, and 

resuspended in 30 mL of DMEM/F12 + 10% fetal bovine serum + 1% Penn/Strep. 

Following a 200 x g centrifugation for 10 minutes, pellet was resuspended in 150 L of 

DMEM/F12 + 10% fetal bovine serum + penicillin (100 IU/ml), and streptomycin (100 

g/ml). 

 

A3.3 BIOENERGETIC ANALYSIS OF EX VIVO MICROGLIA 

 The cell suspension resulting from methodology described above was plated in 

Dulbecco’s Modified Eagle’s Medium (DMEM)/F12 supplemented with 10% fetal 

bovine serum (FBS) and penicillin (100 IU/ml) plus streptomycin (100 g/ml) onto V7 

plates (Agilent Technologies, Santa Clara, CA) that were previously coated with Cell-

Tak, a biological substrate that mediates cells adherence. Plates were centrifuged at 1000 

x g for 5 minutes, turned around and again centrifuged at 1000 x g for 5 minutes. Plates 

were then placed in a 5% CO2 incubator for 1.5 hours, after which cells were washed 

with and placed in bioenergetic assay medium (120 mM NaCl, 3.5 mM KCl, 1.3 mM 

CaCl2, 0.4 mM KH2PO4, 1 mM MgCl2, 5 mM 4-(2-hydroxyethyl)-1-
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piperazineethanesulfonic acid (HEPES), 15 mM glucose, and 4 mg/mL fatty acid-free 

bovine serum albumin, pH 7.4.) Oxygen consumption measurements were then 

performed using a Seahorse XF24 Extracellular Flux Analyzer (Agilent Technologies). 

 

Figure A3.1. Bioenergetic analysis of ex vivo microglia. 

OCR trace for ex vivo microglia receiving FCCP (4 M) plus pyruvate (10 mM), and antimycin A 

(AA, 1 M). n=1. 
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