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Abstract
Microglia, a subtype of non-neuronal glial cells, represent the innate immune system of the
brain. In Alzheimer’s disease, chronic neuroinflammation caused by dysregulated activation of
microglia (termed microgliosis) contributes to neuronal cell death. Endogenous molecules
including damage-associated molecular patterns (DAMPs) have been implicated as triggers of
microgliosis. High mobility group box 1 (HMGB1), a well-characterized DAMP, induces
inflammatory responses from several cell types when released into the extracellular space.
Mitochondrial transcription factor A (TFAM), a structural and functional homolog of HMGB1,
has been implicated as a possible DAMP. However, the effects of TFAM on glial and neuronal
cells of the central nervous system remain unknown. This thesis demonstrates that extracellular
TFAM acts as a DAMP capable of inducing pro-inflammatory and cytotoxic responses in glial
cells by engaging receptors similar to those activated by HMGB1. Stimulation of THP-1 cells
(microglia model) with TFAM in combination with interferon (IFN)-γ, resulted in activation of
these cells, as demonstrated by a significant decrease in SH-SY5Y neuronal cell viability after
their exposure to the supernatants from stimulated THP-1 cells. Similar results were obtained
using the U-118 MG astrocytic cell line and primary human astrocytes. The induced
neurotoxicity was accompanied by the release of monocyte chemotactic protein-1 (MCP-1),
reactive oxygen species (ROS), and novel intercellular signaling agents called microparticles
(MPs). These MPs, in turn, induced THP-1 cell activation in an autocrine manner. Furthermore,
my data demonstrate that the receptor for advanced glycation endproducts (RAGE) and the
macrophage antigen complex-1 (Mac-1) receptor are engaged by TFAM, as blocking these
receptors with specific inhibitors (heparin and soluble RAGE) or antibodies attenuated glial
toxicity towards neuronal cells, and decreased the secretion of MCP-1 and ROS. Lastly, TFAM
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expression in U-373 MG astrocytic cells and primary human astrocytes was upregulated in
response to treatment with hydrogen peroxide. This research provides insight into glial activation
by TFAM, and the role of endogenous intercellular signaling molecules in communication
between different central nervous system cell types. Moreover, identification of the glial
receptors targeted by TFAM may provide novel therapeutic targets for pathologies involving
sterile neuroinflammatory processes including Alzheimer’s disease.
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Chapter 1. Introduction
1.1. Alzheimer’s disease
Alzheimer’s disease (AD) is the most common progressive form of fatal dementia, usually
diagnosed in people over the age of 65 1. Currently, over 40 million people worldwide are
affected by AD, and unfortunately no effective treatments nor a cure are available for this
condition 2. Moreover, the prevalence of AD continues to rise mainly due to the aging world
population. This will place an enormous burden on the health care systems in Canada and
worldwide, as treatment already costs approximately $47,000 per patient per year 3. Therefore, it
is imperative that effective therapeutic strategies for AD are developed soon.
The two major pathophysiological hallmarks of AD are senile plaques and neurofibrillary
tangles (NFTs) in the brain 4. The plaques are caused by the abnormal accumulation of amyloidβ protein (Aβ), which is released from an amyloid precursor protein (APP) upon limited
proteolysis 5. The NFTs are mainly composed of a cytoskeletal microtubule-associated protein,
called tau, which becomes hyperphosphorylated, dissociates from the microtubules and
consequently self-aggregates in the cytosol 5. These pathological structures are responsible for
the extensive loss of neurons, which in turn leads to the observed decline in cognitive abilities,
memory loss, and eventual loss in motor function that causes death in AD. The absence of
effective treatments may be in part due to the fact that the exact molecular mechanisms
underlying the pathogenesis of AD remain unclear. This makes it difficult to pinpoint accurate
molecular targets for drug treatment.
There are several hypotheses, which attempt to explain the cause of the disease; however,
the “Aβ cascade hypothesis” remains the most popular among researchers, which assumes Aβ to
be the main factor driving AD pathogenesis 6, 7. This hypothesis, however, does not provide a
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clear explanation for the observed neuronal loss. It has been suggested that extracellularly
released Aβ binds to neuronal surface receptors leading to the activation of proapoptotic
intracellular signaling cascades leading to their death 5. Other hypotheses focus on the
dysregulation of glial cells 8 and the resulting neuroinflammation 9 as possible causes for the
onset of AD. The dysregulation hypothesis states that glial cell impairment leads to a decreased
capacity to clear Aβ 10. As a result, Aβ accumulates and activates microglia, which in turn
induces a chronic inflammatory response resulting in neurotoxic effects, due to the non-specific
nature of the innate immune system 10.

1.2. Alzheimer’s disease and inflammation
Increasing evidence supports the involvement of glial cells and inflammation in the onset and
progression of neurodegenerative diseases such as AD 11, 12 and Parkinson’s disease (PD) 13.
Microglial cells, in particular, have been the focus of research over the past years, trying to
establish their role in the neurodegenerative disease progression.
Microglia originate from the myeloid lineage and invade the central nervous system
(CNS) prior to formation of the blood brain barrier (BBB) 14. They are the primary immune
effector cells in the CNS, representing the innate immune system, thus providing the first line of
defense against injury and invading pathogens. In addition, they play fundamental roles in
normal tissue maintenance and homeostasis, despite making up only 5-12% of the total cell
population in the brain 15. It is now widely accepted that microglia exist in two basic states:
resting and reactive 16.
Previously, microglia in the resting state were considered to be relatively inactive. More
recent studies, using two-photon imaging, have revealed, however, that the cells are in a dynamic
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state, continuously surveying the environment using cellular processes, which extend and retract
to touch elements in their surroundings 16, 17. Therefore, microglia constantly exercise a
neuroprotective function, ‘patrolling’ their surroundings, prepared to react to any foreign agents.
When microglia encounter certain stressors or immunological stimuli, they become activated and
undergo a morphological transformation, expressing an increased number of surface proteins,
including the major histocompatibility complex (MHC) II 18, 19. This activation results in the
clearing of potentially toxic cellular debris and the secretion of both pro-inflammatory mediators,
as well as neurotrophic factors, which are essential to neuronal survival and maintaining
homeostasis in the brain 18.
Therefore, microglial activation, in itself, cannot be considered a detrimental process. On
the contrary, mounting an immune response is required for fighting invading foreign agents and
clearing damaged cells. However, it is the dysregulation and over-activation of microglia, termed
microgliosis, which has been implicated as a major contributing factor to the neurodegeneration
observed in AD. Specifically, the Aβ plaques in the AD brain have been shown to contribute to
the onset of microgliosis 16, as autopsies of AD brains reveal the presence of large numbers of
reactive microglia associated with the Aβ plaques compared to healthy controls 20.
This microglia activation is accompanied by the excessive secretion of multiple proinflammatory cytokines including; interleukin (IL)-1β, IL-6, tumor necrosis factor (TNF)-α, as
well as chemokines such as monocyte chemotactic protein (MCP)-1 21. In addition, microglia
produce superoxide anion radical (O2•), other reactive oxygen species (ROS) and nitric oxide
(NO) 22-25, which can be neurotoxic. Furthermore, the cytotoxic factors secreted by microglia can
stimulate surrounding astrocytes to release their own neurotoxic substances, which in turn further
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stimulate microglia. Ultimately, this creates a chronic and self-perpetuating neuroinflammatory
milieu, which contributes to the neuronal cell death observed in AD (Figure 1) 26.

Figure 1. Chronic self-perpetuating inflammation in Alzheimer’s disease. A variety of
molecules can activate microglia leading to the excessive release of pro-inflammatory mediators,
which can contribute to neuronal death.
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1.3. Damage-associated molecular patterns and inflammation
Microglia can be stimulated by a diverse set of molecules 27. In addition to Aβ, other misfolded
proteins, such as P301S mutated tau 28 and α-synuclein 29 have been shown to activate microglia
leading to the increased secretion of pro-inflammatory cytokines resulting in neuronal loss.
Microglial cells are also capable of initiating an immune response as a result of activation of
pattern recognition receptors (PRRs), such as toll-like receptors (TLRs), the receptor for
advanced glycation end products (RAGE) or the macrophage antigen complex-1 (Mac-1)
receptor expressed on their surface 30-32. These PRRs recognize pathogen-associated molecular
patterns (PAMPs), as well as damage-associated molecular patterns (DAMPs). PAMPs are
exogenous molecules, recognized as non-self, which alert the body to microbial invasion 33. In
contrast, DAMPs act as endogenous danger signals that can be released or secreted
extracellularly by damaged or dying cells, and are able to trigger inflammatory immune
responses in the absence of infection 34, 35. More recently, DAMPs derived from mitochondria
have been recognized as potent triggers of the inflammatory response 36, 37. It is assumed that the
immune activity of these particular DAMPs is due to the bacterial origin of mitochondria.
Despite successful symbiosis between mitochondria and the eukaryotic cell, the mitochondria
have retained many structural and biochemical features of their bacterial ancestors capable of
triggering an inflammatory response 37.
Several research groups have attempted to establish a link between mitochondrial
DAMPs and the development of neuroinflammatory and neurodegenerative disorders 38, 39.
Mathew et al.38 showed that degraded mitochondrial DNA, acting as a DAMP, is strongly
immunogenic to astrocytes. It is capable of eliciting a strong pro-inflammatory cytokine
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response, which is relevant to neurodegenerative diseases, such as AD. It is important to
determine which other mitochondrial DAMPs may act as activators of glial cells.

1.4. Mitochondrial transcription factor A
Mitochondrial transcription factor A (TFAM) is an example of a mitochondrial protein that has
been implicated as a potential novel DAMP. Each human mitochondrion has several copies of its
own genome, consisting of a closed circle of double-stranded DNA that encodes 37 genes 40.
Transcription of these genes begins from three promoters, namely the light-strand promoter
(LSP) and the heavy strand promoters 1 and 2 (HSP1 and HSP2), which are located in the major
non-coding region termed the displacement-loop regulatory region (D-loop region) 41. An
essential regulator of human mitochondrial transcription is the binding protein TFAM. It binds
specifically to a 22-bp region upstream from either LSP or HSP1 42. Upon binding, TFAM
causes a sharp U-turn in the DNA, exposing a specific binding site upstream from the
transcription initiation site. This prepares the DNA template for recognition by the transcription
machinery 42, 43. As a result, TFAM is able to regulate mitochondrial transcription initiation
(from LSP and HSP1, but not HSP2), mitochondrial gene expression and mitochondrial DNA
copy number 44. In addition, TFAM plays a structural role related to DNA maintenance and
DNA compaction into nucleoid structures, which is integral for genome transmission 45, 46.

1.4.1. Structure of TFAM
TFAM is a 246 amino acid protein with a molecular weight of around 25kDa, containing several
well-defined domains. These include a ~45 amino acid N-terminal mitochondrial targeting
sequence, two DNA-binding sites arranged in tandem, namely the high-mobility group (HMG)
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box domains (Box A and Box B), followed by a charged C-terminal tail 44. The HMG box
domains make TFAM a member of the ubiquitous HMGB family of DNA binding factors, and
thus a highly conserved protein. HMG box A appears to be the dominant DNA binding domain,
while HMG box B does not bind to LSP DNA by itself 47. Rather, HMG box B is suggested to be
involved in stabilizing interactions between TFAM and the DNA complex, while the C-terminal
tail is critical for transcription activation by TFAM 47.

1.4.2. TFAM and inflammation
Under normal conditions, TFAM is localized to the inner mitochondrial membrane. Damage to
tissues or cells can cause the extracellular release of TFAM, leading to a change in its
physiological role. Several studies have shown that after its release from damaged or dying cells
in the periphery, TFAM becomes a pro-inflammatory mediator and DAMP 48-50. One particular
study observed that TFAM, in combination with mitochondrial N-formyl peptides, was able to
significantly increase IL-8 release from human peripheral blood monocytes 48. The authors
concluded that the mitochondrial components of the cell, particularly TFAM, significantly
contributed to the induction of the innate immune response. They further suggested that due to
the structural and functional similarities between TFAM and high mobility group box 1
(HMGB1), it might be possible that extracellularly released TFAM was recognized by TLRs
and/or RAGE contributing to inflammation 48. A recent study investigated the receptors activated
by TFAM in the periphery. The authors showed that TFAM, in combination with cytosine and
guanine enriched DNA (CpG DNA), acted via RAGE and TLR9 receptors to activate
plasmacytoid dendritic cells, and to induce the release of TNF-α from splenocytes 51. The role of
TFAM in the CNS, however, has not been explored. Its receptors and signaling pathways remain
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to be established. However, studies performed with HMGB1, a well-studied DAMP, may
provide some potential avenues for TFAM research.

1.5. High mobility group box 1 and inflammation
HMGB1 also known as amphoterin, is a ubiquitous nuclear DNA-binding protein with a
structure very similar to human TFAM (sequence homology 76%). HMGB1 also contains two
DNA-binding motifs, called Box A and Box B, as well as an acidic tail 52. HMGB1 is found in
almost all vertebrate cells and possesses two functions depending on its location: in the nucleus,
HMGB1 acts as a regulator for gene transcription and homeostasis in a manner similar to TFAM,
while extracellularly it acts as a signaling molecule with pro-inflammatory activity 52, 53. The
latter role has been the focus of many studies, which have established that HMGB1 may act as a
DAMP and pro-inflammatory mediator capable of upregulating microglia activation 54-56.
In the periphery, a variety of cells including monocytes, macrophages and dendritic cells
have been shown to actively secrete HMGB1 in response to biological stressors such as
lipopolysaccharide (LPS), TNF-α and IL-1β 57-59. This secretion of HMGB1 results in an
activation/perpetuation of an inflammatory state as shown by the production of pro-inflammatory
mediators, including cytokines and chemokines, as well as the recruitment of antigen-presenting
cells 52. In the CNS, HMGB1 is also actively secreted from neurons, microglia and astrocytes 6062

. Moreover, upon CNS injury, HMGB1 presence has been correlated with the induction of

chronic inflammation and neurodegeneration 53, 63. This is, in part, due to the ability of HMGB1
to activate glial cells resulting in an inflammatory response. HMGB1 released into the media of
cultured neurons was able to activate microglia and elicit an inflammatory response
characterized by the release of cytokines such as TNF-α and IL-1β 64. Moreover, media depleted
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of HMGB1 through treatment with an anti-HMGB1 antibody were not able to induce microglial
activation, thus pointing to HMGB1 as a key trigger of neuroinflammation 64. The receptors,
such as Mac-1 and RAGE, and associated signaling pathways engaged by HMGB1 have been
the focus of many studies, as these provide possible molecular targets to achieve modulation of
microglial activation62, 65-67.

1.5.1. Macrophage antigen complex-1
Mac-1 also known as CD11b/CD18 or complement receptor 3 is a member of the leukocyte β2integrin family. Mac-1 is expressed primarily by phagocytic cells and natural killer cells 68 in the
peripheral tissues, and by microglia 69 in the CNS. Mac-1 plays an important role in innate
immunity as it regulates important phagocytic cell functions including adhesion, phagocytosis
and oxidative burst (ROS production) 70, 71. Interestingly, Mac-1 expression is elevated in the
brains of AD patients, suggesting its involvement in neurodegeneration 69. Moreover, Mac-1 has
been shown to function as a PRR with the ability to interact with multiple ligands resulting in
microglial activation, which is followed by the induction of cytotoxic reactions 72-74. Mac-1 has
been shown to mediate both LPS-induced 73 and Aβ-induced production of O2• in microglia 72.
Specifically, Zhang et al. 72 demonstrated that the Mac-1-mediated release of O2• was due to the
activation of NADPH oxidase in the mouse microglial cells. NADPH oxidase is a multi-subunit
enzyme complex that is activated during host defense in immune cells, such as microglia 75, and
catalyzes the production of O2• from oxygen. Since NADPH oxidase has been shown to be
upregulated in brains of AD and PD patients, it has been associated with neurodegenerative
disease 76, 77. This has prompted studies to investigate NADPH oxidase as a potential therapeutic
target for neurodegenerative diseases 24, 75. Therefore, characterizing the signaling pathways
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leading to NADPH oxidase activation is essential for finding targets to inhibit the enzyme
complex. Thus, Zhang et al. 72 investigated the signaling pathway induced by Mac-1-mediated
activation of NADPH oxidase. They demonstrated that Mac-1 signaled through
phosphoinositide-3 kinase (PI3K) when activating the NADPH oxidase complex 72. Western
blotting showed that Aβ stimulation of Mac+/+ microglia resulted in increased p110 membrane
translocation (a catalytic subunit of PI3K), while in Mac-/- microglia this translocation was
significantly reduced 72. Moreover, staining for phosphatidylinositol (3,4,5)-trisphosphate (PIP3),
a product of activated PI3K, was significantly reduced in Mac-/- microglia, further confirming the
role of Mac-1 in Aβ –induced PI3K activation 72.
A recent study, using 1-Methyl-4-phenylpyridinium, LPS, and rotenone, which are
common toxins used to create PD models, investigated the role of Mac-1 in HMGB1-mediated
activation of NADPH oxidase 62. Primary microglia cultures from Mac-1+/+ or Mac-1-/- mice
were treated with HMGB1 and the membrane translocation of the cytosolic subunit of NADPH
oxidase, p47phox, was measured 62. It was determined that Mac-1 was required for membrane
translocation and thus activation of the NADPH complex, as Mac-1-/- microglia showed no
membrane translocation. Furthermore, O2• release by these microglia was significantly reduced
62

. The same study showed that HMGB1 activated microglia from Mac+/+ mice, which led to a

decreased viability of the dopaminergic neurons as indicated by dendrite degeneration and a
reduction in dopamine uptake. Moreover, the release of TNF-α, IL-1β and nitrite was increased
62

. In contrast, Mac-/- microglia promoted the survival of the dopaminergic neurons and produced

significantly less pro-inflammatory cytokines 62. All together these data indicate that HMGB1induced microglial activation and inflammation may be mediated by Mac-1. However, the
effects of HMGB1 were not mediated by Mac-1 alone, as the attenuation of neurotoxicity and
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production of cytotoxic substances was only partial. This suggested the involvement of other
additional receptors, such as RAGE.

1.5.2. Receptor for advanced glycation end products (RAGE)
RAGE is a multi-ligand receptor, and has emerged as a central mediator in the inflammatory
response. It signals through several mitogen activated protein kinase (MAPK) pathways
including p38 and c-Jun N-terminal kinase (JNK) 78, which feed into the downstream activation
of nuclear factor-κ B (NF-κB). NF-κB is a transcription factor that is involved in the initiation of
the transcription of certain pro-inflammatory cytokines, as well as in the induction of inducible
nitric oxide synthase (iNOS). This, in turn, leads to the production of nitric oxide (NO), another
pro-inflammatory mediator 79 .
Pedrazzi et al. 66 demonstrated that extracellular HMGB1 triggered pro-inflammatory
activation of astrocytes in vitro by engaging RAGE and by signaling through the MAPK and
extracellular signal-regulated kinases 1 and 2 (ERK1/2) pathways. This pro-inflammatory state
was characterized by the increased release of chemokines, including MCP-1, macrophage
inflammatory protein (MIP)-1α, MIP-2α and RANTES, which act to attract microglia and
circulating monocytes 66. Another study showed that RAGE expressed on glial cells was required
for the pro-inflammatory effects of HMGB1 to occur in vitro, as in the absence of RAGE,
HMGB1 could not induce significant neuronal cell death 80. The interaction between HMGB1
and RAGE provides a potential target for inhibiting glial cell activation. Several studies have
successfully applied specific anti-RAGE antibodies 81, 82 or soluble RAGE (sRAGE) 80, 83, the
truncated form of the receptor, as inhibitors of HMGB1 activity.

11

Other studies have used heparin as an inhibitor of RAGE. Xu et al. 84 showed that
heparan sulfate on the cell surface of endothelial cells is required for HMGB1 interaction with
RAGE. Cell surface heparan sulfate forms a complex with RAGE prior to HMGB1 binding, a
step that is essential for facilitating HMGB1 signaling and activity 84. As a result, heparin, the
fractionated form of heparan sulfate, has been applied as an inhibitor of RAGE. Heparin has
been shown to inhibit the binding of heparan sulfate ligands. This may be due to heparin
competing against these other ligands for binding sites on the surface of heparan sulfate. In
addition, heparin has been shown to specifically inhibit the interaction of RAGE with HMGB1
by altering the conformation of HMGB1. Thus heparin decreases the interaction of HMGB1 with
RAGE achieving an anti-inflammatory effect 85.
Overall, many of the abovementioned studies have shown that the interaction between
DAMPs, such as TFAM and HMGB1, and their receptors is one of the initial steps in microglial
activation. Moreover, these studies have also demonstrated that inhibition of select DAMP
receptors (RAGE and Mac-1) represents a promising therapeutic approach for attenuating the
microglial-mediated neuroinflammation and the production of pro-inflammatory mediators.
Consequently, this knowledge can be applied to the development of therapeutic interventions for
certain neurodegenerative diseases involving sterile inflammation, including AD and PD to
prevent neuronal death.

1.6. Microparticles and inflammation
In addition to targeting the receptors engaged by TFAM or HMGB1, it may be possible to
specifically target the pro-inflammatory mediators that are released by the microglia upon
activation, to inhibit their actions and attenuate the induced neurotoxicity. Consequently, studies
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have focused on identifying additional components of the pro-inflammatory cocktail released by
activated microglia. Over the recent years, microparticles (MPs) have emerged as novel
intercellular signaling agents that appear to have immunomodulatory and biological activities
similar to HMGB1 86, 87. Following activation, apoptosis or necrosis both MPs and HMGB1 are
released from a variety of cell types, including monocytes, microglia, astrocytes and neurons 88,
89

.
Originally MPs were considered “platelet dust”, an inert by-product of platelet activation

90

. Recent studies, however, have unveiled that MPs are, in fact, a heterogeneous population of

membrane-derived vesicles, ranging in size from 0.1-1μm, that regulate various biological and
physiological processes, including cell-cell communication, cell proliferation, coagulation and
inflammation 91. It is becoming increasingly evident that MPs can contribute to the progression
of some neurodegenerative and neuroinflammatory diseases 88, 89, 92. This statement is based on
two observations: 1) elevated MP levels have been detected in the cerebrospinal fluid (CSF) and
plasma of individuals suffering from CNS disorders, including multiple sclerosis 93 and cerebral
malaria 94, and 2) MPs isolated from patients affected by CNS disorders often carry
inflammatory mediators and other bioactive molecules within them or embedded on their surface
92

. It is possible that the inflammatory mediators can be liberated from the MPs, and

subsequently bind to surrounding cells, such as microglia or neurons, thus contributing to the
neurotoxic environment seen in neuroinflammatory diseases. The exact triggers and mechanisms
underlying MP release remain to be fully elucidated. A variety of stimuli, including TNF-α 95
and LPS 96, 97, have been shown to stimulate MP shedding by monocytes. A study by Cherri et al.
98

investigated the effects of MPs from calcium ionophore A23187-stimulated human monocytes

on human airway epithelial cells. The released MPs were able to induce the release of IL-8 and
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MCP-1 from the human A549-(epithelial)-cell line. Expression levels of both of these proinflammatory mediators were also increased compared to unstimulated cells 98. Based on this
evidence, it is possible that pro-inflammatory molecules released by activated cells may, in turn,
induce MP release from other surrounding cells, thus contributing to a pro-inflammatory cycle.
To date, the role of DAMPs, such as HMGB1 or TFAM, as triggers of MP release has not
been investigated. However, recent studies have shown that HMGB1 can be bound to or even
contained within MPs 87, 99, 100. The HL-60 (human promyelocytic leukemia cells) and the Jurkat
(human T lymphocytes) cell lines were treated with either staurosporine or etoposide to induce
apoptosis, or subjected to freeze-thaw cycles to induce necrosis, after which the MPs in the
cultured media were quantified using flow cytometry and assessed for the expression of HMGB1
99

. Western blotting indicated that increased HMGB1 was present on the MPs induced by the

apoptotic agents compared to the unstimulated control MPs, demonstrating the importance of
cell death as an inducer of HMGB1 and MP release 99. The association of HMGB1 and MPs may
lead to amplification of the pro-inflammatory effects that each of these two agents could induce
on their own. Due to the structural and functional homology between HMGB1 and TFAM, it is
possible that TFAM is released from damaged cells in a similar fashion in association with MPs.
Interestingly, if TFAM acts as a DAMP and microglial activator, it may also trigger MP release
from glial cells. This insight into MP release would provide an additional therapeutic target for
treating neuroinflammatory disorders.
In summary, the activity of HMGB1 as a cytokine and DAMP has been studied quite
extensively in both the periphery and the CNS. In comparison, there are fewer studies assessing
the role of TFAM in the CNS and neuroinflammation. However, due to the high homology
between TFAM and HMGB1 along with research demonstrating the ability of TFAM to act as a
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DAMP in peripheral tissues, it is essential to confirm the role of TFAM in the CNS, as well.
Characterizing the effects of TFAM on glial cells may provide further insight into the
physiological function of microglial activation. Specifically, identifying the receptors and
signaling pathways involved in microglial activation by TFAM will provide new insights into the
role of endogenous intercellular signaling molecules in communication between different CNS
cell types. Moreover, this thesis studies the novel intercellular signaling agents, MPs, as potential
DAMPs of the CNS. An increased number of studies have demonstrated the role of MPs as
inflammatory triggers and immune regulators in the periphery; therefore it is important to
establish their role in the CNS, as this would further expand the knowledge on microgliamediated neurotoxicity.

1.7. Cell culture model of neuroinflammation
The experiments described in this thesis were conducted in vitro using human immortalized cell
lines as models for the glial cells and the neurons of the brain. These cells have undergone a
mutation allowing them to proliferate indefinitely. The cell lines are inexpensive, readily
available, easy to maintain, and can be used for high throughput assays, which makes them ideal
for use in laboratory research.
However, due to the accumulation of genomic mutations, which occur during multiple
passages, the cell lines may differ in function and morphology from the original cell types. As
such, primary, tissue-derived cells are considered better models of glial cells compared to the
immortalized cell lines 101. Therefore, some of the key findings obtained using cell lines were
replicated in this thesis using primary human cells. As primary human microglia and neurons do
not readily proliferate in vitro, only primary human astrocyte data could be obtained. Availability
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of primary human glial cells is limited, as they are obtained directly from human tissues; these
cells have decreased proliferation rates and a limited life span, all of which restricted the use of
primary cells in the experiments described in this thesis.
To model neuroinflammation in vitro the following human cell lines were employed:
THP-1 pro-monocytic cells to model microglia, as they possess functional characteristics and
receptors similar to microglia including complement receptor 1 (CR1, also known as C3b/C4b
receptor) 102, 103 and Mac-1 69, 104. U-373 MG and U-118 MG astrocytoma cells to model
astrocytes, as they express specific astrocyte markers similar to their primary astrocyte
counterparts, such as glial fibrillary acidic protein (GFAP) 105, 106. Instead of THP-1 cells, HL-60
promyelocytic cells were used to model phagocytes expressing NADPH oxidase, which is
required for the respiratory burst. Unlike THP-1 cells, HL-60 cells express NADPH oxidase at
levels that are sufficient to generate detectable ROS levels 107, 108. Formyl peptide N-formylmethionine-leucine-phenylalanine (fMLP) was used as the widely accepted trigger of ROS
production by HL-60 cells 109. And lastly, the human SH-SY5Y neuroblastoma cell line served
as the neuronal model, as these cells display characteristics of primary neurons 110. All of these
cell lines were chosen as they have been successfully used before to model their respective in
vivo counterpart cell types 108, 111-113.
It has been shown that both THP-1 cells and human microglia become activated upon
stimulation with LPS and interferon (IFN)-γ in a manner similar to the activation observed in
microglia in pathological states 114. In order to achieve similar activation of the astrocyte cell
lines, U-373 MG cells only require stimulation with IFN-γ, while U-118 MG cells need to be
stimulated with a combination of IFN-γ and IL-1β to induce a neurotoxic response 113. Although
IFN-γ and LPS are not present in most CNS inflammatory conditions, the type of activation and

16

the cytotoxic responses that the combination of these mediators induces from glial cells in vitro
is very similar to that induced by Aβ in the brain 115, 116.

1.8. Research overview and hypothesis
The role of microglia in the onset and progression of neurodegenerative diseases such as AD and
PD has now been widely accepted 12, 30, 117, 118. As such, microglia present attractive therapeutic
targets to treat the above mentioned CNS disorders. In order to do so, however, it is essential to
gain a better understanding of the molecules capable of triggering microgliosis, as well as the
mechanisms underlying this activation. Over the recent years, endogenous molecules have been
recognized as potential microglial activators. HMGB1, one of the best characterized DAMPs has
been shown to interact with various cell types resulting in a potent inflammatory response both
in peripheral tissues, as well as in the CNS 53, 119. Therefore, TFAM, which is a structural and
functional homolog of HMGB1, was explored through this thesis work as a potential DAMP.
Since recent studies have demonstrated the ability of TFAM to activate immune cells in
peripheral tissues 49-51, and since the effects of extracellular TFAM in the CNS, particularly those
on glial and neuronal cells, remain unknown, this thesis focused on the CNS role of TFAM as a
DAMP.
The central hypothesis of this thesis is that extracellular TFAM is a novel intercellular
signaling molecule of the CNS, which can act as a specific DAMP capable of inducing proinflammatory and cytotoxic responses in microglial cells through cellular mechanisms similar to
those used by HMGB1 (due to their structural similarities).
To study the effect of TFAM on glial cells and to determine its ability to induce a
neurotoxic response in vitro, cell culture experiments were performed. Glial cells, or their
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surrogate cell lines, were cultured in the presence of TFAM and their supernatants transferred
onto neurons to establish whether TFAM could induce glial neurotoxicity. Similar supernatant
transfer experiments were performed using Box A and Box B of TFAM as stimulants, to
determine which specific TFAM domain is responsible for the glial-mediated neurotoxicity
induced by TFAM. Quantitative polymerase chain reaction (qPCR), enzyme-linked
immunosorbent assay (ELISA) techniques, as well as flow cytometry were used to characterize
the induced glial responses. Flow cytometry was specifically used to assess and quantify the MPs
released from TFAM-stimulated microglia-like cells. Finally, changes in TFAM mRNA
expression levels in glial cells responding to different biochemical stressors, such as hydrogen
peroxide, were measured by qPCR.
Ultimately, the identification of novel intercellular signaling molecules will contribute to
broadening the understanding of the mechanisms underlying microglial activation. By expanding
the fundamental knowledge on CNS functioning, this research may have practical applications
through the identification of novel molecular and therapeutic targets for a variety of pathologies
that involve sterile neuroinflammatory processes, including AD.

The five main research objectives addressed in this thesis are:
1. To demonstrate the ability of TFAM to elicit neurotoxic responses from human glial
cells.
2. To determine the specific domain of the structure of TFAM responsible for triggering
glial activation.
3. To identify the key glial receptors engaged by TFAM.
4. To measure changes in the TFAM mRNA expression levels by glial cells in response

18

to different stressors.
5. To determine whether glial cells release MPs upon TFAM exposure, and if
so, to verify whether MPs induce neurotoxic responses in an autocrine manner.
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Chapter 2. Materials and Methods
2.1. Chemicals and reagents
The following reagents were obtained from Sigma-Aldrich (Oakville, ON, Canada): 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), ammonium persulphate, betanicotinamide adenine dinucleotide (β-NAD), diaphorase (from Clostridium kluyveri), dimethyl
sulfoxide (DMSO), ExtrAvidin alkaline phosphatase, fMLP, heparin sodium salt (from porcine
intestinal mucosa), iodonitrotetrazolium chloride (INT), LPS (from Escherichia coli 055:B5),
luminol sodium salt, sodium L-lactate (lactate), 10 mM tris-HCl, tetramethylethylenediamine
(TEMED) and Triton X-100.
Acrylamide/bis (29:1, 30% solution), bovine serum albumin (BSA), calf bovine serum
(CBS), diethanolamine, Dulbecco’s modified Eagle medium nutrient mixture F-12 Ham
(DMEM-F12), ethylenediaminetetraacetic acid (EDTA) sodium salt, GeneRuler DNA ladder,
hydrogen peroxide, hydrochloric acid, N,N-dimethylformamide (DMF), penicillin/streptomycin,
phosphatase substrate tablets, Pierce BCA protein assay kit, Pierce High Capacity Endotoxin
Removal Spin Columns, Pierce LAL Chromogenic Endotoxin Quantification Kit, sodium
dodecyl sulphate (SDS), sodium chloride, sodium carbonate, sodium bicarbonate, monobasic
sodium phosphate, dibasic sodium phosphate, sodium tris (hydroxymethyl)aminomethane (Tris),
trichloroacetic acid (TCA), 0.05% and 0.25% trypsin/EDTA solutions, and Zeba Spin Desalting
Columns 40K were purchased from ThermoFisher Scientific (Ottawa, ON, Canada).
Human recombinant IFN-γ, human recombinant IL-1β, as well as the ELISA kits for IL6, TNF-α and MCP-1 were purchased from Peprotech (Rocky Hill, NJ, USA). Ssofast qPCR
reaction mix, Aurum RNA extraction kit and iScript complementary DNA (cDNA) synthesis kit
were purchased from Bio-Rad (Mississauga, ON, Canada). Anti-Mac-1 (CD11b) antibody and
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the FITC Annexin-V Apoptosis Detection Kit II were purchased from BD Biosciences
(Mississauga, ON, Canada). Anti-RAGE antibody (N16) was purchased from SantaCruz
Biotechnology (Dallas, TX, USA). Phosphate-buffered saline (PBS) tablets were purchased from
Ambresco (Solon, OH, USA). Recombinant human TFAM full-length, Box A and Box B were a
generous gift from Dr. Kirsten Wolthers of the University of British Columbia Okanagan campus
(Kelowna, BC, Canada).

2.2. Equipment and supplies
All cell culture experiments were performed in a class 2, type IIA biological safety cabinet
(BSC). Most cell culture experiments were conducted in sterile 96-well plastic cell culture plates
(Corning Inc., Corning, NY, USA). The sterile 96-well plastic cell culture plates were also used
to collect small volumes of supernatants for ELISA, MTT and LDH experiments and treatments
for the respiratory burst assay. Tissue culture dishes (10 cm2, Corning) were used for the cell
differentiation. Cell cultures were grown in T-75 flasks (Sarstedt, Montreal, QC, Canada) and
incubated in a Steri-Cycle HEPA Class 100 CO2 incubator (Model#370, ThermoScientific). To
observe changes in cell morphology, a VistaVision phase contrast inverted microscope was used
(Model#82026-630, VWR International, Edmonton, AB, Canada). A Motic inverted microscope
(Model AE31) with an attached Moticam 3000 camera (Motic, Richmond, BC, Canada) was
used for taking phase contrast digital pictures. A hemocytometer (ChangBioscience, Castro
Valley, CA, USA) was used to count cells. The Sorvall RT1 Centrifuge (Cat#75002384,
ThermoScientific) was used for centrifugation of cell cultures, their supernatants, as well as for
MP collection. The Spectra Shell plate reader (SLT Labinstruments, Salzburg, Austria) was used
to measure absorbance for the cell viability experiments. The FLUOstar Omega microplate
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reader (BMG Labtech, Nepean, ON, Canada) was used for measuring chemiluminescence in the
respiratory burst experiments.
Sterile 6-well plastic cell culture plates (Corning) were used for growing U-373 MG cells
and primary human astrocytes required for the qPCR experiments. Extracted RNA was
quantified using the NanoDrop 100 (ThermoScientific) and reverse transcribed to cDNA using a
C1000 Thermal Cycler (Model#185-1048, Bio-Rad). The qPCR experiments were carried out in
white 96-well plates (Bio-Rad) using a CFX96 Real Time System (Model# 185-5201, Bio-Rad).
Sterile 24-well plastic cell culture plates (Corning) were used for growing THP-1 cells
for the MP isolation experiments. The fluorescence microscope used for the detection of the MPs
was from Olympus (Model #IX81) and the images were analyzed using MetaMorph Advanced
(Version 7.7.8.0, Molecular Devices, Sunnyvale, CA, USA). The Flow Cytometer used for the
detection and quantification of the microparticles was the MACSQuant Analyzer (Model#130092197, Miltenyi Biotec, Bergisch Gladbach, Germany ).

2.3. Cell culture models
The THP-1 human promonocytic cell line and the U-373 MG and U-118 MG human
astrocytoma cell lines were used to model microglia and astrocytes, respectively. The HL-60
human promyelocytic cell line was used as a neutrophil model, and the human SH-SY5Y
neuroblastoma cell line served as the neuronal model. The THP-1 cells, the U-373 MG and U118 MG cells, as well as the HL-60 cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA), while the SH-SY5Y cells were donated by Dr. Robert
Ross (Department of Biological Sciences, Fordham University, Bronx, NY, USA). Primary
human astrocytes were isolated from human surgical tissues by Dr. Sadayuki Hashioka at the
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Kinsmen Laboratory of Neurological Research at the University of British Columbia Vancouver
campus. The cell lines were kept frozen in liquid nitrogen in DMEM-F12 media supplemented
with 20% CBS, 10% DMSO to act as a cryoprotectant, as well as penicillin (100 U/ml) and
streptomycin (100 μg/ml) to inhibit bacterial growth. They were thawed when needed. Cell
cultures were grown in DMEM-F12 media supplemented with 10% CBS (F10 media) in T-75
flasks and incubated at 37°C, 100% humidity and 5% CO2.

2.4. Establishing toxicity of TFAM-stimulated glial cell supernatants towards SH-SY5Y
neuronal cells
2.4.1. Plating and stimulating THP-1 promonocytic, U-118 MG astrocytic cells and primary
human astrocytes
Previously described supernatant transfer experiments 120 were used to establish the TFAMinduced toxicity of glial cells towards SH-SY5Y cells. The experiments using THP-1 monocytic
cells and U-118 MG astroctyoma cells were performed on at least three independently grown
populations of cells. The experimental procedures described by Little et al. 120 were modified as
follows.
Any potential endotoxin contamination of TFAM was removed using the Pierce High
Capacity Endotoxin Removal Columns (ThermoScientific), which contain resin and cellulose
beads with polylysine chains on their surface that have high affinity for endotoxins. The resulting
endotoxin levels were measured to be less than 2 pg/μg protein using the Pierce LAL
Chromogenic Endotoxin Quantification Kit (ThermoScientific). Such endotoxin levels are
generally acceptable for tissue culture experiments 48, 50, 66. Only these TFAM samples were
used for subsequent experiments.
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For use in experiments, THP-1 cells were harvested from T-75 flasks and counted using a
hemocytometer. The cells were then centrifuged at 450 g for 7 min and re-suspended in DMEMF12 media supplemented with 5% CBS, penicillin (100 U/ml) and streptomycin (100 μg/ml) (F5
media) to a final concentration of 0.5 million cells/ml. The cells were plated at 250 μl per well
into a sterile 96-well plate. Following 30 min recovery time in the incubator, the cells were
treated with TFAM (2.5 μg/ml) in the presence or absence of IFN-γ (150 U/ml) or its vehicle
solution (PBS) and incubated for 48 h at 37°C.
U-118 MG cells and primary human astrocytes, which adhere to plastic, had to be
harvested in a different manner than the THP-1 cells. U-118 MG cells and primary human
astrocytes were detached from the flask by removing the media and incubating the cells with 1.5
ml of 0.25% trypsin/EDTA solution for 2 min at 37 °C, followed by gentle tapping of the T-75
flask to aid in detachment of cells from the flask surface. Trypsin was neutralized by adding 10
ml of F10. Cells were then counted using a hemocytometer, centrifuged at 450 g for 7 min and
re-suspended to a final concentration of 0.2 million cells/ml. For use in supernatant transfer
experiments, U-118 MG cells and primary human astrocytes were plated at 250 μl per well into a
sterile 96-well plate, and incubated for 24 h at 37°C to allow the cells to adhere to bottom of the
wells. Following the incubation period, the cells were stimulated with TFAM (2.5 μg/ml) in the
presence or absence of IFN-γ (150 U/ml) and IL-1β (100 U/ml) or its vehicle solution (PBS) and
incubated for an additional 48 h at 37°C.

2.4.2 Plating and treating SH-SY5Y neuronal cells
Following the 48 h incubation THP-1 or U-118 MG cells, 150 μl of supernatants per well were
transferred onto SH-SY5Y cells, which had been plated 24 h earlier. Adherent SH-SY5Y cells
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were harvested in a manner similar to that used for harvesting U-118 MG cells, except 0.05%
trypsin/EDTA solution was used instead of 0.25% trypsin/EDTA solution. After being counted
and centrifuged at 450 g for 7 min, the cells were re-suspended to a final concentration of 0.2
million cells/ml. They were plated at 150 μl per well into a sterile 96-well plate and incubated for
24 h at 37°C before receiving supernatants from either the THP-1 or the U-118 MG cells.
For the supernatant transfer, the SH-SY5Y supernatants were aspirated and replaced with
150 μl of either the THP-1 or U-118 MG (stimulated and unstimulated) supernatants. SH-SY5Y
cells were incubated for an additional 72 h, after which their viability was tested using the LDH
121

and the MTT assays 122. Viability of the THP-1 and U-118 MG cells was assessed by

conducting the MTT assay on the 100 μl of cell cultures remaining in the wells. Due to the
limited volume of remaining supernatant only the MTT assay and not the LDH assay was
conducted to measure the viability of THP-1 or U-118 MG cells.

2.5. Cell viability assay: Lactate dehydrogenase (LDH)
Supernatants from stimulated glial cells and neurons were collected for use in the LDH assay to
measure cell death. LDH is a cytoplasmic enzyme that is essential for catalyzing the conversion
of lactate to pyruvate. Upon cell damage or lysis LDH is released into the extracellular space.
Therefore, the LDH assay can be considered a measure of membrane disruption and cell death
121

. The assay is a coupled enzymatic reaction of pyruvate with the tetrazolium salt INT, which

changes color to red and can be spectrophotometrically detected by measuring absorbance at 492
nm. The LDH released by dying cells can be quantified and expressed as percent cell death by
comparing the optic density (O.D.) values of the stimulated cells to those obtained from a 100%
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lysis control, in which unstimulated cells have been lysed with 1% Triton X-100. Previously
published experimental procedures for the LDH assay 29, 123 were modified as follows.
To perform the assay, 100 μl of cell supernatants were collected into a 96-well plate and
INT (260 μg/ml) was added to each well. An initial measurement was taken at 492 nm;
designated O.D.initial. This was followed by the addition of 30 μl of working solution containing
lactate (750 μg/ml), β-NAD (60 μg/ml) and diaphorase (55 μg/ml) in PBS to each well. After an
incubation time of 15-30 min at 37°C, when the lysis control well appeared dark red, a final
measurement was taken at 492 nm, designated O.D.final. The following two equations were used
to determine percent cell death:

1.) Corrected absorbance (cA) of each sample = O.D.final- O.D.initial

2.) % cell death =

Where cAmedia represents the corrected absorbance of the well containing only F5 media
and cAlysis represents the corrected absorbance of the cells treated with 1% Triton X-100 (100%
cell death control).

2.6. Cell viability assay: MTT
Viability of glial cells and neurons during supernatant transfer experiments was assessed using
the MTT assay 122, 124. This assay measures cellular metabolic activity via NADPH-dependent
cellular oxidoreductase enzymes, thus reflecting the number of viable cells present. The enzymes
reduce the tetrazolium dye, MTT, to its insoluble formazan form, which is purple in color and
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can be measured spectrophotometrically at a wavelength of 570 nm. Cells with intact metabolic
activity have high reduction rates of MTT compared to dying cells. Thus, there is a positive
correlation between the formation of the purple formazan dye and cell viability. The MTT assay
has been used to accurately measure cell viability of microglial and neuronal cells 22, 29, 120. These
previously published experimental protocols were modified as follows.
The MTT solution (5mg/ml) was added at a 10x dilution to the wells containing the cells
and remaining cell cultures after the partial removal of supernatants for the LDH and ELISA
assay. The plates were then incubated for 1-2 h at 37°C, at which point 20% SDS/50% DMF in
milli-Q water was added at a 1:1 ratio to each well to solubilize the formazan dye. After an
additional incubation period of 3-4 h in a wetbox (Tupperware containing wet paper towel) at
37°C, the O.D. measurement was taken at 570 nm. The percent cell viability was calculated
based on the following two equations:

1.) Corrected absorbance (cA) of each sample = O.D.sample- O.D.media

2.) % cell viability =

Where O.D.sample represents the absorbance measurement in each well, O.D.media
represents the absorbance measurement in the media only well, and cAsample represents the
corrected absorbance of each sample well. cAcontrol refers to the corrected absorbance
measurement of the untreated cells (100% cell viability control).
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2.7. Identifying the active domain of TFAM
In addition to isolating full-length TFAM, Dr. Kirsten Wolthers’ laboratory, here at UBC
Okanagan, also isolated the two high mobility group (HMG) domains of TFAM referred to as
Box A and Box B. In order to determine which of the two boxes was mainly responsible for the
neurotoxicity induced by TFAM, supernatant transfer experiments were performed, similar to
those described by Little et al.120.
Any potential endotoxin contamination of Box A and Box B was removed using the
Pierce High Capacity Endotoxin Removal Columns (ThermoScientific) and the resulting
endotoxin levels were measured to be less than 2 pg/μg protein using the Pierce LAL
Chromogenic Endotoxin Quantification Kit (ThermoScientific). Only these endotoxin free Box
A and Box B samples were used for subsequent experiments.
THP-1 cells were harvested from T-75 flasks and plated at a final concentration of 0.5
million cells/ml in sterile 96-well plates, as described in section 2.4.1.; while the U-118 MG cells
and primary human astrocytes were seeded at a final concentration of 0.2 million cells/ml in
sterile 96-well plates, as described in section 2.4.1. After 30 min recovery time in the incubator
at 37°C, the cells were stimulated with full-length TFAM (2.5 μg/ml), Box A (2.5 μg/ml) or Box
B (2.5 μg/ml) in the presence or absence or IFN-γ (150 U/ml). Following 48 h incubation THP-1
cell supernatants were transferred onto SH-SY5Y cells, which had been plated 24 h earlier (see
section 2.4.3.). At this time, 100 μl were collected for ELISA and the remaining THP-1 cell
cultures were tested for viability using the MTT assay. The SH-SY5Y cells were incubated for
additional 72 h at which point the LDH and MTT assays were performed to assess their viability.
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2.8. Identifying the receptors engaged by TFAM: Inhibiting THP-1 promonocytic cell
responses with heparin, anti-RAGE or anti-Mac-1 antibody
In order to determine the glial receptors engaged by TFAM, heparin or specific blocking
antibodies for RAGE and Mac-1 were used to pre-treat the THP-1 cells. The previously
published experimental procedures using heparin 51 and the blocking antibodies 82, 125 were
modified as follows.
THP-1 cells were harvested from T-75 flasks and plated at a final concentration of 0.5
million cells/ml in sterile 96-well plates, as described in section 2.4.1. After 30 min, the cells
were pre-treated with either heparin (250 μg/ml), anti-RAGE antibody (10 μg/ml), soluble
RAGE (10 μg/ml) or anti-Mac-1 antibody (20 μg/ml). Following 30 min in the incubator at
37°C, the cells were stimulated with TFAM (2.5 μg/ml) in the presence or absence of IFN-γ (150
U/ml). After 48 h incubation, THP-1 supernatants were transferred onto SH-SY5Y cells, which
had been plated 24 h earlier (see section 2.4.). At this time, THP-1 supernatants were collected
also for ELISA. THP-1 cell viability was assessed by the MTT assay. SH-SY5Y viability was
measured using the LDH and MTT assays following an additional 72 h incubation period.

2.9. Effects of TFAM on the secretion of pro-inflammatory cytokines by glial cells
The concentrations of MCP-1, IL-6 and TNF-α secreted by THP-1 cell, U-118 MG cells or
primary human astrocytes were measured using ELISA development kits from Peprotech,
according to the manufacturer’s instructions. This assay relies on the specific interaction between
antigens and antibodies, and utilizes the “sandwich” technique. The primary antibody is attached
to the well surface and interacts with the MCP-1, IL-6 or TNF-α cytokines (antigens) present in
the cell supernatants. Next, an enzyme-conjugated secondary antibody is added, which binds to
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the antibody-antigen complex. Upon addition of the enzyme’s alkaline phosphatase substrate, the
yellow colored break-down product, p-nitrophenol, can be measured spectrophotometrically.
Cell-free supernatants from THP-1 cells, U-118 MG cells and primary human astrocytes
were collected from each experiment and stored at -20°C in 96-well plates. The composition of
all the reagents and solutions required for the ELISA are listed in Appendix A. The assay was
performed as follows: Day 1: 50 μl of primary antibody diluted 1:400 (MCP-1) or 1:100 (IL-6
and TNF-α) in coating buffer (Na2CO3-NaHCO3/H2O solution, pH=9.6) were added to each well
of a 96-well plate. The plate was then covered with Parafilm and incubated at 4°C overnight.
Day 2: The coating buffer was discarded and 180 μl blocking solution (0.5% BSA and 0.5%
skim milk powder in PBS) were added to each well, and the plate was incubated in a wetbox for
1 h at 37°C. After discarding the blocking solution the plate was washed twice with PBS-Tween
(0.05% Tween in PBS v/v), leaving the solution in the wells after the second wash. The solution
was removed from individual wells using the suction system, followed by adding 100 μl of the
corresponding samples or standards to the appropriate wells. The concentration of the standards
ranged from 0.032 – 10 ng/ml. Four additional media only control wells were also prepared. The
plate was covered with Parafilm and incubated at 4°C overnight.
Day 3: The samples were discarded, and the plate was washed three times with PBSTween before adding 100 μl of secondary antibody diluted in blocking solution (1:200 for MCP1 and IL-6, 1:400 for TNF-α) to each well. The plate was then incubated in a wet-box for 45 min
at 37°C. After incubation, the secondary antibody solution was discarded and the plate was
washed four times with PBS-Tween. 100 μl of extravidin-alkaline phosphatase diluted 1:10,000
in blocking solution were added to the wells. The plate was incubated in a wet-box at 37°C for
additional 45 min. Following five washes with PBS-Tween, 100 μl of alkaline phosphatase
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substrate solution (5 mg phosphatase substrate tablets dissolved in 5 ml diethanolamine substrate
buffer) were added to each well. The absorbance was measured at 405 nm immediately after the
addition of the substrate solution and subsequently every hour until the color change could be
observed (max O.D. for the blank wells at 0.2 and for the highest standards at 1.2).
The analysis was performed according to the manufacturer’s instructions (Peprotech).
The change in absorbance of the samples (ΔAsample) and the corrected change in absorbance
values (ΔAcorr) for each sample were calculated using the following formulas:

1.) Absorbance of the samples ΔAsample = O.D.final - O.D.initial
2.) Corrected change in absorbance values ΔAcorr = ΔAsample - ΔAblank

To determine the cytokine concentration in each sample, a calibration curve was plotted
using the ΔAcorr values of the standards (0.032 – 10 ng/ml) and a linear trendline (y=mx+b,
where m is the slope) was fitted to the curve. The following equations were used to calculate the
cytokine concentrations in each sample and the detection limit of the assay:

3.) Cytokine concentration (ng/ml) =

4.) Detection limit (ng/ml) =
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2.10. Effects of TFAM on the release of superoxide by glial cells
2.10.1. Plating and differentiating HL-60 cells
Differentiated HL-60 cells were used as the microglial model expressing functional NADPH
oxidase. Experiments described by Patel et al.126 were modified as follows to assess the ability of
TFAM to prime ROS release from DMSO-differentiated HL-60 cells.
In order to differentiate the cells, HL-60 were seeded at a concentration of 0.2 million
cells/ml into a 10 cm2 tissue culture dish in 12 ml of F10 media, and placed in the CO2 incubator
at 37°C for 15 min, following which DMSO was added drop-wise at a concentration of 1.3%
(v/v). The cells were allowed to differentiate in the incubator for 5 days before being used in the
respiratory burst assay.
Differentiated HL-60 cells were harvested from the 10 cm2 tissue culture dish,
centrifuged at 450 g for 7 min and plated in 96-well plates at a final concentration of 1 million
cells/ml in 250 μl clear (phenol red free) DMEM-F12 media supplemented with 2 % CBS (F2).
The cells were allowed to rest for 30 min in the CO2 incubator at 37°C before being primed with
different priming agents. For the first set of experiments, the HL-60 cells were primed with
vehicle solution (PBS) or with TFAM (2.5 μg/ml), IFN-γ (150 U/ml) or a combination of the
two. For the second set of experiments, the HL-60 cells were primed with TFAM (5 μg/ml), Box
A (5 μg/ml) or Box B (5 μg/ml) to determine the domain of TFAM responsible for priming ROS
release. For the third set of experiments, the inhibition assays, anti-Mac-1 antibody (20 μg/ml)
was added 30 min prior to TFAM (2.5 μg/ml), IFN-γ (150 U/ml) or a combination of the two.
For all of the experiments two controls were included, as well: (1) the unprimed control (PBS
vehicle control stimulated with fMLP) and (2) the unstimulated control, (primed but not
stimulated with fMLP). The plates were then incubated for 24 h before conducting the assay.
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2.10.2. Respiratory Burst assay
A variety of cell types, including macrophages and neutrophils, express the subunits of the
NADPH oxidase enzyme. Upon cell activation, the subunits assemble and generate a respiratory
burst which results in the production of ROS that acts as part of the host defense machinery.
Chemiluminescence assays detect the production of light, due to the interaction between the
compound luminol and ROS. The light produced can be measured by a plate reader, and can be
plotted as light production over time to calculate ROS generation.
To conduct the assay, 85 μl of each sample were transferred into a new 96-well plate.
Luminol was diluted to 50 mM in PBS, pre-heated in the dry incubator at 37°C for 5-10 min and
then loaded into the first injector of the FLUOstar Omega plate reader prior to each experiment.
To induce the respiratory burst in HL-60 cells, fMLP, a bacterial cell wall component, was used
as the stimulant. fMLP was diluted to 20 μM in PBS, also pre-heated at 37°C for 5-10 min and
then loaded into the second injector of the plate reader. The plate containing HL-60 cells was
placed into the plate reader, which was pre-heated to 37°C. The plate reader was programmed to
take measurements at each cycle over a 60 cycle period, with each cycle lasting 21 s. Luminol
and fMLP were injected at different volumes and time points during the assay, 10 μl at cycle 5
and 5 μl at cycle 15, respectively. The light measurements taken at each cycle were plotted over
time to generate a curve, which was analyzed using the Mars Analysis Software (BMG Labtech).
The curve obtained was baseline corrected to adjust for the background production of light,
which was calculated as the average values from cycles 40-60. The area under the curve of the
light measurements from cycles 15-39 was integrated to produce a chemiluminescent (CHL)
value for each well. The data was expressed as % CHL of the PBS (vehicle) control well.
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1.) nCHL = CHLcycles 15-39 - CHLcycles 40-60

2.) % CHL =

Where CHLcycles represents the sum of the curve value for each well, and nCHL represents the
baseline corrected, normalized CHL signal. The percentage CHL (% CHL) was obtained by
dividing the normalized CHL value for the sample well (nCHLsample) by the normalized CHL
value of the control well (nCHLcontrol).

2.11. Effects of biochemical stressors on the TFAM mRNA expression levels by astrocytic
cells
2.11.1. mRNA extraction from U-373 MG astrocytic cells and primary human astrocytes
RNA extraction was performed on at least 3 independently grown populations of U-373 MG
cells and at least three different surgical cases of primary human astrocytes. As U-373 MG cells
are more resilient to insult, especially oxidative damage, compared to U-118 MG cells, they were
chosen for the qPCR experiments. Positive results obtained by using U-373 MG cells were
confirmed with the primary human astrocytes. RNA extraction was performed according to the
instruction manual of the Aurum Total RNA Mini Kit from Bio-Rad. All the reagents mentioned
except for the ice cold PBS and the 70% molecular grade ethanol were provided in the kit.
Adherent U-373 MG cells and primary human astrocytes were removed from the surface
of the flask by incubating the cells in 1.5 ml of 0.25% trypsin/EDTA solution for 2 min at 37 °C,
followed by gentle tapping of the T-75 flask to aid the detachment of cells from the flask surface.
Trypsin was neutralized by adding 10 ml of F10 media. Cells were then counted, centrifuged at
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450 g for 7 min and re-suspended to a final concentration of 0.5 million cells/ml. The U-373 MG
cells were seeded in 2 ml F10 media per well in sterile 6-well plates, while the primary human
astrocytes were seeded in 10 ml F10 per well in sterile 10 cm2 tissue culture dishes. Both U-373
MG and primary human astrocytes were left to adhere to the petri dish surface for 24 h in the
incubator. Following the incubation period, the U-373 MG cells were treated with IFN-γ (150
U/ml), H2O2 (100 μM), IFN-γ (150 U/ml) plus IL-1β (100 U/ml), or the PBS vehicle control.
Since H2O2 was the only stressor to significantly induce the expression of TFAM in U-373 MG
cells, and sufficient amounts of RNA are often difficult to obtain from primary human astrocytes,
H2O2 was the only stimulant investigated for its ability to induce TFAM expression in primary
human astrocytes. However, H2O2 was added at a concentration of 50 μM instead of 100 μM,
due to the increased sensitivity of primary cells to stressors such as H2O2. After additional 24 h
incubation with the stimulants, RNA was extracted from the cells.

2.11.2. mRNA spin column protocol
After the final incubation, all the media was removed from the plates and the cells were washed
once with ice-cold PBS. Cells were lysed by adding 350 μl of the lysis solution provided in the
kit, followed by the addition of 350 μl of 70% molecular grade ethanol. The solutions were
pipetted up and down to mix thoroughly, and transferred into a 2 ml microtube containing an
RNA binding column. The tube was capped and centrifuged for 30 s at 12,000 g. The
lysis/ethanol solution was discarded and 700 μl of low stringency wash solution was added to the
column. The columns were centrifuged for 30 s at 12,000 g and the flow-through was discarded.
80 μl of DNase I solution was made by combining 5 μl of DNase I powder reconstituted in 10
mM Tris with 75 μl of DNase dilution buffer, and was added to each column. The columns were
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allowed to incubate with this solution for 15 min at room temperature to remove any potential
genomic DNA contamination from the samples. Following incubation, 700 μl of high stringency
wash solution was added to the columns. Columns were centrifuged for 30 s at 12,000 g and the
flow-through was discarded, followed by addition of 700 μl of low stringency solution and
centrifugation at 12,000 g for 1 min. To remove any residual wash solution the columns were
centrifuged at 12,000 g for an additional 2 min. The columns were then transferred to 1.5 ml
capped Eppendorf tubes and 80 μl of elution solution was added and allowed to incubate for 1
min for columns containing extracts from U-373 MG cells. To elute RNA from primary human
astrocytes 40 μl of elution solution was added instead of 80 μl. The columns were centrifuged for
2 min at 12,000 g and the total eluted RNA was collected. The RNA was quantified
spectrophotometrically using a NanoDrop 1000 (Thermo Scientific), and the OD260/280 values
were all within the accepted range of 1.8-2. RNA was stored at -80°C prior to cDNA conversion.

2.11.3. cDNA synthesis
The iScript cDNA synthesis kit (Bio-Rad) was used according to the manufacturer’s protocol to
convert RNA to cDNA . One μg of each RNA sample was converted to cDNA by combining 4
μl of RT reaction mix and 1 μl of reverse transcriptase enzyme with appropriate volumes of the
RNA solution and nuclease-free water to make up a total reaction volume of 20 μl in a 0.2 ml
Eppendorf tube. The tubes were finger vortexed, briefly centrifuged, and then placed in a C-1000
thermal cycler (Bio-Rad). The RT reaction was carried out in three stages: 5 min at 25°C, 30 min
at 45°C, and 5 min at 85°C. The cDNA samples were diluted 1:5 in nuclease-free water and
stored at -20°C.
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2.11.4. Quantitative polymerase chain reaction (qPCR)
The TFAM forward and reverse primer sequences were obtained from a previous publication 127,
and are listed in Table 1. The primers were purchased from Integrated DNA Technologies (IDT)
and checked for specificity using the national centre for biotechnology information (NCBI)
primer basic local alignment search tool (BLAST).

Table 1: TFAM primer sequences used in qPCR experiments

Tests for optimal annealing temperature, primer dimer formation and primer efficiency
were conducted on the primer set before its use in the qPCR experiment to ensure that Minimum
Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines
were met 128. The amplification curve was used to determine the optimal annealing temperature
for the primer sets, while the melt curve analysis was performed to demonstrate amplification
specificity, which was confirmed by the presence of a single peak in the melt curve. Primer
efficiency was evaluated by plotting template dilutions against cycle threshold values (Ct),
resulting in a standard curve which was within standard accepted values of 90-110% 129. The
efficiency curve for the TFAM primer pair is shown in Figure 2.
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Figure 2. TFAM primer efficiency data. cDNA from U-373 MG cells stimulated with IFN-γ
(150 U/ml) for 24 h was used to optimize primers. TFAM primer amplification curve (A), melt
curve (B) and standard curve (C) are shown. All values are within standard accepted values for
publishing 129.

qPCR reactions were performed in duplicate on 3-5 independent biological samples and
at least three different surgical cases of primary cells in 96-well plates (Bio-Rad). The total
reaction volume for each reaction was 10 μl, containing: 5 μl Ssofast Evagreen Supermix (BioRad), 0.8 μl of each primer set (5 μM), 1 ng of cDNA template and 3.2 μl of nuclease-free water.
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The negative controls: no template control (NTC) and no reverse transcriptase control (NRT)
were included to ensure that the observed amplification is not due to DNA contamination in the
solutions. The reactions were performed in the CFX96 Real Time System (Bio-Rad) and
consisted of the following steps: 95°C for 5 min, followed by 40 cycles of 95°C for 5 s, 59°C for
5 s, followed by a disassociation stage of 95°C for 10 s, 65°C for 5 s, and 95°C for 5 s. The gene
expression in each sample was normalized to the reference gene beta-actin expression level. The
relative quantification of RNA in each stimulated sample was calculated using the ΔΔCt method
with the unstimulated samples serving as the control.

2.12. Effects of TFAM on microparticle release by glial cells
2.12.1. Isolating microparticles from THP-1 promonocytic cells
MPs were isolated using previously published protocols 88, 130, 131, which were modified as
follows. THP-1 cells were counted using the hemocytometer, centrifuged at 450 g for 7 min and
re-suspended at a concentration of 0.5 million cells/ml in sterile 24-well plates (see section
2.4.1.). The cells were incubated for 30 min at 37°C. Then, they were stimulated with TFAM
(2.5 μg/ml), IFN-γ (150 U/ml), LPS (0.5 μg/ml) or the vehicle control and incubated for 24 h.
Following the incubation period, the cultured supernatants from each well were collected in
separate 50 ml centrifuge tubes and differentially centrifuged in three steps at 4°C: (1.) 5 min at
300 g, (2.) 20 min at 1,200 g, (3.) 30 min at 10,000g. After each centrifugation step, the
supernatants were collected and transferred into new 50 ml tubes. After the third step, however,
the supernatants were discarded. The pellets were re-suspended in 1 ml of sterile PBS and
transferred into 1.5 ml Eppendorf tubes. Tubes were centrifuged for 30 min at 10,000 g to wash
the MPs. Following the wash step, PBS was discarded and the pellet was re-suspended in 500 μl
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1X Annexin-V binding buffer, diluted 10X in sterile miliQ water from the Annexin-V Apoptosis
Detection Kit (BD Biosciences). The samples were kept at -20°C.
MPs were identified under the Olympus fluorescence microscope (Figure 3) and analyzed
using MetaMorph (Molecular Devices, Sunnyvale CA). However, the size of the visible MPs
suggested that they were aggregates. Therefore, the flow cytometer was used to quantify the MPs
instead.

Figure 3. Example of MPs stained with Annexin-V-FITC visualized under the Olympus
fluorescence microscope (100 x total magnification).

For use in the flow cytometer, 100 μl of PBS containing MPs were transferred into 1.5 ml
Eppendorf tubes and 5 μl of Annexin-V-FITC were added. Annexin-V was selected as it binds to
the externalized phosphatidylserine on the surface of MPs. The tubes were incubated at room
temperature, in the dark for 15 min. Next, the tubes were centrifuged for 30 min at 10,000g to
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remove any unbound Annexin-V-FITC. The pellet was re-suspended in 100 μl 1X Annexin-V
binding buffer and analyzed using the MACSQuant Analyzer (Miltenyi Biotec) (Figure 3).
The flow cytometer was calibrated using beads of a predetermined size (1-900 nm).
These were passed through the flow cytometer. As a result, a calibration gate (see arrow in
Figure 4A) could be drawn in the MACSQuant Analyzer program to characterize the MPs that
were in the 1-900 nm size range. Once the flow cytometer had been calibrated, 20 μl of each
sample were taken up and analyzed for the presence of MPs. If MPs are present within the
sample solution, they scatter light of the laser beam within the flow cytometer. Detectors then
pick up the forward- and side-scattered light to detect and quantify the MPs in the sample
suspension. Forward-scattered light determines the size, while side-scattered light determines the
granularity/complexity of the particles.
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B

C

Figure 4. Example of flow cytometry data. THP-1 cells were stimulated with IFN-γ (150
U/ml) plus LPS (0.5 μg/ml) for 24 h. Cultured supernatants were differentially centrifuged to
isolate MPs. MPs were stained with Annexin-V-FITC and quantified by flow cytometry. (A)
indicates the gate used to calibrate the flow cytometer. (B) illustrates the number of MPs that fall
within the gate and stain positive for Annexin-V. (C) The table shows the MP counts recorded in
each region (MP Gate and Annexin-V+).

2.12.2. Determining the neurotoxic properties of microparticles
To assess the neurotoxic properties of the isolated MPs previously published experimental
procedures 132 were modified as follows. The isolated MPs were used to stimulate THP-1 cells to
determine whether MPs affect THP-1 cell viability. Subsequently, THP-1 cell supernatants were
transferred onto SH-SY5Y neuronal cells to assess their potential neurotoxicity. In addition, the
isolated MPs were investigated for their ability to induce ROS release from HL-60 cells using
the respiratory burst assay.
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In order to use the MPs as stimulants in the transfer and respiratory burst experiments, the
protein concentrations present in each MP sample were determined, to ensure that the THP-1
cells and the HL-60 cells were stimulated with equal amounts of MPs. The Pierce BCA Protein
Assay Kit (ThermoScientific) was used according to the manufacturer’s instructions. A dilution
series of BSA standards ranging from 0.025 to 2 mg/ml was prepared by diluting the BSA stock
solution in dH2O. Then 10 μl of MP samples were pipetted in duplicate into a 96-well plate. 200
μl of working reagent (50 : 1, Reagent A:B from the kit) were added to each sample, after which
the plate was placed on the plate shaker and mixed thoroughly for 30 s. The plate was covered
with Parafilm and incubated at 37°C in the dry incubator for 30 min, followed by the absorbance
(O.D.) measurement at 570 nm. The average O.D. for each standard was plotted as a function of
the protein concentration used to generate a standard curve, which was required to calculate the
protein concentration in the unknown MP samples.
For the transfer experiments, THP-1 cells were counted, centrifuged at 450 g for 7 min
and re-suspended at a concentration of 0.5 million cells/ml in sterile 96-well plates (see section
2.4.1.). After 30 min recovery time in the incubator, the cells were stimulated with the THP-1derived MPs (10 μg of protein/ml) and incubated at 37°C for 48 h. Following the incubation
period, the cultured supernatants were transferred onto SH-SY5Y cells that had been plated 24 h
earlier (see section 2.4.2.). In addition, 100 μl were collected for IL-6, TNF-α and MCP-1
ELISA assays and the remaining supernatants were tested for THP-1 cell viability using the
MTT assay. The SH-SY5Y cells were incubated for an additional 72 h at which point the LDH
and MTT assays were performed.
For the respiratory burst experiments, HL-60 cells were differentiated with DMSO for 5
days, as described in section 2.10.1. Differentiated HL-60 cells were harvested from the 10 cm2
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tissue culture dish, centrifuged at 450 g for 7 min and plated in 96-well plates at a final
concentration of 1 million cells/ml in 250 μl clear (phenol red free) F2. The cells were allowed to
rest for 30 min in the CO2 incubator at 37°C before being primed with the THP-1 cell-derived
MPs (10 μg of protein/ml) and incubated at 37°C for 24 h. Following incubation, the respiratory
burst assay was performed (see section 2.10.2.).

2.13. Statistical Analyses
SPSS software (version 22.0, IBM SPSS, Chicago IL, USA) and GraphPad PRISM software
(version 6.0, GraphPad Software Inc, La Jolla CA, USA) were used to conduct statistical
analyses of the data. Randomized block design-analysis of variance (ANOVA) was used to test
for significance, as it accounts for the high variability between different experimental days by
organizing data from each day into a block. The ANOVA was followed by Fisher’s least
significant difference (LSD) post hoc test for multiple comparisons to evaluate the significance
of individual differences. Data are presented as means ± standard error of the mean (SEM) and
significance was established at P<0.05. Significant differences from the unstimulated control is
indicated on the graphs as follows: *P<0.05, **P<0.01. Significant differences between
uninhibited and inhibited cells or between different treatments is indicated on the graphs as
follows: #P<0.05, ##P<0.01 or &P<0.05, &&P<0.01.
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Chapter 3. Results
3.1. Toxicity of TFAM-stimulated THP-1 promonocytic cells towards SH-SY5Y neuronal
cells
TFAM was tested for its ability to induce THP-1 cytotoxicity towards SH-SY5Y neuronal cells.
Experiments were performed as described in the Materials and Methods section 2.4.1. TFAM
was tested at a concentration of 2.5 μg/ml in the presence or absence of IFN-γ (150 U/ml), as this
combination has previously been shown to successfully induce THP-1 cell activation 120. The
results were compared to the data obtained from the PBS-vehicle treated cells. In addition, as a
positive control, THP-1 cells were treated with IFN-γ plus LPS (0.5 μg/ml), as well as a proinflammatory cocktail composed of IL-6 (1 ng/ml), IL-1β (100 U/ml) and TNF-α (2 ng/ml), as
these combinations of stimulants have previously been shown to induce the activation of
microglial cells and subsequent neurotoxicity 22. Following 48 h stimulation, the viability of
THP-1 cells was measured by the MTT assay (Figure 5A). TFAM and IFN-γ on their own, as
well as TFAM plus IFN-γ did not significantly affect the viability of THP-1 cells. The proinflammatory cocktail and IFN-γ plus LPS decreased the viability of the THP-1 cells, which has
been observed before with potent monocytic cell stimuli 22, 120.
THP-1 supernatants were transferred onto SH-SY5Y cells and following a 72 h
incubation period the viability of the SH-SY5Y cells was measured by the MTT assay (Figure
5B). Stimulation of THP-1 cells with TFAM or IFN-γ on their own did not induce THP-1
toxicity towards SH-SY5Y cells, and no decrease in neuronal cell viability was measured. In
contrast, TFAM plus IFN-γ induced microglial toxicity towards neuronal cells, as demonstrated
by a decrease in viability to ~60% (Figure 5B). Furthermore, the pro-inflammatory cocktail, as
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well as IFN-γ plus LPS induced THP-1 toxicity towards SH-SY5Y cells and caused a decrease in
neuronal cell viability, thus demonstrating that the assay performed as expected.
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Figure 5. TFAM plus IFN-γ induces THP-1 toxicity towards SH-SY5Y cells. (A) THP-1 cells
were treated with TFAM (2.5 μg/ml), IFN-γ (150 U/ml), LPS (0.5 μg/ml), IL-6 (1 ng/ml), IL-1β
(100 U/ml), TNF-α (2 ng/ml) or combinations of these stimulants as shown on the abscissa.
THP-1 cell viability was measured by the MTT assay at the end of the 48 h incubation period
with the stimuli. (B) The MTT assay was used to test the viability of SH-SY5Y cells exposed for
72 h to conditioned media from unstimulated THP-1 cells or THP-1 cells differentially treated as
described on the abscissa. Data from 3-10 independent experiments are presented (means ±
SEM). *P<0.05, **P<0.01, significantly different from unstimulated control (ANOVA, followed
by Fisher’s LSD post-hoc test).
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3.2. Toxicity of stimulated U-118 MG astrocytic cells towards SH-SY5Y neuronal cells
To determine the effect of TFAM on a different glial model, the above experiments (see section
3.1.) were repeated in a similar manner using U-118 MG astrocytic cells. TFAM and IFN-γ were
again tested for their ability to induce glial activation resulting in toxicity towards the SH-SY5Y
neuronal cells. The experiments were performed as described in the Materials and Methods
section 2.4.1.
The U-118 MG cells were stimulated with TFAM, IFN-γ, TFAM plus IFN-γ and a
combination of IFN-γ plus IL-1β, as the latter has been shown to be effective at inducing
activation of these cells, similar to IFN-γ plus LPS in THP-1 cells 112, 113. After 48 h incubation,
U-118 MG cell viability was tested using the MTT assay, and no significant decrease in viability
could be detected (Figure 6A). Aliquots of the cultured supernatants were collected to be
analyzed by ELISA (Figure 7). Supernatants were also transferred onto SH-SY5Y neuronal cells
to investigate the neurotoxic potential of TFAM in astrocyte-like cells. After 72 h incubation of
the SH-SY5Y cells with the U-118 MG cell supernatants, the neuronal cell viability was tested
by the MTT assay (Figure 6B).
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Figure 6. TFAM plus IFN-γ induces U-118 MG toxicity towards SH-SY5Y neuronal cells.
(A) U-118 MG cells were treated with TFAM (2.5 μg/ml), IFN-γ (150 U/ml), IL-1β (100 U/ml)
or combinations of these stimulants as shown on the abscissa. U-118 MG cell viability was
measured by the MTT assay at the end of the 48 h incubation period with the stimuli. (B) The
MTT assay was used to test the viability of SH-SY5Y cells exposed for 72 h to conditioned
media from unstimulated U-118 MG cells or U-118 MG cells differentially treated as described
on the abscissa. Data from 3-10 independent experiments are presented (means ± SEM).
*P<0.05, **P<0.01, significantly different from unstimulated control; #P<0.05, significant
difference between IFN-γ and TFAM plus IFN-γ or between IFN- γ and IFN-γ plus IL-1β
(ANOVA, followed by Fisher’s LSD post-hoc test).

Stimulation of U-118 MG cells with TFAM alone did not significantly reduce the
viability of SH-SY5Y cells (Figure 6B). However, in combination with IFN-γ, TFAM induced
U-118 MG toxicity towards SH-SY5Y cells, observed by a significant decrease in viability of the
neuronal cells to ~70% viability (Figure 6B). IFN-γ on its own also induced U-118 MG toxicity
towards SH-SY5Y cells, as seen by a similar decrease in the viability of the neurons. However,
there was a significant difference between the effect of IFN-γ- and TFAM plus IFN-γ-stimulated
48

U-118 MG cells on the SH-SY5Y cells (Figure 6B), indicating that the observed neuronal
toxicity was due to TFAM stimulation in addition to the effect of IFN-γ stimulation. Moreover,
IFN-γ plus IL-1β, acting as the positive control, induced U-118 MG toxicity, decreasing SHSY5Y cell viability, thus demonstrating the utility of the assay.
The collected U-118 MG supernatants were analyzed to characterize the induced
neurotoxicity. The supernatants were analyzed by IL-6 and TNF-α ELISA. The results showed
that TFAM did not significantly induce the release of either IL-6 (Figure 7A) or TNF-α (Figure
7B) from U-118 MG cells. Similarly, TFAM plus IFN-γ were not able to induce measurable
secretion of IL-6 or TNF-α from U-118 MG cells, nor did IFN-γ plus IL-1β.
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Figure 7. TFAM has no effect on IL-6 or TNF-α secretion by U-118 MG cells. U-118 MG
cells were treated with TFAM (2.5 μg/ml), IFN-γ (150 U/ml), IL-1β (100 U/ml) or combinations
of these stimulants as shown on the abscissa. ELISA was used to measure (A) IL-6 and (B) TNFα in U-118 MG supernatants after 48 h incubation with stimuli. Data from 3-4 independent
experiments are presented (means ± SEM). No significance could be detected between the
different stimulants (ANOVA, followed by Fisher’s LSD post-hoc test). Dotted lines represent
the ELISA detection limits.

3.3. Toxicity of stimulated primary human astrocytes towards SH-SY5Y neuronal cells
TFAM was tested for its ability to induce primary human astrocyte toxicity towards SH-SY5Y
neuronal cells to confirm the results obtained with the U-118 MG astrocytic cells (see section
3.2.). The experiments were performed as described in the Materials and Methods section 2.4.1.
Primary human astrocytes were treated with TFAM, IFN-γ, TFAM plus IFN-γ or IFN-γ
plus IL-1β for 48 h. After the incubation period, viability of the primary human astrocytes was
assessed by using the MTT assay (Figure 8A). Similar to the results obtained with the U-118 MG
cells, none of the stimulants significantly affected the viability of the primary human astrocytes.
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Figure 8. TFAM plus IFN-γ induces primary human astrocyte toxicity towards SH-SY5Y
neuronal cells. (A) Primary human astrocytes were treated with TFAM (2.5 μg/ml), IFN-γ (150
U/ml), IL-1β (100 U/ml) or combinations of these stimulants as shown on the abscissa. Primary
human astrocyte viability was measured by the MTT assay at the end of the 48 h incubation
period with the stimuli. (B) The MTT assay was used to test the viability of SH-SY5Y cells
exposed for 72 h to conditioned media from unstimulated primary human astrocytes or primary
human astrocytes differentially treated as described on the abscissa. Data from 3-4 independent
experiments are presented (means ± SEM). **P<0.01, significantly different from unstimulated
control; #P<0.05, significant difference between IFN-γ and TFAM plus IFN-γ (ANOVA,
followed by Fisher’s LSD post-hoc test).

The supernatants from the primary human astrocytes were transferred onto the SH-SY5Y
neuronal cells to assess their cytotoxic potential. The neuronal cells were incubated for 72 h,
following which their viability was tested with the MTT assay (Figure 8B). TFAM did not
induce glial cell activation resulting in observed toxicity towards the neuronal cells. In the
presence of IFN-γ, however, primary human astrocytes became activated, which resulted in a
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decrease in the viability of the SH-SY5Y cells (Figure 8B). Moreover, similar to the results
obtained from the IFN-γ-stimulated U-118 MG cells, the primary human astrocytes stimulated
with IFN-γ alone also showed a negative effect on the viability of the SH-SY5Y cells. However,
there was a significant difference between IFN-γ alone and TFAM plus IFN-γ (Figure 8B)
indicating that TFAM in addition to the effects caused by IFN-γ is responsible for the observed
neurotoxicity in these cells, as well. The utility of the assay was once more confirmed by the
positive control IFN-γ plus IL-1β, which elicited primary human astrocyte toxicity towards SHSY5Y cells.
The primary human astrocyte supernatants that had been collected after the 48 h
incubation period with the different stimuli were analyzed by IL-6 ELISA (Figure 9). TFAM
alone increased the secretion of IL-6 by primary human astrocytes above the level of
unstimulated control cells. TFAM plus IFN-γ significantly increased IL-6 secretion by primary
human astrocytes compared to the secretion by the unstimulated control (Figure 9). Furthermore,
the IL-6 secretion induced by TFAM plus IFN-γ was significantly higher compared to the IL-6
secretion induced by TFAM alone (Figure 9). IFN-γ plus IL-1β (positive control) also
significantly increased IL-6 release by primary human astrocytes compared to the levels released
by unstimulated control cells, indicating that the ELISA successfully detected differences in
cytokine secretion 120.
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Figure 9. TFAM induces the secretion of IL-6 by primary human astrocytes. Primary human
astrocytes were stimulated with TFAM (2.5μg/ml), IFN-γ (150U/ml), TFAM plus IFN-γ or IFNγ plus IL-1β (100 U/ml) as shown on the abscissa. ELISA was used to measure IL-6 in primary
human astrocyte supernatants after 48 h incubation with the stimuli. Data from 3-4 independent
experiments are presented (means ± SEM). **P<0.01, significantly different from unstimulated
control; #P<0.05, significant difference between TFAM and TFAM plus IFN-γ (ANOVA,
followed by Fisher’s LSD post-hoc test). Dotted line represents the ELISA detection limit.

3.4. Toxicity of TFAM Box A- and Box B-stimulated glial cells towards SH-SY5Y neuronal
cells
The TFAM domain responsible for the induction of glial cell toxicity towards neuronal cells was
investigated. The effects of the individual HMG boxes of TFAM, Box A (2.5 μg/ml) and Box B
(2.5 μg/ml) on microglia and astrocytes were tested in these experiments and compared to the
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effects of full-length TFAM (2.5 μg/ml), as well as to unstimulated PBS-vehicle treated cells.
The experiments were performed as described in the Materials and Methods section 2.7.

3.4.1. The effect of TFAM Box A and Box B on THP-1 cells
THP-1 cells were stimulated with full-length TFAM, TFAM Box A or TFAM Box B in the
presence or absence of IFN-γ for 48 h to determine differences in the toxic potential of these
stimulants. After the incubation period, the viability of the THP-1 cells was measured by the
MTT assay (Figure 10A). The results showed that none of the stimulants significantly affected
the viability of THP-1 cells.
THP-1 cell supernatants were collected for ELISA analysis and transferred onto SHSY5Y cells to determine their neurotoxicity. After 72 h incubation in the supernatants, the
viability of the SH-SY5Y cells was assessed by the MTT assay (Figure 10B). TFAM plus IFN-γ
induced the activation of THP-1 cells, leading to a decrease in the viability of the neuronal cells
to ~60% (Figure 10B). Similarly, Box A plus IFN-γ- and Box B plus IFN-γ-stimulated THP-1
cells significantly reduced the viability of the neuronal cells (Figure 10B). The difference
between the effects on SH-SY5Y cell viability caused by THP-1 cells stimulated with Box A or
Box B was not statistically significant. Similarly, the difference between the decrease in neuronal
viability caused by Box A plus IFN-γ- or Box B plus IFN-γ-stimulated THP-1 cells and that
caused by full-length TFAM plus IFN-γ-stimulated THP-1 cells was not significantly different.
Thus the data indicated that Box A and Box B were equipotent at inducing toxicity of THP-1
cells towards SH-SY5H cells. The previously collected THP-1 supernatants were analyzed by
ELISA for MCP-1 secretion; however, no significant differences in MCP-1 levels between
treatments could be detected; therefore, the data are not presented.
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Figure 10. Box A and Box B domains of TFAM are equipotent at inducing THP-1 toxicity
towards SH-SY5Y cells. (A) THP-1 cells were treated with TFAM (2.5 μg/ml), Box A (2.5
μg/ml), Box B (2.5 μg/ml), IFN-γ (150 U/ml) or combinations of these stimulants as shown on
the abscissa. THP-1 cell viability was measured by the MTT assay at the end of the 48 h
incubation period with the stimuli. (B) The MTT assay was used to test the viability of SHSY5Y cells exposed for 72 h to conditioned media from unstimulated THP-1 cells or THP-1
cells differentially treated as described on the abscissa. Data from 3-8 independent experiments
are presented (means ± SEM). *P<0.05, **P<0.01, significantly different from unstimulated
control (ANOVA, followed by Fisher’s LSD post-hoc test).

3.4.2. The effect of TFAM Box A and Box B on U-118 MG cells
The above experiments on THP-1 cells (see section 3.4.1.) were repeated with astrocytic cells to
determine whether the observed equipotency of TFAM Box A and Box B at decreasing neuronal
viability could also be observed in a different glial cell type.
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U-118 MG astrocytic cells were stimulated with full-length TFAM, TFAM Box A or
TFAM Box B in the presence or absence of IFN-γ. The combination of IFN-γ plus IL-1β was
used as a positive control. Following 48 h incubation with the stimulants, the viability of the U118 MG cells was assessed by the MTT assay (Figure 11A).
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Figure 11. Box A and Box B domain of TFAM are equipotent at inducing U-118 MG
toxicity towards SH-SY5Y cells. (A) U-118 MG cells were treated with full-length TFAM (2.5
μg/ml), Box A (2.5 μg/ml), Box B (2.5 μg/ml), IFN-γ (150 U/ml), IL-1β (100 U/ml) or
combinations of these stimulants as shown on the abscissa. U-118 MG cell viability was
measured by the MTT assay at the end of the 48 h incubation period with the stimuli. (B) The
MTT assay was used to test the viability of SH-SY5Y cells exposed for 72 h to conditioned
media from unstimulated U-118 MG cells or U-118 MG cells differentially treated as described
on the abscissa. Data from 4-9 independent experiments are presented (means ± SEM). *P<0.05,
**P<0.01, significantly different from unstimulated control; #P<0.05, significant difference
between IFN-γ and TFAM plus IFN-γ or IFN-γ and IFN-γ plus IL-1β (ANOVA, followed by
Fisher’s LSD post-hoc test).
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TFAM Box A plus IFN- γ and Box B plus IFN- γ were the only stimuli to significantly
affect the viability of the U-118 MG cells (Figure 11A). Although Box A plus IFN-γ and Box B
plus IFN-γ significantly decreased the viability of U-118 MG cells, the viability remained ~70%,
thus minimizing the possibility that any effects on the viability of SH-SY5Y cells observed may
be due to U-118 MG cell death rather than activation. Moreover, similar effects on astrocyte cell
viability have been observed before with potent astrocytic cell stimuli 113.
U-118 MG cell supernatants were collected for ELISA analysis and were transferred onto
SH-SY5Y cells. After incubating with the supernatants for 72 h, the viability of the SH-SY5Y
cells was measured by the MTT assay (Figure 11B). The results showed that similar to fulllength TFAM alone, Box A and Box B on their own did not induce U-118 MG toxicity towards
the SH-SY5Y cells. However, in the presence of IFN-γ, Box A and Box B induced significant
toxicity of U-118 MG cells towards SH-SY5Y neuronal cells that was comparable to that
induced by TFAM plus IFN-γ (Figure 11B). Moreover, the decreases in neuronal viability
induced by U-118 MG cells stimulated with Box A or Box B plus IFN-γ or with TFAM plus
IFN-γ were not statistically different from each other. This indicated that the boxes were also
equipotent in this glial cell line. Although IFN-γ-stimulated U-118 MG cells decreased the
viability of the SH-SY5Y cells, there was a statistical difference between IFN-γ and TFAM plus
IFN-γ stimulation (Figure 11B), indicating that the decrease in viability was likely due to TFAM
in addition to the effect of IFN-γ.
The U-118 MG supernatants were analyzed by ELISA to determine TNF-α secretion
induced by TFAM. However, none of the stimulants significantly induced the release of TNF-α
above the levels of the unstimulated control cells; as such the data are not presented.
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3.4.3. The effect of TFAM Box A and Box B on primary human astrocytes
The experiments with U-118 MG cells were repeated using primary human astrocytes to confirm
the results obtained. Primary human astrocytes were stimulated in a similar manner to the U-118
MG cells. Full-length TFAM, TFAM Box A and TFAM Box B were added to the primary
human astrocytes in the presence or absence of IFN-γ, and the cells were incubated for 48 h.
IFN-γ plus IL-1β was used as the positive control in these experiments. Following the incubation
period, the viability of the primary human astrocytes was measured by the MTT assay (Figure
12A).
The viability of the primary human astrocytes was affected by Box A or Box B in the
presence and absence of IFN-γ. However, the viability of the primary human astrocytes did not
decrease below ~90%, thus making the possibility unlikely that the effects observed downstream
in the SH-SY5Y cells were due to the death of the primary human astrocytes rather than their
activation. Moreover, similar effects on primary human astrocyte cell viability have been
observed before with potent astrocytic cell stimuli 113.
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Figure 12. TFAM Box B is less potent than full-length TFAM or TFAM Box A at inducing
primary human astrocyte toxicity towards SH-SY5Y cells. (A) Primary human astrocytes
were treated with TFAM (2.5 μg/ml), Box A (2.5 μg/ml), Box B (2.5 μg/ml), IFN-γ (150 U/ml),
IL-1β (100 U/ml) or combinations of these stimulants as shown on the abscissa. Primary human
astrocyte viability was measured by the MTT assay at the end of the 48 h incubation period with
the stimuli. (B) The MTT assay was used to test the viability of SH-SY5Y cells exposed for 72 h
to conditioned media from unstimulated primary human astrocytes or primary human astrocytes
differentially treated as described on the abscissa. Data from 3-4 independent experiments are
presented (means ± SEM). *P<0.05, **P<0.01, significantly different from unstimulated control;
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P<0.05, significant difference between TFAM plus IFN-γ and IFN-γ; ##P<0.01, significant

difference between TFAM plus IFN-γ and Box B plus IFN-γ; &P<0.05, significant difference
between Box A plus IFN-γ and Box B plus IFN-γ (ANOVA, followed by Fisher’s LSD post-hoc
test).
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The primary human astrocyte supernatants were transferred onto SH-SY5Y cells and
collected to be analyzed by ELISA. The SH-SY5Y cells were incubated in astrocyte supernatants
for an additional 72 h, after which their viability was assessed by the MTT assay (Figure 12B).
The toxicity of the primary human astrocytes towards the SH-SY5Y cells was comparable to that
induced by the U-118 MG cells. Full-length TFAM, Box A and Box B in the absence of IFN-γ
did not induce primary human astrocyte activation; no decrease in the viability of the SH-SY5Y
cells was observed. When primary human astrocytes were stimulated with TFAM or Box A in
the presence of IFN-γ, however, the SH-SY5Y viability decreased to ~50% (Figure 12B). Box B
plus IFN-γ-stimulated primary human astrocytes also decreased the viability of the SH-SY5Y
cells to ~65% (Figure 12B). The difference in primary human astrocyte toxicity induced by Box
A plus IFN-γ and Box B plus IFN-γ was statistically significant (Figure 12B). Moreover, Box A
plus IFN-γ-mediated activation of primary human astrocytes was not significantly different from
full-length TFAM plus IFN-γ-mediated activation. Combined, these results may indicate that, in
primary human astrocytes, Box B is less potent than Box A and the full-length TFAM at
inducing glial cell toxicity towards neuronal cells.
The IL-6 ELISA data revealed no significant IL-6 release by primary human astrocytes in
response to stimulation by TFAM Box A or TFAM Box B. The addition of IFN-γ to Box A or
Box B also did not induce a significant release of IL-6 by primary human astrocytes over the
level secreted by the unstimulated control cells (Figure 13). The only significant release of IL-6
by primary human astrocytes was induced by stimulation with full-length TFAM, TFAM plus
IFN-γ and IFN-γ plus IL-1β (Figure 13).
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Figure 13. Box A and Box B of TFAM have no effect on the secretion of IL-6 by primary
human astrocytes. Primary human astrocytes were stimulated with TFAM (2.5μg/ml), Box A
(2.5μg/ml), Box B (2.5μg/ml), IFN-γ (150U/ml), IL-1β (100 U/ml) or combinations of these
stimulants as shown on the abscissa. ELISA was used to measure IL-6 in primary human
astrocyte supernatants after 48 h incubation with the stimuli. Data from 3-4 independent
experiments are presented (means ± SEM). **P<0.01, significantly different from unstimulated
control (ANOVA, followed by Fisher’s LSD post-hoc test). Dotted line represents the ELISA
detection limit.

3.5. Inhibition of TFAM-induced microglial toxicity by blocking the RAGE and Mac-1
receptors
3.5.1. Targeting the RAGE receptor
Experiments were performed as described in the Materials and Methods section 2.8.1. THP-1
cells were treated with heparin for 30 min prior to stimulation with TFAM (2.5 μg/ml), IFN-γ
(150 U/ml) or TFAM plus IFN-γ. Following 48 h incubation, viability of the THP-1 cells was
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measured by the MTT assay (Figure 14A). At the concentrations tested, neither heparin, nor
TFAM in the presence or absence of IFN-γ were toxic to THP-1 cells.
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Figure 14. Heparin attenuates TFAM plus IFN-γ-induced THP-1 cell toxicity towards SHSY5Y neuronal cells. (A) THP-1 cells were pre-treated with heparin (HEP, 250 μg/ml) and
stimulated with TFAM (2.5 μg/ml), IFN-γ (150 U/ml) or combinations of these stimulants as
shown on the abscissa. THP-1 cell viability was measured by the MTT assay at the end of the 48
h incubation period with the various stimuli. (B) The MTT assay was used to test the viability of
SH-SY5Y cells exposed for 96 h to conditioned media from unstimulated THP-1 cells or THP-1
cells differentially treated as described on the abscissa. Data from 3-5 independent experiments
are presented (means ± SEM). **P<0.01, significantly different from unstimulated control;
##

P<0.01, significant difference between TFAM plus IFN-γ and TFAM plus IFN-γ in the

presence of heparin (ANOVA, followed by Fisher’s LSD post-hoc test).
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After the 48 h incubation period, the supernatants from the THP-1 cells were transferred
onto the SH-SY5Y neuronal cells to assess the neurotoxic potential of TFAM in the presence and
absence of heparin. The remaining supernatants were collected to be analyzed by ELISA.
Following 96 h incubation with THP-1 supernatants, the SH-SY5Y cell viability was tested using
the MTT assay (Figure 14B). Only the supernatants from the THP-1 cells treated with TFAM
plus IFN-γ induced significant THP-1-mediated toxicity towards SH-SY5Y neuronal cells
(Figure 14B). In the presence of heparin (250 μg/ml), this neurotoxicity was attenuated,
suggesting the involvement of RAGE (Figure 14B).
The supernatants that had been collected from the THP-1 cells were analyzed by ELISA
for MCP-1 secretion. Stimulation with TFAM plus IFN-γ significantly induced the release of
MCP-1 by THP-1 cells (Figure 15). TFAM or IFN-γ alone also increased MCP-1 secretion. The
addition of heparin to the TFAM plus IFN-γ-stimulated THP-1 cells significantly decreased the
secretion of MCP-1 compared to the secretion by the uninhibited TFAM plus IFN-γ-stimulated
cells (Figure 15).
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Figure 15. Heparin decreases MCP-1 secretion by TFAM plus IFN-γ-stimulated THP-1
cells. THP-1 cells were pre-treated with heparin (HEP, 250 μg/ml) and stimulated with TFAM
(2.5 μg/ml), IFN-γ (150 U/ml) or combinations of these stimulants as shown on the abscissa.
ELISA was used to measure MCP-1 in THP-1 supernatants after 48 h incubation with the
stimuli. Data from 5-7 independent experiments are presented (means ± SEM). *P<0.05,
**P<0.01, significantly different from unstimulated control; #P<0.05, significant difference
between TFAM plus IFN-γ and TFAM plus IFN-γ in the presence of heparin; ##P<0.01
significant difference between TFAM plus IFN-γ and TFAM (ANOVA, followed by Fisher’s
LSD post-hoc test). Dotted line represents the ELISA detection limit.

To test the ability of more specific RAGE inhibitors to attenuate THP-1 toxicity towards
SH-SY5Y cells, sRAGE, the truncated form of the RAGE receptor, and anti-RAGE antibodies
were used. THP-1 cells were pre-treated with sRAGE (10 μg/ml) or anti-RAGE (10 μg/ml)
antibodies prior to stimulation with TFAM, IFN-γ or TFAM plus IFN-γ. Following 48 h
incubation, the viability of the THP-1 cells was assessed by the MTT assay. In addition, the
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THP-1 cell supernatants were transferred onto SH-SY5Y cells to determine the ability of the
antibodies to attenuate the induced neurotoxicity, while the remaining supernatants were
collected to be analyzed with the MCP-1 ELISA. The SH-SY5Y cells were incubated for
additional 72 h before being tested for viability with the MTT and LDH assays. However, these
supernatant transfer experiments did not yield any significant differences between treatments; as
such the data are not presented in this thesis.
In contrast, the collected THP-1 supernatants were analyzed by ELISA and the results
showed that sRAGE (Figure 16) and anti-RAGE antibody (Figure 17), similar to heparin,
decreased the secretion of MCP-1 by TFAM plus IFN-γ-stimulated THP-1 cells. This further
implicated the involvement of RAGE in mediating the effects of TFAM. RAGE alone, however,
was not responsible for all the effects of TFAM, as the attenuation of neurotoxicity and the
decreases in MCP-1 secretion were only partial. This suggested the involvement of additional
mechanisms in mediating the activity of TFAM.
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Figure 16. sRAGE inhibits MCP-1 secretion by THP-1 cells stimulated with TFAM or
TFAM plus IFN-γ-. THP-1 cells were pre-treated with sRAGE (10 μg/ml) and stimulated with
TFAM (2.5 μg/ml), IFN-γ (150 U/ml) or combinations of these stimulants as shown on the
abscissa. ELISA was used to measure MCP-1 in THP-1 supernatants after 48 h incubation with
stimuli. Data from 3-10 independent experiments are presented (means ± SEM). *P<0.05,
significantly different from unstimulated control; #P<0.05, significant difference between TFAM
and TFAM plus IFN-γ or TFAM and TFAM in the presence of sRAGE; &P<0.05, significant
difference between TFAM plus IFN-γ and TFAM plus IFN-γ in the presence of sRAGE
(ANOVA, followed by Fisher’s LSD post-hoc test). Dotted line represents the ELISA detection
limit.
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Figure 17. Blocking RAGE by a specific antibody inhibits MCP-1 secretion by TFAM plus
IFN-γ-stimulated THP-1 cells. THP-1 cells were pre-treated with anti-RAGE antibody (10
μg/ml) and stimulated with TFAM (2.5 μg/ml), IFN-γ (150 U/ml) or combinations of these
stimulants as shown on the abscissa. ELISA was used to measure MCP-1 in THP-1 supernatants
after 48 h incubation with the stimuli. Data from 3-7 independent experiments are presented
(means ± SEM). **P<0.01, significantly different from unstimulated control; #P<0.05,
significant difference between TFAM plus IFN-γ and TFAM or TFAM plus IFN-γ and TFAM
plus IFN-γ in the presence of anti-RAGE antibody (ANOVA, followed by Fisher’s LSD post-hoc
test). Dotted line represents the ELISA detection limit.

3.5.2. Targeting the Mac-1 receptor
THP-1 cells were treated with the anti-Mac-1 antibody for 30 min prior to stimulation with
TFAM, IFN-γ or TFAM plus IFN-γ. Following 48 h incubation, THP-1 cells were tested for
viability by the MTT assay (Figure 18A). None of the stimulants or the antibody significantly
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decreased the viability of the THP-1 cells; similar to the results obtained with the heparin-treated
THP-1 cells (Figure 14A).
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Figure 18. Blocking the Mac-1 receptor attenuates TFAM plus IFN-γ-induced THP-1 cell
toxicity towards SH-SY5Y neuronal cells. (A) THP-1 cells were pre-treated with anti-Mac-1
antibody (20 μg/ml) and stimulated with TFAM (2.5 μg/ml), IFN-γ (150 U/ml) or combinations
of these stimulants as shown on the abscissa. THP-1 cell viability was measured by the MTT
assay at the end of the 48 h incubation period with the various stimuli. (B) The MTT assay was
used to test the viability of SH-SY5Y cells exposed for 72 h to conditioned media from
unstimulated THP-1 cells or THP-1 cells differentially treated as described on the abscissa. Data
from 3-7 independent experiments are presented (means ± SEM). **P<0.01, significantly
different from unstimulated control; ##P<0.01, significant difference between TFAM plus IFN-γ
and TFAM plus IFN-γ in the presence of anti-Mac-1 antibody (ANOVA, followed by Fisher’s
LSD post-hoc test).
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THP-1 cell supernatants were transferred onto SH-Y5Y neuronal cells to assess their
cytotoxic effects and the ability of the anti-Mac-1 antibody to potentially inhibit these effects.
Following a 72 h incubation period with the THP-1 cell supernatants, the SH-SY5Y cells were
assessed for viability by the MTT assay (Figure 18B). The supernatants from THP-1 cells
stimulated with TFAM plus IFN-γ significantly decreased SH-SY5Y cell viability, indicating
activation of THP-1 cells (Figure 18B). However, in the presence of the anti-Mac-1 antibody the
induced neurotoxicity was significantly attenuated (Figure 18B), suggesting that the TFAMinduced toxicity may be mediated by Mac-1 in addition to RAGE.
Therefore, the next step was to inhibit the RAGE and Mac-1 receptors simultaneously.
THP-1 cells were pre-treated with both antibodies for 30 min prior to stimulation with TFAM
and IFN-γ. After 48 h, THP-1 cells were tested for viability with the MTT assay. In addition, the
THP-1 cell supernatants were transferred onto SH-SY5Y cells and the remaining supernatants
were collected to be analyzed by ELISA. The SH-SY5Y cells were incubated for an additional
72 h before being tested for viability with the MTT and LDH assays. These experiments were
not successful, as higher concentrations of anti-RAGE antibody may have been required to
obtain significant inhibition in the supernatant transfer experiments; as such, the data are not
presented in this thesis.
However, the MCP-1 ELISA analysis of THP-1 supernatants that had been collected
showed interesting results (Figure 19). Stimulation of THP-1 cells with TFAM plus IFN-γ
significantly induced the secretion of MCP-1 by THP-1 cells (Figure 19). When THP-1 cells
were pretreated with the Mac-1 or the RAGE antibodies before the TFAM plus IFN-γstimulation, secretion of MCP-1 decreased compared to the secretion by THP-1 cells stimulated
with TFAM plus IFN-γ alone (Figure 19). Furthermore, when both receptors were inhibited
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simultaneously there was a significant decrease in MCP-1 secretion compared to the decrease
induced by a single antibody (Figure 19). This indicates that both receptors might be involved
simultaneously in mediating the activity of TFAM. Moreover, there may be additional receptors
involved, as inhibiting both Mac-1 and RAGE did not completely abolish MCP-1 secretion by
the THP-1 cells.
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Figure 19. Blocking RAGE and Mac-1 decreases MCP-1 secretion by TFAM plus IFN-γstimulated THP-1 cells. THP-1 cells were pre-treated with anti-Mac-1 antibody (20 μg/ml),
anti-RAGE antibody (10 μg/ml) or combinations of the antibodies; followed by stimulation with
TFAM (2.5 μg/ml), IFN-γ (150 U/ml) or combinations of these stimulants as shown on the
abscissa. ELISA was used to measure MCP-1 in cell-free supernatants after 48 h incubation with
stimuli. Data from 3-7 independent experiments are presented (means ± SEM). *P<0.05,
**P<0.01, statistically significant from unstimulated control; #P<0.05, significant difference
between TFAM plus IFN-γ and TFAM plus IFN-γ plus one blocking antibody (RAGE or Mac1); &P<0.05, significant difference between TFAM plus IFN-γ plus blocking antibodies (RAGE
or Mac-1) and TFAM plus IFN-γ plus both blocking antibodies (ANOVA, followed by Fisher’s
LSD post-hoc test). Dotted line represents the ELISA detection limit.
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3.6. TFAM-primed release of superoxide by glial cells
Full-length TFAM, TFAM Box A and TFAM Box B were tested for their ability to prime the
NADPH oxidase-dependent respiratory burst in glial cells. For these experiments, THP-1 cells
were replaced with DMSO-differentiated human HL-60 cells, as THP-1 cells do not express
sufficient levels of the NADPH oxidase to generate detectable concentrations of ROS. The
experiments were conducted as described in the Materials and Methods section 2.10.
The first set of experiments examined the ability of full-length TFAM to prime the
release of ROS from HL-60 cells. To do this, HL-60 cells were differentiated in DMSO (1.3%,
v/v) for 5 days, after which the media was replaced and they were either primed with TFAM (2.5
μg/ml), IFN-γ (150 U/ml) or a combination of both priming agents for 24 h. The release of ROS
was measured by the respiratory burst assay using fMLP as the respiratory burst-inducing
stimulant. The results were compared to the values obtained from cells treated only with PBS
vehicle control but that were stimulated with fMLP (unprimed control). The results were
expressed as a percentage of the chemiluminescence signal obtained from the unprimed control.
As an additional control, HL-60 cells were primed with IFN-γ plus LPS (well-studied priming
agents 133-136), but were not stimulated with fMLP (unstimulated control).
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Figure 20. TFAM primes the fMLP-induced release of ROS from HL-60 cells. Cells were
differentiated with DMSO prior to use in the experiments. The cells were washed and primed
with TFAM (2.5 μg/ml), IFN-γ (150 U/ml) or TFAM plus IFN-γ as shown on the abscissa. HL60 cells that were primed with IFN-γ plus LPS but not stimulated with fMLP (unstimulated), or
not primed but stimulated with fMLP (unprimed) were included as controls. After 24 h, the
luminol-dependent chemiluminescence response of HL-60 cells was measured following
stimulation with 1 μM fMLP. Results were expressed as a percentage of the unprimed control
cells. Data from 4-8 independent experiments are presented (means ± SEM). *P<0.05, **P<0.01,
significantly different from unprimed, fMLP stimulated cells; #P<0.05, significant difference
between TFAM and TFAM plus IFN-γ (ANOVA, followed by Fisher’s LSD post-hoc test).

TFAM and IFN-γ alone significantly primed the fMLP-induced respiratory burst of HL60 cells (Figure 20). In addition, TFAM plus IFN-γ also significantly primed the NADPH
oxidase-dependent release of ROS from HL-60 cells in response to fMLP stimulation, as shown
by the increase in the luminol-dependent chemiluminescence (Figure 20). Moreover, priming
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with TFAM plus IFN-γ significantly enhanced the release of ROS from the HL-60 cells above
the levels released by TFAM priming on its own.
In the second set of experiments, the ability of TFAM Box A and TFAM Box B to prime
the NADPH oxidase-dependent respiratory burst and the release of ROS was investigated. HL60 cells were primed with full-length TFAM (5 μg/ml), Box A (5 μg/ml) or Box B (5 μg/ml).
The results of the primed HL-60 cells were again compared to the results obtained from the
unprimed control (PBS vehicle plus fMLP stimulation). The IFN-γ plus LPS-primed but
unstimulated (no fMLP) control was included in this experiment, as well.
Similar to the results obtained from the previous experiment, full-length TFAM
significantly primed the respiratory burst, which led to enhanced release of ROS from the HL-60
cells, as indicated by the increase in % chemiluminescence above that of the unprimed control
(Figure 21). Box A and Box B significantly primed the respiratory burst activity (Figure 21). The
priming activity of Box A was significantly higher than that of Box B. However, the priming
activity of Box A was not significantly different from that of full-length TFAM. This indicates
that Box B might be less efficient than Box A and full-length TFAM at priming the respiratory
burst in HL-60 cells.
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Figure 21. Box A, Box B and full-length TFAM prime the fMLP-induced release of ROS
from HL-60 cells. HL-60 cells were differentiated with DMSO prior to use in the experiments.
The cells were washed and primed with TFAM (5 μg/ml), Box A (5 μg/ml) or Box B (5 μg/ml)
as shown on the abscissa. HL-60 cells that were primed with IFN-γ plus LPS but not stimulated
with fMLP (unstimulated) or not primed but stimulated with fMLP (unprimed) were included as
controls. After 24 h, the luminol-dependent chemiluminescence response of HL-60 cells was
measured following stimulation with 1 μM fMLP. Results were expressed relative to unprimed
control cells. Data from 5 independent experiments are presented (means ± SEM). **P<0.01,
significantly different from unprimed cells; #P<0.05, significant difference between Box A- and
Box B-primed HL-60 cells (ANOVA, followed by Fisher’s LSD post-hoc test).

3.6.1. Inhibition of the respiratory burst by blocking the Mac-1 receptor
The mechanism of action underlying the TFAM-mediated priming of the respiratory burst was
investigated using DMSO-differentiated HL-60 cells. The Mac-1 receptor was blocked using the
anti-Mac-1 antibody to determine whether the priming of the respiratory burst by TFAM could
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be inhibited. The results from the primed HL-60 cells were compared to those results obtained
from the unprimed control (PBS vehicle plus fMLP stimulation).
Anti-Mac-1 antibody was added to HL-60 cells 30 min prior to priming with TFAM,
IFN-γ or a combination of the two priming agents. Following 24 h incubation, the release of
ROS was measured by respiratory burst assay using fMLP as the inducing stimulant. The results
were expressed as a percentage of the luminol-dependent chemiluminescence signal of the
unprimed control (PBS vehicle plus fMLP stimulation). Similar to the results presented in Figure
20, IFN-γ, TFAM, and TFAM plus IFN-γ significantly increased the respiratory burst activity of
differentiated HL-60 cells, indicating priming activity (Figure 22).
Pre-treatment of the TFAM-, IFN-γ- or TFAM plus IFN-γ-primed HL-60 cells with the
anti-Mac-1 antibody significantly attenuated the respiratory burst activity of the HL-60 cells, as
indicated by a decrease in % chemiluminescence compared to the % chemiluminescence of the
uninhibited counterparts (Figure 22). A significant difference between the Mac-1-inhibited and
the uninhibited HL-60 cells was only achieved with the priming by TFAM plus IFN-γ (from
~400% to ~190%). However, the HL-60 cells primed with TFAM or IFN-γ on their own in the
presence of the anti-Mac-1 antibody also showed a decreasing trend in % chemiluminescence
compared to the % chemiluminescence of the uninhibited counterparts, albeit these effects were
not statistically significant. This indicates the potential involvement of Mac-1 in the priming of
the NADPH oxidase-dependent respiratory burst by TFAM in HL-60 cells.
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Figure 22. Blocking Mac-1 attenuates the TFAM-primed release of ROS from HL-60 cells.
HL-60 cells were differentiated with DMSO prior to use in the experiments. The cells were
washed, pre-treated with the anti-Mac-1 antibody (20 μg/ml) and primed with TFAM (2.5
μg/ml), IFN-γ (150 U/ml) or TFAM plus IFN-γ as shown on the abscissa. In the absence of antiMac-1 antibody, HL-60 cells were also primed with IFN-γ plus LPS but not stimulated with
fMLP (unstimulated) or not primed but stimulated with fMLP (unprimed); these cells were
included as controls. After 24 h, the luminol-dependent chemiluminescence response of HL-60
cells was measured following stimulation with 1 μM fMLP. Results were expressed relative to
unprimed control cells. Data from 4-6 independent experiments are presented (means ± SEM).
*P<0.05, **P<0.01, significantly different from unprimed cells; #P<0.05, significant difference
between TFAM plus IFN-γ and TFAM plus IFN-γ in the presence of anti-Mac-1 antibody
(ANOVA, followed by Fisher’s LSD post-hoc test).
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3.7. Effects of biochemical stressors on TFAM mRNA expression levels by astrocytic cells
The ability of biochemical stressors such as H2O2 to up-regulate TFAM mRNA expression in
astrocytic cells was investigated. The experiments were performed as described in the Materials
and Methods section 2.11.

3.7.1. TFAM mRNA expression in U-373 MG cells
The qPCR assay was used to measure the changes in the expression of TFAM in U-373 MG cells
after 24 h stimulation with H2O2, IFN-γ or IFN-γ plus IL-1β. Figure 23 illustrates that TFAM
expression by U-373 MG cells was only significantly increased in the cells that had been
incubated with H2O2. The results indicated a 4-fold increase in TFAM expression compared to
the expression in unstimulated control cells (Figure 23). IFN-γ and IFN-γ plus IL-1β, on the
other hand, did not significantly upregulate TFAM expression in the U-373 MG cells.
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Figure 23. H2O2 upregulates TFAM mRNA expression in U-373 MG astrocytic cells.
U-373 MG cells were treated with IFN-γ (150 U/ml), IFN-γ plus IL-1β (100 U/ml) or H2O2 (100
μM) as shown on the abscissa. Total RNA was extracted 24 h later and TFAM mRNA
expression was analyzed using qPCR. Results were normalized to the reference gene β-actin and
are presented as a fold increase compared to the TFAM mRNA levels in unstimulated U-373
MG control cells (expression level = 1). Data from 3 independent experiments are presented
(means ± SEM). *P<0.05, significantly different from unstimulated control, (ANOVA, followed
by Fisher’s LSD post-hoc test).

3.7.2. TFAM mRNA expression in primary human astrocytes
The qPCR experiments were repeated with primary human astrocytes to confirm the positive
results obtained with the U-373 MG astrocytic cells. Since H2O2 was the only stressor to
significantly induce the expression of TFAM in U-373 MG cells, and sufficient amounts of RNA
are often difficult to obtain from primary human astrocytes, only the effect of H2O2 on primary
human astrocyte TFAM expression was investigated. The results showed that 24 h incubation of
primary human astrocytes in the presence of H2O2 had an effect on the expression of TFAM.
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Similar to the results obtained from the experiments with the U-373 MG cells, H2O2 significantly
upregulated the expression of TFAM in primary human astrocytes (Figure 24).
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Figure 24. H2O2 induces TFAM mRNA expression in primary human astrocytes. Primary
human astrocytes were treated with H2O2 (50 μM) as shown on the abscissa. Total RNA was
extracted 24 h later and TFAM mRNA expression was analyzed using qPCR. Results were
normalized to the reference gene β-actin and are presented as a fold increase compared to the
TFAM mRNA levels in unstimulated primary human astrocyte controls (expression level = 1).
Data from 3 independent experiments are presented (means ± SEM). *P<0.05, significantly
different from unstimulated control, (Unpaired parametric T-test with Welch’s correction).

3.8. Toxicity of TFAM-induced microparticles on SH-SY5Y neuronal cells
The ability of TFAM to trigger the release of MPs from THP-1 cells was investigated. The
experiments were performed as described in the Materials and Methods section 2.12.1.
THP-1 cells were stimulated with TFAM, IFN-γ or a combination of the two stimulants
for 24 h. IFN-γ plus LPS was used as a positive control in these experiments. Following the
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incubation period, the THP-1 supernatants were collected and centrifuged step-wise at different
speeds to isolate the MPs. Once the MPs were isolated, they were stained with Annexin-V-FITC
and visualized under the fluorescence microscope (example image in Figure 3). The flow
cytometer was used to quantify the isolated MPs more accurately. These results showed that
there was a wide range in the number of MPs obtained from different THP-1 cell populations,
despite the same isolation procedures (Table 2). The data in Figure 25 was obtained from the
same cells as the data presented in Table 2. There was a significant difference between the
number of MPs released by the unstimulated THP-1 cells and by those stimulated with TFAM.
Although all stimulants used enhanced the release of MPs, TFAM was the only stimulant to
cause a statistically significant induction with the numbers of observations made (Figure 25).

Table 2. Variation in the number of MPs isolated from differentially treated THP-1 cells
Treatments
Unstimulated
TFAM
IFN-γ
TFAM+IFN-γ
IFN-γ+LPS

Minimum to maximum number of MPs/μl obtained from THP-1 cells
from three separate isolation experiments
768-1585 MPs/μl
1621-2118 MPs/μl
739-1691 MPs/μl
521-3467 MPs/μl
905-2654 MPs/μl
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Figure 25. TFAM induces the release of MPs from THP-1 cells. THP-1 cells were stimulated
with TFAM (2.5μg/ml), IFN-γ (150U/ml), TFAM plus IFN-γ or IFN-γ plus LPS (0.5 μg/ml) as
shown on the abscissa. After 24 h, MPs were isolated by differential centrifugation, stained with
Annexin-V FITC and quantified by flow cytometry using side-scatter (SSC) detection settings
determined by sizing beads. Data from 3 independent experiments are presented (means ± SEM).
*

P<0.05, significantly different from unstimulated control (ANOVA, followed by Fisher’s LSD

post-hoc test).

Next, the ability of the isolated MPs to induce toxicity of THP-1 cells towards SH-SY5Y
cells was investigated. The experiments were performed as described in the Materials and
Methods section 2.12.2. THP-1 cells were stimulated with MPs (10 μg of protein/ml) isolated
from THP-1 cells that had been treated with TFAM, IFN-γ, TFAM plus IFN-γ or IFN-γ plus LPS
for 48 h. Following the incubation period, viability of THP-1 cells was assessed by the MTT
assay and the results were compared to the results from the unstimulated control cells. At the
concentration tested, none of the isolated MPs significantly decreased the viability of the THP-1
cells (Figure 26A).
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Figure 26. MPs isolated from stimulated THP-1 donor cells induce toxicity of THP-1 cells
towards SH-SY5Y neuronal cells. (A) THP-1 cells were treated with media only
(unstimulated), MPs (10 μg of protein/ml) isolated from unstimulated THP-1 cells (control) or
from THP-1 cells that had been differentially stimulated with TFAM (2.5 μg/ml), IFN-γ (150
U/ml), TFAM plus IFN-γ or IFN-γ plus LPS (0.5 μg/ml) as shown on the abscissa. THP-1 cell
viability was measured by the MTT assay at the end of the 48 h incubation period with the
various MPs. (B) The MTT assay was used to test the viability of SH-SY5Y cells exposed for 72
h to conditioned media from unstimulated THP-1 cells or THP-1 cells differentially treated as
described on the abscissa. Data from 3-8 independent experiments are presented (means ± SEM).
*P<0.05, significantly different from unstimulated control; #P<0.05, significant difference
between stimulation with MPs isolated from unstimulated THP-1 cells and MPs isolated from
TFAM plus IFN-γ-stimulated or IFN-γ plus LPS-stimulated THP-1 cells (ANOVA, followed by
Fisher’s LSD post-hoc test).
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Supernatants from the THP-1 cells treated with the MPs that had been isolated from
differentially stimulated THP-1 cells were transferred onto SH-SY5Y cells to determine their
cytotoxic potential. The remaining supernatants were collected to be analyzed by ELISA. The
SH-SY5Y cells were incubated in the supernatants for 72 h, following which their viability was
measured by the MTT assay (Figure 26B). The MPs isolated from unstimulated THP-1 cells, as
well as those isolated from TFAM- or IFN-γ-stimulated THP-1 cells did not induce THP-1 cell
toxicity towards SH-SY5Y cells. However, the MPs isolated from THP-1 cells that had been
stimulated with TFAM plus IFN-γ or IFN-γ plus LPS activated the THP-1 cells, resulting in a
significant decrease in the viability of the neuronal cells (Figure 26B). Furthermore, the THP-1
cell toxicity towards the SH-SY5Y neuronal cells induced by these two MP populations was
significantly different from the effect of the supernatants from THP-1 cells stimulated with MPs
that had been isolated from unstimulated donor THP-1 cells. Therefore, these results
demonstrated that the stimulant used to induce MP release from THP-1 cells had an effect on the
activity of the MPs released.
The collected THP-1 supernatants were analyzed by ELISA to determine the ability of
MPs to induce cytokine secretion by THP-1 cells. Overall the MPs did not induce the secretion
of pro-inflammatory cytokines TNF-α and IL-6 by THP-1 cells regardless of the type of
stimulation the MP donor THP-1 cells received (data not shown). The only MPs that stimulated
the release of MCP-1 above the level of the unstimulated control cells were the MPs isolated
from THP-1 cells that had been stimulated with IFN-γ plus LPS (Figure 27).
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Figure 27. MPs isolated from IFN-γ plus LPS-stimulated THP-1 donor cells increase MCP1 secretion by THP-1 cells. THP-1 cells were treated with media only (unstimulated), MPs (10
μg of protein/ml) isolated from unstimulated THP-1 cells (control) or THP-1 cells that had been
differentially stimulated with TFAM (2.5 μg/ml), IFN-γ (150 U/ml), TFAM plus IFN-γ or IFN-γ
plus LPS (0.5 μg/ml) as shown on the abscissa. ELISA was used to measure MCP-1 in THP-1
supernatants after 48 h incubation with MPs. Data from 3 independent experiments are presented
(means ± SEM). *P<0.05, significantly different from unstimulated control (ANOVA, followed
by Fisher’s LSD post-hoc test). Dotted line represents the ELISA detection limit.

The MPs were also tested for their ability to prime the respiratory burst in DMSOdifferentiated HL-60 cells. The experiments were performed as described in the Materials and
Methods section 2.12.2. After the five day differentiation period in DMSO, HL-60 cells were
primed with the MPs isolated from unstimulated THP-1 cells or THP-1 cells that had been
stimulated with TFAM, IFN-γ, TFAM plus IFN-γ or IFN-γ plus LPS. The HL-60 cells were
incubated with the MPs for 24 h after which the release of ROS was measured by the respiratory
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burst assay using fMLP as the inducing stimulant. The results were compared to those obtained
from the PBS vehicle control (unprimed control) cells. The MPs did not prime the respiratory
burst activity in HL-60 cells; as such the data are not presented in this thesis.
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Chapter 4. Discussion
4.1. TFAM induces toxicity of glial cells towards neuronal cells
TFAM, a novel DAMP of the CNS, was investigated for its potential to induce glial cell
activation and subsequent neuronal toxicity. This was investigated using an in vitro cell model
based on supernatant transfer experiments that have been successfully employed to investigate
the glial cell-mediated toxicity towards neurons 111-113. This toxicity is mediated by a cocktail of
cytotoxic factors, including a variety of pro-inflammatory cytokines, ROS and NO and is
relevant to the neuroinflammatory processes that occur in neurodegenerative diseases 18, 137, 138.
In addition to these established pro-inflammatory mediators, increasing numbers of studies have
focused on the release of the endogenous signals, the DAMPs, in response to immune cell
activation 34, 35 and the role of DAMPs in neurodegenerative diseases 38, 139.
The most investigated and well-characterized DAMP is HMGB1, which can activate
immune cells in the peripheral tissues, as well as glial cells in the CNS, triggering an
inflammatory response 61, 62, 140. Several studies have investigated the mitochondrial protein
TFAM as a potential DAMP due to its structural and functional homology to HMGB1. These
studies have revealed that TFAM can activate immune cells in the peripheral tissues 50, 51;
however, its role as a DAMP in the CNS, was previously unknown. Based on these exploratory
studies on TFAM as a DAMP in the periphery, as well as the established literature on HMGB1, I
hypothesized that TFAM could act as a DAMP in the CNS. Specifically, I hypothesized that
TFAM, by interacting with specific receptors (RAGE and Mac-1), could induce activation of
glial cells resulting in the subsequent toxicity of their supernatants towards neuronal cells.
To test this hypothesis, THP-1 cells were used as the microglia model and the U-118 MG
cells were used as the astrocyte model, as they possess functional characteristics and receptors
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similar to their primary microglia/astrocyte counterparts. THP-1 cells express CR1 (also known
as C3b/C4b receptor) 102, 103 and Mac-1 69, 104, while U-118 MG express specific astrocyte
markers, such as glial fibrillary acidic protein (GFAP) 105, 106. The experiments with the U-118
MG cells that showed positive results were confirmed using primary human astrocytes. The SHSY5Y cells were used as the neuronal model as these cells display certain characteristics of
primary neurons 110.
THP-1 cells, U-118 MG cells and primary human astrocytes were cultured on their own
and stimulated with TFAM in the presence or absence of IFN-γ. THP-1 cells were also
stimulated with IFN-γ plus LPS and a cytokine cocktail made up of IL-6, IL-1β and TNF-α; used
as positive controls previously shown to induce the activation of microglial cells and subsequent
neurotoxicity 22. Similarly, U-118 MG cells and primary human astrocytes were stimulated with
IFN-γ plus IL-1β, in addition to TFAM and IFN-γ, to induce their activation 113. Following
incubation, the supernatants from the stimulated glial cells were transferred onto SH-SY5Y cells
and after 72 h the neuronal viability was measured by the MTT assay.
The results showed that stimulation of THP-1 cells and U-118 MG cells with TFAM
alone or IFN-γ alone did not result in THP-1 cell toxicity towards the SH-SY5Y cells. These
findings were confirmed using TFAM-stimulated primary human astrocytes. In contrast to the
THP-1 results, IFN-γ alone induced astrocyte (U-118 MG cells and primary human astrocytes)
toxicity towards the SH-SY5Y cells. However, the significant difference between the toxicity
induced by IFN-γ stimulation alone and that induced by TFAM plus IFN-γ indicated that TFAM
triggered additional glial toxicity above the levels induced by IFN-γ.
TFAM in combination with IFN-γ induced toxicity of the glial cells, which caused a
significant decrease in SH-SY5Y cell viability. This was observed in all cell types assayed. This
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observation is consistent with studies that investigated the effect of HMGB1on murine
macrophages, which showed that HMGB1 forms immune complexes by binding to IFN-γ, IL-1β
and TNF-α 54, 141. This complex formation resulted in a higher secretion of pro-inflammatory
cytokines, such as IL-6 or macrophage inflammatory protein-2 (MIP-2) by macrophages
compared to HMGB1 on its own, in the absence of immune complex formation 54, 141. The actual
mechanism(s) by which HMGB1 enhances the release of pro-inflammatory cytokines requires
further investigation. TFAM may act in a similar manner by forming immune complexes with
IFN-γ, which would provide an explanation for the observed glial cell activation in the presence
of IFN-γ. In addition, the synergism between TFAM and IFN-γ could be explained by the
different signaling pathways they engage. In mononuclear phagocytes, IFN-γ activates the
JAK/STAT pathway 22, 142 resulting in the transcription of a variety of cytokines and growth
factors that are important for cell proliferation, differentiation and apoptosis 143. In contrast,
TFAM potentially signals through the JNK 120 and ERK 51 pathways, which regulate the
expression of genes involved in apoptosis, inflammation, cytokine and growth factor production
144, 145

. These different pathways can interact with each other and can also enhance activation of

each other 143, 146 . Therefore, simultaneous activation of these pro-inflammatory signaling
pathways by stimulation with TFAM and IFN-γ may potentially enhance microglial activation
above the level achieved by activating just one pathway.

4.1.1. Identifying the neurotoxic domain of TFAM
The next research question addressed was which specific domain of TFAM is responsible for
activating glial cells resulting in the observed neurotoxicity. Similar to HMGB1, TFAM is
composed of two HMG boxes, Box A and Box B, which are arranged in tandem connected by a
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27 amino acid linker 44. Box A and Box B differ in primary sequence, resulting in a difference in
their physiological roles. Box A is the predominant mitochondrial DNA binding domain, while
Box B does not directly bind DNA itself, but instead, stabilizes the interaction between Box A
and DNA 44, 47. This difference in their physiological functions may translate into a difference in
their cytotoxic potential, as is the case with HMGB1. Box B of HMGB1 appears to be the
domain responsible for induction of the pro-inflammatory response on target cells, while Box A
of HMGB1 possesses no intrinsic pro-inflammatory properties 52, 55, 147. Murine macrophage-like
RAW 264.7 cells showed a significant difference in TNF-α release when stimulated with
truncated forms of either HMGB1 Box A or Box B. Box B on its own induced the release of
TNF-α, IL-6 and IL-β, similar to the full-length HMGB1, while Box A did not induce a
significant release of TNF- α 55. Moreover, antibodies against the full-length HMGB1 and Box B
reduced the secretion of TNF-α from murine macrophages 55. A separate study provided
evidence for the protective properties of HMGB1 Box A. The HMGB1-induced release of TNFα and IL-1β by murine macrophages was significantly decreased in the presence of Box A
protein 147. Furthermore, in vivo experiments using LPS-exposed mice showed that treatment
with Box A led to increased survival of the mice compared to the control mice 147.
To answer the question of which domain of TFAM, Box A or Box B, is responsible for
the toxicity of TFAM, supernatant transfer experiments similar to those described in the previous
section (4.1.) were conducted. In addition to stimulating with full-length TFAM, the truncated
forms of TFAM, Box A and Box B, were applied separately to the THP-1 cells, U-118 MG cells
or the primary human astrocytes.
The results showed that Box A and Box B on their own did not induce THP-1 or U-118
MG cell-mediated toxicity towards neuronal cells and did not significantly decrease the viability
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of the SH-SY5Y cells. In contrast, full length TFAM plus IFN-γ, Box A plus IFN-γ and Box B
plus IFN-γ significantly induced THP-1 and U-118 MG cell toxicity towards SH-SY5Y cells.
Furthermore, there was no significant difference between the activation induced by Box A or
Box B in the presence of IFN-γ, which indicated that these two TFAM domains were equipotent.
In contrast to THP-1 cells, supernatants from IFN-γ-stimulated U-118 MG cells significantly
decreased the viability of the SH-SY5Y cells. However, the significant increase in toxicity, when
comparing the effects of IFN-γ and TFAM plus IFN-γ stimulation of U-118 MG cells, indicates
that the added TFAM induced toxicity above the level that was caused by IFN-γ-alone.
These results are consistent with a recent study by Julian et al. 49, 51 on the effects of
TFAM on plasmacytoid dendritic cells and splenocytes. TFAM in combination with CpG DNA
triggered a pro-inflammatory response from these cells, which was characterized by a significant
release in TNF-α 49, 51. Furthermore, they determined that Box A and Box B of TFAM in
combination with CpG were equivalent at promoting the release of TNF-α from the splenocytes
51

. They went on to suggest that unlike HMGB1, where the difference in amino acid sequence is

responsible for the observed differences in immunogenicity between Box A and Box B, the proinflammatory properties of TFAM Box A and Box B, as well as of full-length TFAM itself, are
due to molecular surface charge characteristics 148. This conclusion was based on the results from
their heparin inhibition experiments 51. Since heparin is a highly negatively charged molecule, it
primarily binds other proteins electrostatically 149, 150. Therefore, heparin may inhibit the
biological activity of TFAM by interacting with the positive surface charge of full-length TFAM
and its boxes. A separate study also confirmed that although the difference in residues between
Box A and Box B affects the DNA binding ability of Box B, the electrostatic surface potential
remains positive in both domains 47. This may translate into similar physiological functions of
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the two box domains and may explain the equipotency of Box A and Box B as inducers of
neurotoxicity.
Compared to the THP-1 and the U-118 MG cells, the primary human astrocytes
responded differently to Box A and Box B. The viability of the primary human astrocytes
decreased upon stimulation with Box A and Box B in the presence and absence of IFN-γ. In
addition, similar to the IFN-γ-stimulated U-118 MG cells, there was a significant difference
between IFN-γ and TFAM plus IFN-γ stimulation. This indicated that the induced toxicity was
due to TFAM in addition to the effect of IFN-γ.
Box A and Box B only induced primary human astrocyte toxicity towards the SH-SY5Y
cells in the presence of IFN-γ. Moreover, primary human astrocyte toxicity towards the SHSY5Y cells induced by Box B plus IFN-γ was lower in magnitude compared to that induced by
Box A plus IFN-γ. In addition, there was a significant difference between TFAM plus IFN-γ and
Box B plus IFN-γ. This indicated that in primary human astrocytes Box A and Box B were not
equipotent, and that Box B was less potent at inducing neurotoxicity.
These results contradict the above mentioned studies indicating the equipotency of both
TFAM domains. However, this difference in toxic potential of the two boxes on astrocytes may
simply be due to the increased sensitivity of primary cells to stimulation compared to cell lines,
which are more robust. Cell lines compared to their primary cell counterparts are inherently more
resilient to stimulation due to their cancerous origin 22. Moreover, the resilience may be a result
of a difference in signaling pathway activation patterns between the cell lines and the primary
cells, due to the random mutations that the cell lines may have undergone due to multiple
divisions.
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4.2. Mechanism underlying TFAM-induced glial activation
Due to the pro-inflammatory and neurotoxicity-inducing activity of TFAM, several potential
mechanisms of its action were explored. The ability of TFAM to induce the release of proinflammatory cytokines from THP-1 cells, U-118 MG cells and primary human astrocytes was
investigated. In addition, priming of the production of ROS by TFAM was studied using the
promyelocytic HL-60 cells.

4.2.1. TFAM enhances the secretion of pro-inflammatory cytokines by glial cells
In response to different stimuli, glial cells release a wide variety of cytokines, which act as
signaling molecules affecting cell function in an autocrine or paracrine manner. Activated glial
cells can release pro-inflammatory cytokines, such as IL-6, IL-1β or TNF-α, as well as the
chemokine MCP-1 22, 112, 151. MCP-1 is, primarily, a chemotactic agent, but increased expression
and release of MCP-1 has also been associated with inflammation and microglial activation 152,
153

. Inhibiting the excessive release of IL-6, IL-1β, TNF-α or MCP-1 could be beneficial in

chronic neuroinflammation, as these cytokines perpetuate the pro-inflammatory cycle. Therefore,
the release of these pro-inflammatory cytokines by glial cells in response to TFAM stimulation
was investigated.
A recent study from our laboratory demonstrated that TFAM significantly induced the
expression and secretion of IL-6, IL-1β and IL-8 by THP-1 cells 120; therefore, I did not re-test
the release of these specific cytokines, but instead focused on MCP-1 secretion by THP-1 cells in
response to TFAM stimulation. TFAM alone induced the release of MCP-1 from THP-1 cells. In
combination with IFN-γ, however, this release was increased, which is consistent with the
supernatant transfer experiments indicating increased glial cell-mediated neurotoxicity in the
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presence of TFAM plus IFN-γ. The released MCP-1 may act to recruit and activate additional
microglia, as the MCP-1 receptor is expressed by these cells 152, 154. Using a neuron/microglia coculture system Yang et al.152 demonstrated that MCP-1-induced neurotoxicity required the
presence of microglia, as exogenously administered MCP-1 alone, in the absence of microglia,
did not directly damage neurons. Moreover, exogenously administered MCP-1 activated
microglia and increased expression of IL-1β and TNF-α by microglia 152. Increase of these
cytokines has been associated with neurodegeneration 137, 155, and inhibiting their release may
enhance neuronal survival.
Supernatants from TFAM-stimulated U-118 MG cells were assessed for the presence of
cytokines. Although the SH-SY5Y cells that had been incubated with the supernatants from
TFAM plus IFN-γ-stimulated U-118 MG cells showed a decrease in viability, the observed
neurotoxicity could not be explained by the release of IL-6 or TNF-α. There was no significant
release above the unstimulated control cells of either of these two cytokines upon stimulation
with TFAM, IFN-γ or TFAM plus IFN-γ. The absence of increased cytokine secretion, however,
may be explained by the high basal cytokine secretion level of the U-118 MG cells, which is a
previously described characteristic of glioma cell lines 112, 156. As a result, high concentrations of
stimulants could be required to achieve an increased cytokine release above the basal level. Thus,
the stimulants used in this experiment, including TFAM, may not have been at a high enough
concentration to induce IL-6 and/or TNF-α release from the U-118 MG cells. Future
investigations could focus on determining the TFAM concentrations necessary to stimulate IL-6
and TNF-α release from U-118 MG cells, but the concentrations will then most likely be above
the physiologically relevant range.
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In contrast to the U-118 MG cells, the primary human astrocytes showed a significant
increase in the release of IL-6 in response to TFAM, which was enhanced in the presence of
IFN-γ. Although IL-6 can have beneficial effects in the CNS due to its neurotrophic properties,
the overexpression of IL-6 has been linked to neuroinflammation 5, 157. IL-6 in combination with
other cytokines, such as TNF-α, has been shown to induce microglial toxicity towards neuronal
cells 22, thus contributing to the propagation of the pro-inflammatory cycle. Therefore, due to the
pleiotropic role of IL-6 in the CNS, it is essential to enhance the understanding of IL-6
regulation, as this may provide an additional target for modulating overactivated microglia in
sterile neuroinflammatory conditions.

4.2.2. TFAM primes the secretion of ROS by glial cells
Stimulated glial cells may also release ROS through the activity of NADPH oxidase, which is the
multi-subunit enzyme complex responsible for the production of ROS by phagocytic cells,
including microglia 25. The enzyme complex consists of four cytoplasmic subunits that
translocate and dock with the two membrane subunits upon the activation of the complex. This
forms an electron-transfer system that catalyzes the reduction of molecular oxygen at the
expense of NADPH, resulting in the two primary products O2• and H2O2 158 (Figure 29). These
oxygen metabolites can give rise to additional ROS that primarily function as antimicrobial
agents to destroy invading pathogens. The increased and uncontrolled production of ROS,
however, can result in damage to surrounding cells leading to additional inflammatory reactions
158

. Oxidative stress has been implicated as one of the central mechanisms of chronic

neurodegeneration in AD and PD 24, 75, 77. Moreover, NADPH oxidase expression is up-regulated
in AD 76 and has been shown to be essential in amyloid-induced microglial neurotoxicity 159, 160.
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HMGB1 has also been shown to trigger microglial activation and NADPH oxidase-dependent
ROS production leading to dopaminergic neurodegeneration 62. Therefore, the ability of TFAM
to prime ROS release from microglia-like cells was investigated.
Respiratory burst experiments were conducted using HL-60 cells as models of microglia
possessing functional NADPH oxidase complexes to measure the effects of TFAM on the release
of ROS.
TFAM alone primed the release of ROS. However, TFAM plus IFN-γ enhanced the
release of ROS above the levels achieved by TFAM priming alone. This is consistent with the
results obtained from the supernatant transfer experiments, as well as the ELISA experiments, as
TFAM induced glial cell toxicity towards SH-SY5Y cells and significantly higher levels of
cytokine secretion only in the presence of IFN-γ. The results from the respiratory burst
experiments indicate that the synergism between TFAM and IFN-γ also affects the priming of
the respiratory burst.
Therefore, it appears that, overall, TFAM requires a co-activator in order to induce
significant activation of glial cells and to trigger the release of the pro-inflammatory mediators.
In the context of developing therapeutic strategies for diseases involving sterile inflammation,
blocking the interaction between TFAM and IFN-γ could be an additional strategy.
Next, experiments were conducted to determine which domain of TFAM was responsible
for priming the respiratory burst. Full-length TFAM, Box A and Box B, all significantly primed
fMLP-dependent respiratory burst activity in HL-60 cells. However, Box B was less efficient
than Box A at priming the respiratory burst. This may be explained by the difference in binding
affinities that the two domains possess. In contrast to Box A, which is the dominant DNA
binding domain of TFAM, Box B lacks the ability to bind DNA on its own 44. This difference in
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binding ability may not be solely applicable to DNA, but possibly to other molecules or
receptors, as well. Box B, for example, may not be able to bind as efficiently to the Mac-1
receptor (see section 4.2.3.), which may be responsible for priming and mediating NADPH
oxidase activation.

4.2.3. TFAM acts by engaging RAGE and Mac-1
After the ability of TFAM to induce cytotoxic responses from glial cells in the form of proinflammatory cytokines, chemokines and ROS had been established (see sections 4.2.1. and
4.2.2.), the next research question addressed was which specific glial receptors were engaged by
TFAM when interacting with glial cells. This insight into the possible molecular targets is
important, as it may identify new ways of modulating glial cell activation. Previous studies
performed with HMGB1 provided some potential receptor targets for TFAM research. HMGB1
has been shown to trigger activation of glial cells by engaging TLR2, TLR4 and TLR9 67 161, 162,
as well as RAGE 66, 80 and Mac-1 62, 65, resulting in an increased secretion of pro-inflammatory
mediators. RAGE and Mac-1 were investigated as potential glial receptors targeted by TFAM
(Figure 28).
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Figure 28. The potential receptors and signaling pathways underlying glial activation by
TFAM. Upon cell damage, extracellularly released TFAM engages RAGE and Mac-1 on the
surface of glial cells, leading to signal transduction via MAPK and PI3K pathways. This
activation induces gene transcription and secretion of pro-inflammatory mediators.

THP-1 cells were incubated for 30 min with different RAGE blocking agents (heparin,
sRAGE, anti-RAGE antibody), which have all been shown to successfully inhibit the interaction
between RAGE and its ligands 49, 80-82, 84, 85; followed by stimulation with TFAM, IFN-γ or
TFAM plus IFN-γ.
In the presence of heparin, the toxicity of THP-1 cells towards SH-SY5Y cells induced
by TFAM plus IFN-γ was attenuated. Several studies focusing on the HMGB1 interaction with
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RAGE have demonstrated that heparan sulfate, which is found on the surface of virtually all
animal cells 84, is required for this specific ligand-receptor interaction 84, 85. Based on the results
from the HMGB1 experiments, heparin may inhibit the interaction between RAGE and TFAM in
a similar manner by: (1) competing with TFAM for binding sites on the surface of heparan
sulfate, thereby inhibiting the formation of the heparan sulfate-TFAM complex necessary for
TFAM activity, or (2) altering the conformation of TFAM, thus inhibiting the interaction
between TFAM and RAGE. Therefore, addition of heparin sulfate before cells exposure to
TFAM should result in increased SH-SY5Y cell viability, which is consistent with the results
obtained. Moreover, the supernatants collected from the TFAM plus IFN-γ-stimulated THP-1
cells treated with heparin showed a decrease in MCP-1 levels compared to the uninhibited
counterparts. Similar results were obtained by Ling et al. 85, who demonstrated that HMGB-1mediated secretion of IL-6 and TNF-α by RAW264.7 macrophages decreased in the presence of
heparin. The decrease in MCP-1 secretion could help explain the observed attenuation in TFAM
plus IFN-γ-induced glial cells activation and subsequent neurotoxicity in response to the heparin
treatment, as increased levels of MCP-1 are considered to be pro-inflammatory 152. In addition,
activated microglia in neurodegenerative disease have been shown to exhibit upregulated mRNA
and protein expression of pro-inflammatory chemokines, including MCP-1 137. Although in vivo
conditions surrounding microglial activation and neurodegeneration are far more complex than
in vitro, knowing that MCP-1 secretion can be attenuated by heparin adds to potential targets for
glial cell modulation.
The next two blocking agents used to inhibit RAGE were sRAGE and anti-RAGE
antibody. THP-1 cells were treated with the truncated form of the RAGE receptor (sRAGE) or a
specific anti-RAGE antibody for 30 min prior to stimulation with TFAM, IFN-γ or TFAM plus
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IFN-γ. sRAGE and the anti-RAGE antibody did not attenuate TFAM plus IFN-γ-induced THP-1
cell toxicity in the supernatant transfer experiments (data not shown). Use of higher
concentrations of the inhibitors may be required to see an effect in the MTT assay. In the ELISA
experiments, sRAGE decreased MCP-1 secretion from TFAM and TFAM plus IFN-γ-stimulated
THP-1 cells compared to secretion from the uninhibited cells. The decrease in MCP-1 secretion
observed in THP-1 cells inhibited by sRAGE should not be over-interpreted, as only three
experiments using sRAGE were conducted due to limited availability of this reagent.
Nonetheless, another study using TFAM-stimulated splenocytes and plasmacytoid dendritic cells
demonstrated that secretion of TNF-α could be attenuated in the presence of sRAGE 51. This led
to the conclusion that TFAM partially acted through RAGE 51. The anti-RAGE antibody also
decreased MCP-1 secretion from TFAM plus IFN-γ-stimulated THP-1 cells compared to the
secretion from uninhibited cells, thus providing further evidence for the involvement of RAGE in
the pro-inflammatory activity of TFAM. Similar results were obtained by Pedrazzi et al. 66, who
demonstrated that inhibiting RAGE prior to HMGB1 stimulation of primary rat astrocytes led to
a decrease in the level of MAPK and ERK1/2 phosphorylation, which in turn, led to reduced
downstream transcription and subsequent secretion of MCP-1.
Overall, these results implicate RAGE as one of the glial receptors targeted by TFAM
and as one of the facilitators of the pro-inflammatory activity of TFAM. However, the effects of
TFAM are not mediated by RAGE alone, as the attenuation of neurotoxicity and production of
MCP-1 by inhibitors of RAGE was only partial. This indicates the involvement of additional
receptors.
HMGB1 has been shown to act through Mac-1 62, 65, which makes it another potential
target for TFAM. Therefore, THP-1 cells were pre-treated with an anti-Mac-1 antibody, which
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has been shown to successfully block the Mac-1 receptor 125, prior to stimulation with TFAM,
IFN-γ or TFAM plus IFN-γ.
The supernatant transfer experiments showed that inhibiting the Mac-1 receptor
attenuated the TFAM plus IFN-γ-induced THP-1 cell toxicity towards SH-SY5Y neuronal cells
compared to the uninhibited cells. Moreover, MCP-1 secretion by the TFAM plus IFN-γstimulated THP-1 cells was decreased in the presence of the anti-Mac-1 antibody compared to
the uninhibited cells. Mac-1 has been shown to signal through the MAPK pathways, specifically
JNK1/2 and p38 163, leading to induction of the transcription factor NF-κB. This, in turn, leads to
downstream transcription of pro-inflammatory mediators, including MCP-1 164. This would
explain the attenuation in neurotoxicity and MCP-1 secretion observed in THP-1 cells inhibited
by the anti-Mac-1 antibody.
Next, experiments were performed to determine whether inhibiting RAGE and Mac-1
simultaneously would lead to a further decrease or complete abolishment of MCP-1 secretion by
the TFAM plus IFN-γ-stimulated THP-1 cells. The results showed that when RAGE and Mac-1
were inhibited simultaneously, MCP-1 release was below the level of MCP-1 secreted by THP-1
cells inhibited by either of the inhibitors alone. A recent study found that RAGE serves as a
counter-receptor for Mac-1 by directly binding to Mac-1, and that this interaction plays a role in
leukocyte recruitment in vivo and in vitro 165. As a chemokine, MCP-1 plays a role in leukocyte
recruitment, and its expression and secretion may, therefore, be affected by the RAGE-Mac-1
interaction. Blocking both RAGE and Mac-1 almost completely abolished neutrophil
extravasation into the inflamed peritoneum of mice demonstrating that the interaction between
these receptors is required for leukocyte recruitment 165. Consequently, the release of MCP-1
may be lower when both receptors are inhibited compared to inhibiting one receptor at a time.
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Moreover, S100B protein, which is another DAMP and RAGE ligand, was found to increase the
binding between RAGE and Mac-1, suggesting the formation of a ternary complex between the
ligand and the two receptors 165. It may be possible that a similar ternary complex may exist
between RAGE, Mac-1 and TFAM, but this requires further experimental proof.
In addition to investigating the effect of inhibiting Mac-1 on cytokine release, additional
experiments were focused on assessing the role of Mac-1 in ROS release by HL-60 cells. Mac-1
has been shown to be involved in mediating ROS release from HMGB-1-stimulated mouse
microglia cells 62. Treatment of Mac-1-/- mice-derived microglia with HMGB1 resulted in a
significant reduction in O2• release compared to microglia from Mac-1+/+ mice 62. Therefore,
respiratory burst experiments using the anti-Mac-1 antibody were performed to determine
whether Mac-1 was involved in TFAM priming of ROS production by glial cells.
The results of the respiratory burst experiments showed that inhibiting Mac-1, indeed,
attenuated the TFAM-primed ROS release from HL-60 cells. A possible explanation may be
provided by the fact that upregulated expression of Mac-1 and the fMLP receptor has been
demonstrated in neutrophils in response to LPS priming 133. TFAM priming may have similar
effects on Mac-1 and fMLP receptor expression in HL-60 cells. Therefore, inhibiting the Mac-1
receptor would attenuate the priming of the fMLP-induced ROS release by TFAM, but may not
completely abolish it, due to the other types of receptors mediating the effects of TFAM. This
would be consistent with the results obtained indicating decreased ROS release in the presence of
anti-Mac-1 antibody.
An additional argument to support Mac-1 as a mediator of TFAM-primed ROS release by
HL-60 cells is the fact that Mac-1 has been shown to activate NADPH oxidase-mediated O2•
production and neurotoxicity using mesencaphalic mouse neuron-glia cultures 72. Priming of the
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NADPH oxidase complex has been suggested to be mediated by a cross-talk between
serine/threonine kinases and tyrosine kinases 166. Priming agents, such as LPS or TFAM, may
induce the activation of tyrosine kinases leading to the phosphorylation and subsequent
activation of serine kinases. Stimulating agents, such as fMLP, may then trigger the
phosphorylation of additional serine kinases. Once all the necessary serine kinases have been
activated, they then phosphorylate the p47phox cytoplasmic subunit of the NADPH oxidase
complex, which may be the signal for oxidase activation 166. Thus, priming establishes a baseline
level of phosphorylation of the serine kinases, while stimulation is required to increase
phosphorylation above a certain threshold and thus initiate activation.
Zhang et al. 72 described an additional potential signaling pathway, involving a different
kinase, which may trigger the activation of the NADPH oxidase complex. They demonstrated
that Mac-1 signals through the PI3K pathway to achieve activation of the complex. Therefore, if
TFAM engages Mac-1, the activated PI3K could phosphorylate the cytoplasmic components of
NADPH oxidase, thus activating the complex. The activated NADPH oxidase would then
mediate the production of O2• in response to fMLP stimulation (Figure 29). In addition, ROS can
act as second messengers that contribute to the activation of NF-κB leading to the expression of
pro-inflammatory mediators 73. Combined, these mediators contribute to a pro-inflammatory
environment that is potentially damaging to surrounding neurons. Therefore, inhibiting Mac-1
could block its interaction with TFAM resulting in a decrease in the production of ROS and an
increase in neuronal viability.
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Figure 29. TFAM-mediated NADPH oxidase priming and ROS production. TFAM can bind
to the Mac-1 receptor activating downstream kinases such as PI3K, which leads to the
phosphorylation (p) of the cytoplasmic components of NADPH oxidase complex (p67phox,
p47phox, p40phox and rac2). The cytoplasmic components then translocate and interact with the
membrane-bound components (rac1, gp91 and p22phox) forming an activated NADPH oxidase
complex. Activated NADPH oxidase transfers electrons from NADPH to molecular oxygen
generating O2•, which contributes to neurodegeneration.

Overall the above observations indicate the involvement of both RAGE and Mac-1 in the
pro-inflammatory activity of TFAM. However, additional receptors appear to be involved as
inhibiting RAGE or Mac-1 simultaneously did not completely abolish MCP-1 secretion, but
simply attenuated the release. Therefore, future investigations should focus on identifying
additional receptors involved in TFAM-mediated signaling to provide additional targets for
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modifying microglial activation. These may include TLR2, TLR4 and TLR9 67 51, 161, 162, as
HMGB1 and TFAM have been shown to signal through these receptors in peripheral tissues.

4.3. Hydrogen peroxide enhances TFAM mRNA expression levels by astrocytic cells
The next research question that was addressed was how the expression of TFAM in glial cells
changes in response to different stimulating agents. qPCR experiments were performed using U373 MG cells and primary human astrocytes. The glial cells were exposed to IFN-γ, IFN-γ plus
IL-1β or H2O2 for 24 h, following which, TFAM expression was determined. The only
biochemical stressor to induce TFAM expression by glial cells was H2O2.
H2O2 has been shown to function as a second messenger in alveolar macrophages
activating the major pro-inflammatory MAPK signaling pathways including JNK and ERK, as
well as the downstream NF-κB transcription factor 167-169. These pathways control the inducible
expression of pro-inflammatory genes. In addition, ROS, including H2O2, are used as
communicating agents between mitochondria, by activating signaling pathways 170. For example,
ROS has been shown to be part of an important retrograde signal leading to the stimulation of the
antioxidant response element (ARE) of cytoprotective genes, including nuclear factor-(erythroidderived 2)-related factor 2 (Nrf2) 170. In the presence of ROS, Nrf2 translocates to the nucleus
where it binds and activates nuclear factor (NRF)-1, which in turn regulates mitochondrial
biogenesis and the expression of proteins such as TFAM 170. This signaling pathway would
explain the qPCR results obtained, which showed increased TFAM expression upon stimulation
with H2O2.
Although an increase in TFAM gene expression could be detected in the glial cells, it is
unclear whether this increase will be reflected at the protein level, as well. Post-transcriptional
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modifications and mRNA degradation may inhibit the translation of the TFAM mRNA into a
functional TFAM protein. One study found that TFAM protein expression was significantly
elevated in human bladder cancer tissues compared to normal, healthy bladder tissue 127. Using
western blot analysis, Chaung et al. 50 demonstrated that serum levels of TFAM are significantly
increased after hemorrhagic shock in rats. Additionally, TFAM mRNA and protein levels in the
skeletal muscle of aged human subjects increased 11-fold and 2.6-fold, respectively, compared to
the levels found in young subjects 171. These differences in TFAM expression levels in peripheral
tissues may suggest that similar variation in the expression levels occurs during CNS diseases.
However, in contrast to studies measuring TFAM expression in the periphery, there are
fewer studies investigating the expression of TFAM in the CNS. The experiments presented in
this thesis are a novel and unexplored area investigating TFAM expression levels by glial cells in
the CNS. Future studies should focus on investigating the effect of additional stressors on the
expression of TFAM by glial cells, and on determining the levels of TFAM protein to confirm
mRNA to protein translation in the CNS cells.

4.4. Effects of TFAM-induced microparticles on toxicity of glial cells towards neuronal cells
The last experiments investigated an additional mechanism of action of TFAM involving the
novel intercellular signaling agents; the MPs. Previous studies have shown that MPs have
immunomodulatory and other biological activities similar to HMGB1 86, 87. Following activation,
apoptosis or necrosis, MPs and HMGB1 are released from a variety of cell types, including
monocytes, microglia, astrocytes and neurons 88, 89. Once released, MPs regulate various
biological and physiological processes, including cell-cell communication, cell proliferation,
coagulation and inflammation 91. In addition, it is becoming increasingly evident that MPs can
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contribute to the progression of some neurodegenerative and neuroinflammatory diseases 88, 89, 92,
172

. Levels of circulating MPs are elevated in the CSF and plasma from patients suffering from

CNS disorders, including multiple sclerosis 93 and cerebral malaria 94. As such, MPs have been
explored as potential biomarkers of neurological disorders, providing a potential early detection
method for neurodegenerative diseases that are difficult to diagnose.
To date, studies have demonstrated that pro-inflammatory cytokines, such as TNF-α,
IFN-γ and IL-1β, which are present during these neuroinflammatory disease states, are potent
triggers of MP release 173. In contrast, however, the role of DAMPs, such as HMGB1 or TFAM,
as triggers of MP release has not yet been investigated. Since TFAM has the ability to induce
microglial activation, which can lead to MP release, the role of TFAM as a trigger for MP
release was investigated.
THP-1 cells were stimulated with TFAM, IFN-γ or TFAM plus IFN-γ for 24 h, following
which the released MPs were isolated by differential centrifugation. Both unstimulated and
stimulated THP-1 cells released MPs (Table 2). This was to be expected, as resting cells show a
constitutive release of MPs 174, 175. Additionally, being seeded into a plastic plate can be
considered a stressful environment for the cells; stressful conditions, such as shearing stress or
hypoxia have been shown to induce the release of MPs 91, 176. TFAM was the only stimulant to
trigger a significant release of MPs above the levels released by the unstimulated control cells.
The other stimulants still enhanced the release of MPs; albeit not significantly (Table 2).
To determine whether the isolated MPs possessed cytotoxic properties, supernatant
transfer experiments were conducted using MPs to stimulate THP-1 cells. MPs (10 μg of
protein/ml) were isolated from THP-1 cells that had been stimulated with TFAM, IFN-γ or
TFAM plus IFN-γ for 24 h. The MPs derived from donor THP-1 cells stimulated with TFAM
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plus IFN-γ induced toxicity of THP-1 cells towards the SH-SY5Y cells, resulting in a decreased
viability of the neuronal cells. However, when the MPs were investigated for their ability to
induce the release of pro-inflammatory cytokines by THP-1 cells, only the MPs isolated from
IFN-γ plus LPS-stimulated donor THP-1 cells induced the release of MCP-1 above the levels of
the unstimulated control cells. MPs were also tested for their ability to prime the respiratory burst
activity in HL-60 cells, but no significant results were obtained (data not shown).
These results are contrary to the data obtained by Bardelli et al. 132. MPs isolated from
human monocytes stimulated with the calcium ionophore A23187 were able to induce O2•, as
well as IL-6 and TNF-α release from human monocytes 132. Moreover, MPs induced NF-κB
activation, which would explain the observed increase in pro-inflammatory cytokine secretion
132

. The difference in results obtained may be due to several reasons, including: (1) the cell types

used from which the MPs were isolated, as different cell types shed different numbers of MPs 97,
98, 132, 177, 178

, (2) the stimulating agents used, as different stimulants induce distinct MP

populations 177, and (3) the incubation times with the stimulants, as incubation time has been
shown to have an effect on the numbers of MPs released 97 and on the MP structure 97. All of
these factors can affect the physiological function of the MPs generated, leading to a different
response elicited in the target cells. In addition, the high diversity in the results obtained in
different laboratories is mainly due to the absence of a standardized method for isolating MPs.
Due to the increasing evidence supporting the involvement of MPs in the pathogenesis of a
variety of diseases, it is important that standardized methods are developed to decrease the
differences in isolating protocols between different research laboratories. Therefore, it may still
be possible that TFAM induces the release of MPs that have the ability to induce proinflammatory cytokine secretion; however, this hypothesis will require further investigations.
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Chapter 5. Conclusions and future work
5.1. Limitations of research
One of the main limitations of this research is the use of cell lines, which are derived from
tumors from different cells types (e.g. U-118 MG astrocytoma cells as a model for astrocytes),
and may, therefore, differ with respect to gene or protein expression from their primary cell
counterparts. This may lead to altered physiological responses compared to the primary cells. To
overcome this limitation, key experiments showing positive results were confirmed using
primary human astrocytes.
Another potential limitation of this study is the use of supernatant transfer experiments to
identify the effect of TFAM on glial cell-mediated neurotoxicity. Glial cells and neuronal cells
were cultured separately, which is not an accurate representation of their interactions in the brain
in vivo. By culturing the cells separately and transferring the cultured supernatants, only a
unidirectional flow of effects can be investigated. As a result of culturing cells individually, other
key interactions and bidirectional effects between glial cells and neurons may be missed or
under-investigated. Trans-well or co-culture experiments that allow for the glial cells and the
neuronal cells to be seeded into the same well may provide additional insights into the glialneuronal cell interactions that occur in vivo. Although the supernatant transfer experiments may
oversimplify the interactions between glial cells and neurons, they allow us to tease out the
effects of a single variable, providing us with a stepping stone towards more complex research
experiments.
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5.2. Future work
This thesis work provides substantial evidence that TFAM is a novel DAMP in the CNS.
Although stimulation of the pro-inflammatory cytokine release from glial cells (THP-1 cell and
primary human astrocytes) and the decrease in neuronal viability provided direct evidence of the
activation of glial cells by extracellular TFAM, these results need to be confirmed using primary
microglia and, more importantly, they need to be confirmed in vivo. In this regard, injecting
TFAM into the brain of healthy mice or rats may confirm the role of TFAM as a novel CNS
DAMP, and demonstrate the ability of TFAM to activate glial cells and induce the secretion of
pro-inflammatory cytokines, chemokines and ROS, potentially leading to neuronal damage in
healthy animals.
Moreover, additional studies need to focus on further describing and identifying the
detailed signaling pathways that mediate the pro-inflammatory activity of TFAM. This thesis
demonstrated the involvement of RAGE and Mac-1 in the activity of TFAM; however,
additional receptors need to be explored in order to fully elucidate the mode of action of TFAM.
Studies on HMGB1 have identified several TLR receptors involved in mediating its activity, and
due to the homology between HMGB1 and TFAM, the TLR receptors may represent potential
candidates targeted by TFAM, as well. A natural extension of this study would be to focus on
assessing whether blockade of the involved receptors and pathways could inhibit the proinflammatory responses and attenuate neuronal damage in vivo.

5.3. Significance of Findings
In conclusion, this thesis confirms the role of TFAM as a potential glial cell activator that has the
ability to induce cytotoxic responses from the glial cells, including the release of pro-
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inflammatory cytokines, chemokines and ROS. In addition, TFAM was shown to induce the
release of MPs, novel intercellular signaling agents that can contribute to the onset and
progression of some neurodegenerative and neuroinflammatory diseases.
Moreover, based on published studies describing the mode of action of HMGB1 in the
CNS and TFAM in peripheral tissues, this thesis identified RAGE and Mac-1 as the key glial
receptors engaged by TFAM. This has the potential to provide targets for ameliorating and
altering the CNS inflammatory processes. RAGE, in particular, appears to be a good candidate
for inhibiting TFAM activity, as RAGE expression levels are elevated during pathologicial
conditions, including Alzheimer’s disease 179, 180. Under physiological conditions RAGE is
expressed at low levels in all adult tissues, with exception of the lung where RAGE is expressed
at high levels 181. Therefore, developing specific inhibitors of RAGE to prevent TFAM binding
may prove to be a promising strategy for ameliorating glial cell activation and inflammation in
neurodegenerative diseases. Accordingly, the novel in vitro properties of TFAM discovered
within this thesis work warrant further testing of TFAM in animal models to assess its neurotoxic
potential in vivo.
This thesis contributes to expanding the fundamental knowledge of CNS functioning by
providing new information about the role of endogenous intercellular signaling molecules in
communication between different CNS cell types. My research provides additional insight into
the physiological glial activation, which has been implicated as a contributing factor to the onset
and progression of a variety of neurodegenerative diseases, including AD. The prevalence of AD
worldwide is continuously increasing and currently there are no effective therapies. Results of
this research highlight novel molecular and therapeutic targets for a variety of pathologies that
involve sterile neuroinflammatory processes such as AD.
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Appendices
Appendix A: Enzyme-linked immunosorbent assay (ELISA) reagents
A. Phosphate stock solution (200mM): 3.7 g of monobasic sodium phosphate, and 40.3
g of dibasic sodium phosphate were dissolved in 500 ml milli-Q water. The solution was
stored at room temperature in an airtight bottle.
B. PBS-Tween: 9 g of NaCl were dissolved in 950 mL mili-Q water (9 g NaCl in 1
l=0.09%). 50 mL of phosphate stock and 500 μL of Tween 20 were added. The solution
was stored at room temperature in an airtight bottle.
C. Blocking solution: 1% w/v skim milk powder and 1% w/v bovine serum albumin
(BSA) were dissolved in PBS, covered with Parafilm and stored at 4°C for up to one
week.
D. Coating buffer (0.1 M sodium bicarbonate (NaHCO3) buffer): Dissolved 0.159 g of
Na2HCO3 and 0.293 g of NaHCO3 in 100 ml mili-Q water. pH was adjusted to 9.6. The
buffer was stored at room temperature in an airtight bottle.
E. Substrate buffer: 101 mg of MgCl2x5H2O (50 mM) were dissolved in 800 ml mili-Q
water. Added 97 ml diethanolamine and mixed thoroughly. pH was adjusted to 9.8 with
concentrated HCl. Milli-Q water was added to make up a final volume of 1 l. The
solution was stored in the dark at 4°C.
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Abstract
Microglia represent mononuclear phagocytes in the brain and perform immune surveillance,
recognizing a number of signaling molecules released from surrounding cells in both healthy and
pathological situations. Microglia interact with several damage-associated molecular pattern
molecules (DAMPs) and recent data indicate that mitochondrial transcription factor A (Tfam)
could act as a specific DAMP in peripheral tissues. This study tested the hypothesis that
extracellular Tfam induces pro-inflammatory and cytotoxic responses of microglia. Three
different types of human mononuclear phagocytes were used to model human microglia: human
peripheral blood monocytes from healthy donors, human THP-1 monocytic cells, and human
primary microglia obtained from autopsy samples. When combined with interferon (IFN)-γ,
recombinant human Tfam (rhTfam) induced secretions that were toxic to human SH-SY5Y
neuroblastoma cells in all three models. Similar cytotoxic responses were observed when THP-1
cells and human microglia were exposed to human mitochondrial proteins in the presence of
IFN-γ. rhTfam alone induced expression of pro-inflammatory cytokines interleukin (IL)-6 and
IL-8 by THP-1 cells. This induction was further enhanced in the presence of IFN-γ. Upregulated
secretion of IL-6 in response to rhTfam plus IFN-γ was confirmed in primary human microglia.
Use of specific inhibitors showed that the rhTfam-induced cytotoxicity of human THP-1 cells
depended partially on activation of c-Jun N-terminal kinase (JNK), but not p38 mitogenactivated protein kinase (MAPK). Overall, our data support the hypothesis that, in human brain,
Tfam could act as an intercellular signaling molecule that is recognized by microglia to cause
pro-inflammatory and cytotoxic responses.
Keywords: DAMPs; glial cells; mitochondrial proteins; mononuclear phagocytes;
neuroinflammation; neurotoxicity
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ANOVA, analysis of variance;
DAMPs, damage-associated molecular pattern molecules;
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Introduction
Microglia are non-neuronal cells of the central nervous system that belong to the mononuclear
phagocyte system. As brain macrophages, microglia orchestrate innate immune responses,
detecting and destroying foreign pathogens and responding to tissue injury (Akiyama et al.,
2000; Kettenmann et al., 2011). Although this function is critical for protecting neurons and
other cells in the brain, it is believed that uncontrolled or chronic microglial activation can lead
to release of toxins that cause collateral neuronal damage (Colton, 2009; Graeber, 2010; Hoarau
et al., 2011). Such pathological activation of microglia is hypothesized to contribute to neuronal
damage in neurodegenerative disorders including Alzheimer’s and Parkinson’s disease, ischemic
stroke, trauma and aging-related cognitive decline (Block et al., 2007; Eikelenboom et al., 2012;
Jin et al., 2010; Zhang et al., 2013). As such, identifying molecules and pathways contributing to
chronic microglial activation has potential for developing novel neuroprotective strategies.
It is well established that proteins associated with pathological states of the brain could be
recognized by microglia and induce their activation; these include amyloid-beta protein and
alpha-synuclein that are deposited in Alzheimer’s and Parkinson’s disease respectively, as well
as combinations of endogenous pro-inflammatory cytokines (Eikelenboom et al., 2012;
Kettenmann et al., 2011; Klegeris et al., 2005, 2008b). Recent evidence indicates that
endogenous intracellular proteins released from damaged or dying cells, termed damageassociated molecular pattern molecules (DAMPs), can activate microglia through a select group
of specific receptors (Kettenmann et al., 2011). The most studied of these is the high-mobility
group box 1 (HMGB1), a non-histone DNA-binding protein expressed by glia and neurons of the
central nervous system. HMGB1 is normally located within the nucleus where it acts as a DNA
chaperone (Stros, 2010). Upon its release into extracellular space HMGB1 can interact with
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several different cell types causing diverse cellular effects, including potent activation of
inflammatory responses (Qiu et al., 2008; Yang et al., 2013). Extracellular HMGB1 has been
shown to interact with receptor for advanced glycation end products (RAGE) and complement
receptor 3 (CR3) on glial cells, followed by activation of the mitogen-activated protein kinase
(MAPK) intracellular signaling cascade and nuclear factor κB (NF-κB) (Gao et al., 2011;
Muhammad et al., 2008; Pedrazzi et al., 2007). Brain microinjection of the recombinant HMGB1
induces expression of pro-inflammatory cytokines (Faraco et al., 2007).
Based on their endosymbiotic origin from bacterial predecessors, mitochondria are
hypothesized to display DAMP features as they contain specific molecular signatures (e.g., Nformyl peptides, circular DNA) that may trigger innate immune responses (Zhang et al., 2010).
Recent data have implicated mitochondrial transcription factor A (Tfam), which is a structural
and functional homolog of HMGB1, as a possible DAMP that can be recognized by immune
cells in periphery (Crouser et al., 2009; Julian et al., 2012). The main physiological function of
Tfam is initiating mitochondrial gene transcription through binding to mitochondrial DNA via
two tandem DNA binding HMG-box domains (Gangelhoff et al., 2009; Ngo et al., 2011; RubioCosials et al., 2011; Wong et al., 2009). However, Tfam can also be released from damaged cells
and may - similar to HMGB1 - initiate immunological responses (Chaung et al., 2012). Tfam
has been shown to stimulate peripheral blood monocytes (Crouser et al., 2009) and plasmacytoid
dendritic cells (Julian et al., 2012) in the presence of additional stimuli (N-formyl peptides and
CpG-enriched DNA respectively). RAGE and intracellular signaling pathways similar to those
engaged by HMGB1 were also implicated in the cellular actions of Tfam (Julian et al., 2012).
Even though expression of this protein in the central nervous system has been demonstrated
(Hokari et al., 2010; Yin et al., 2008), to the best of our knowledge the effects of extracellular
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Tfam on glial or neuronal cells are unknown. Here we demonstrate that both human
mitochondrial proteins and recombinant human Tfam (rhTfam) are recognized by three different
types of human mononuclear phagocytes, including primary microglia. We also show that
rhTfam in combination with interferon (IFN)-γ induces secretion of pro-inflammatory cytokines
and cytotoxins by monocytic cells and that this effect is partially dependent on activation of cJun N-terminal kinases (JNK).

Material and methods
Reagents
The following substances were used in various assays and were obtained from Sigma-Aldrich
(Oakville, ON, Canada): diaphorase (EC 1.8.1.4, from Clostridium kluyveri, 5.8 U/mg solid),
dimethyl sulfoxide (DMSO), Triton X-100, p-iodonitrotetrazolium violet, NAD+, MTT (3-(4,5dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide), a highly selective cell permeable
inhibitor of p38 mitogen-activated protein kinases (p38 MAPK, SB202190), and a selective
inhibitor of JNK (SP600125). Recombinant human IFN-γ and interleukin (IL)-6 enzyme-linked
immunosorbent assay (ELISA) development kits were obtained from PeproTech (Rocky Hill,
NJ). Goat polyclonal anti-human Tfam antibody was obtained from Santa Cruz Biotechnology
(K-18, Santa Cruz, CA). All other reagents were obtained from Thermo Fisher Scientific
(Nepean, ON, Canada) unless stated otherwise.

Cells and cell lines
The human THP-1 promonocytic cell line was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Human SH-SY5Y dopaminergic neuroblastoma cells
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were donated by Dr. R. Ross, Department of Biological Sciences, Fordham University, Bronx,
NY, USA. Primary human monocytes were isolated from venous blood samples obtained from
healthy human volunteers as described by Elkord et al. (2005). Peripheral blood mononuclear
cells (PBMCs) were separated first by gradient centrifugation on Histopaque-1077; enriched
monocyte cultures were obtained by allowing cells to adhere to plastic for 2 h followed by
removal of non-adherent cells. Preparation and use of human monocyte cultures were authorized
by the University of British Columbia Clinical Research Ethics Board.
Primary human microglia cells were obtained from post-mortem brain tissues according
to established protocols (Walker et al., 2009). Tissues were donated to the Banner Sun Health
Research Institute (Sun City, AZ, USA) through their Brain and Body Donation Program with
informed consent and the approval of the Banner Research Institutional Review Board (IRB).

Preparation of recombinant human Tfam (rhTfam)
The plasmid for expression of the full-length rhTfam was a gift from Dr. M.E. Churchill,
University of Colorado, Denver, CO, USA (Gangelhoff et al., 2009). The Tfam plasmid
incorporates a cleavable glutathione S-transferase (GST) tag onto the N-terminus of the protein,
enabling purification of the protein by glutathione affinity chromatography. The plasmid was
transformed into Rosetta2 (DE3) pLysS strain of Escherichia coli, (EMD Biosciences,
Gibbstown, NJ, USA) and a single transformed colony was used to inoculate 100 ml of Luria
Broth medium containing 100 μg/ml ampicillin and 35 μg/ml of chloramphenicol. Following
growth for 16 h at 37 °C, 10 ml of the starter culture was used to inoculate Terrific Broth (0.5 l)
containing ampicillin (100 μg/ml) and chloramphenicol (35 μg/ml). The culture was grown at 37
°C at 220 rpm until it reached an optical density of 0.8 at 600 nm, at which time isopropyl β-D-1-
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thiogalactopyranoside was added to a final concentration of 0.1 mM. The temperature of the
incubator was reduced to 25 °C, and the culture was allowed to grow for a further 16 h. Cells
were harvested by centrifugation (4,000 × g, 15 min, 4 °C), and the cell pellet was stored at
-80 °C until purification.
All protein purification steps were performed at 4 °C or on ice. The harvested cell pellet
(45 g) was resuspended in 150 ml of 50 mM GST-binding buffer (4.3 mM Na2HPO4, 1.5 mM
KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.3 with 1 mM ethylene diamine tetraacetic acid
[EDTA], 1 mM dithiothreitol [DTT]), with 0.4 mM benzamidine and 1 mM
phenylmethylsulfonyl fluoride. The cells were lysed by sonication and then centrifuged at 25,000
× g for 50 min to remove particulates. The supernatant was applied at 1 ml/min to a 100 ml
Glutathione Sepharose 4B (GE Healthcare) column equilibrated with GST-binding buffer. The
resin was washed with 500 ml of GST-binding buffer and the GST-tagged protein was eluted
with 50 mM Tris–HCl pH 8.0, containing 10 mM glutathione, 1 mM EDTA and 10 mM DTT.
The eluted protein was concentrated to 10 ml by ultrafiltration and incubated with PreScission
protease (GE Healthcare) while undergoing a 16 h dialysis against GST-binding buffer. The
dialysate was applied to a 10 ml Glutathione Sepharose column equilibrated with GST-binding
buffer to remove uncleaved protein and the GST-tag. The column was washed with GST-binding
buffer and the cleaved protein was collected in the flow through and concentrated by
ultrafiltration. The protein was then further purified by cation exchange chromatography
(Resource S, GE Healthcare) followed by anion-exchange chromatography (Resource Q, GE
Healthcare). The concentration of protein was determined by a Lowry assay (BioRad,
Mississauga, ON, Canada) using bovine serum albumin as a standard. The purity and molecular
size of the protein was checked by polyacrylamide gel electrophoresis and western blotting using
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anti-human Tfam antibody as described previously (Klegeris and McGeer, 2003; Wolthers et al.,
2003). In addition, we routinely treated rhTfam samples in High Capacity Endotoxin Removal
Spin Columns and monitored endotoxin levels by the Limulus Amebocyte Lysate (LAL)
Chromogenic Endotoxin Quantitation Kit (both from Pierce/Thermo Fisher Scientific). Several
independently prepared batches of rhTfam with endotoxin levels of less than 2 pg/g protein
were shown to be biologically active in our assay systems.

Preparation of mitochondrial proteins from cultured cells
Samples of mitochondrial proteins were prepared from ~100 million THP-1 cells grown in 175
cm2 flasks using a modified procedure adapted from Safdar et al. (2011). Briefly, cells were
collected by centrifugation at 250 x g, washed with phosphate-buffered saline (PBS) containing
100 μM EDTA and then gently homogenized in a glass homogenizer using a Teflon pestle in icecold isolation buffer A (10 mM sucrose, 10 mM Tris/HCl, 50 mM KCl, and 1 mM EDTA, pH
7.4) supplemented with Halt protease inhibitor cocktail from Pierce/Thermo Fisher Scientific.
Resulting homogenates were centrifuged at 1,000 x g. The supernatants containing mitochondria
were centrifuged at 12,000 x g to obtain a mitochondrial pellet, which was washed twice in icecold buffer B (10 mM sucrose, 0.1 mM ethylene glycol tetraacetic acid (EGTA)/Tris, and 10 mM
Tris/HCl, pH 7.4, supplemented with Halt protease inhibitor cocktail). All centrifugation steps
were carried out at 4 °C. Isolated mitochondrial pellets were resuspended in 80 l Dulbecco's
modified Eagle's medium-nutrient mixture F12 Ham (DMEM-F12) and subjected to three freezethaw cycles using liquid nitrogen to release mitochondrial proteins. Concentration of
mitochondrial proteins (diluted 1:10 in PBS) was determined by Bradford assay (Sigma-Aldrich)
prior to use in experiments. Purity and enrichment of mitochondrial protein fractions was
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confirmed as described previously (Safdar et al., 2011) by a lack of lactate dehydrogenase (LDH)
activity and abundance of succinate dehydrogenase activity assessed by colorimetric assay, as
well as presence of mitochondrial proteins Tfam and ATP synthase β detected by western
blotting (data not shown).

Cell culture
Cells were cultured in DMEM-F12 supplemented with 10% fetal bovine serum (FBS), penicillin
(100 U/ml) and streptomycin (100 μg/ml). Cell cultures were incubated in a CO2 incubator at
37ºC with 5% CO2 and 100% humidity. For the quantitative polymerase chain reaction (qPCR)
experiments, THP-1 cells were seeded in 6-well plates at a concentration of 1 million/ml in
DMEM-F12 with 5% FBS. For the cytotoxicity and ELISA experiments, THP-1 cells, primary
human monocytes and microglia were seeded in 24-well plates at 0.5 million/ml.

Induction of monocytic cell cytotoxicity by rhTfam and mitochondrial proteins
Experiments to test the cytotoxicity of monocytes, THP-1 cells and microglia were performed as
described previously (Klegeris et al., 2005). Cells were treated with different concentrations of
rhTfam or mitochondrial proteins in the presence or absence of IFN- (150 U/ml). In order to
eliminate the possibility that the stimulatory effects of rhTfam observed in our study were due to
endotoxin contamination of recombinant protein samples, the following additional control
experiments were preformed: testing of rhTfam that had been heated for 10 min at 95°C prior to
adding to cells (see Fig. 3) showing loss of activity; treatment of rhTfam with polymixin B (1 h
at 10 μg/ml) before adding to THP-1 cells showing no reduction of activity, pretreatment of
THP-1 cells with anti-toll-like receptor (TLR)-4 antibody (1 h at 20 μg/ml, clone HTA125 from
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eBioscience, San Diego, CA, USA) showing no reduction of cytotoxic activity or cytokine
secretion (Supplemental Figure 1); treatment of cells with the combination of IFN-γ and a
control protein, recombinant methylmalonic aciduria cblC type with homocystinuria
(MMACHC; expressed and isolated from E. coli by a similar method to that of rhTfam),
showing no activity.
Supernatants from microglia and THP-1 cells incubated in the presence or absence
(unstimulated) of mitochondrial proteins and IFN-γ for 24–48 h were collected and added to SHSY5Y neuronal cells that had been seeded 24 h earlier onto 24-well plates at 0.2 million/ml in
DMEM-F12 plus 5% FBS, 0.4 ml/well. Following 72 h, viability of SH-SY5Y cells was
measured by the MTT assay, which detects live cells, and LDH release, which estimates percent
of dead cells, as described previously (Villanueva et al., 2012). Percentages of cell viability were
assessed relative to untreated control wells containing SH-SY5Y cells incubated in fresh
medium. Percentages of cell death were assessed relative to control wells where SH-SY5Y cells
were lysed with 5% Triton X-100. In addition, the effects of various treatments on THP-1 cell
and microglia viability were assessed using the MTT cell viability assay.

ELISA
IL-6 concentrations in supernatants collected from monocytes or microglia stimulated for 48 h
with rhTfam and IFN- were measured by Peprotech ELISA development kits following the
manufacturer’s instructions and using a BMG Fluostar Omega plate reader (BMG Labtech,
Offenburg, Germany).
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RNA extraction and qPCR
A previously published procedure was employed (Madeira et al., 2012). Total RNA from THP1 cells was isolated using the Aurum™ Total RNA mini kit with on-column DNase I digestion
(BioRad). RNA concentration was measured using a spectrophotometer with the 260/280 ratios
of all samples being >1.9. One μg total RNA was converted to cDNA using the iScript™
(BioRad) kit as specified by the manufacturer’s protocol. qPCR was performed using SsoFast™
Evagreen® supermix (BioRad) on a BioRad CFX-96 real-time PCR detection system. The final
reaction volume was 15 μl, which contained 1.5 ng cDNA (in 1.5 μl), 2.5 μl each of 5 μM
forward and reverse primers, 5 μl master mix, and 3.5 μl nuclease-free water. Primers with
previously published sequences for IL-1β, IL-6, IL-8 and β-actin (Hayashi et al., 2003; Vogel et
al., 2005) were obtained from Integrated DNA Technologies (Vancouver, BC, Canada). β-actin,
levels of which did not change with any of the treatments (cycle threshold [Ct] difference of
<0.5), was used as a housekeeping gene and relative quantification of RNA was calculated using
the ΔΔCt method with unstimulated THP-1 cells serving as the control. The efficiency of each
primer set was determined by plotting template dilutions against threshold cycle (Ct) values; the
results obtained were within standard accepted values of 90-110% (Bustin et al., 2009).
Duplicate experimental samples were analyzed simultaneously with negative control that
contained no cDNA. Melting point dissociation curves generated by the instrument were
used to confirm specificity of the amplified product.

Statistical analysis
SPSS software (version 16.0; IBM SPSS, Chicago, IL, USA) was used to conduct statistical
analyses. Randomized block design analysis of variance (ANOVA), which controls for
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variability between experimental days by assigning data from each day as a block, was used to
analyze all data. Significant differences were further evaluated by the Dunnett’s or Tukey’s
Honestly Significant Difference (HSD) post hoc tests for multiple comparisons. Data are
presented as means ± standard deviation (SD) with p<0.05 considered statistically significant.

Results
Tfam induces human monocytic cell toxicity towards neuronal cells.
Primary human microglia, human peripheral blood monocytes, and human THP-1 monocytic
cells were used to study interactions between Tfam and mononuclear phagocytes. Initial
ipheral
blood monocytes did not induce their toxicity towards human SH-SY5Y neuronal cells (Figure
-γ (150 U/ml) and added to
monocyte cultures for 48h, such conditioned media became toxic towards human SH-SY5Y
neuronal cells. Figure 1 shows that the toxic action of rhTfam plus IFN-γ stimulated cell
supernatants can be detected as reduced viability of SH-SY5Y cells by the MTT assay (Fig. 1A)
and reciprocal increase in SH-SY5Y cell lysis measured by the LDH assay (Fig. 1B) after 72 h
incubation. A similar reciprocal relationship was found between data obtained by the MTT and
LDH assays for toxicity experiments with other monocytic cell types described below; however,
for clarity of data presentation only results from the MTT assay are presented (see Supplemental
data for LDH assay results). Supernatants from untreated peripheral blood monocyte
supernatants (Unstimulated) or monocytes treated with IFN-γ (150 U/ml) alone had no effect on
toxicity towards SH-SY5Y cells (Figure 1). In addition to the above two biochemical assays, the
toxic action of supernatants from rhTfam plus IFN-γ-stimulated monocytes could be observed
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visually under phase contrast microscope. Figure 1C illustrates that exposure to conditioned
medium resulted in lowered density and altered morphology of SH-SY5Y cells.
Next, the concentration-dependent effect of rhTfam was studied using THP-1 monocytic
cells that are commonly used as surrogates of human peripheral blood monocytes as well as
brain microglia. Figure 2A illustrates that rhTfam, only when combined with IFN-γ, induced
THP-1 cell toxicity towards SH-SY5Y cells in a concentration-dependent manner. This effect
was statistically significant for concentrations of rhTfam ≥0.36 μg/ml. The same concentrations
of rhTfam (except 5 μg/ml) combined with IFN-γ were slightly toxic to THP-1 cells (Fig. 2B); a
similar decrease in THP-1 cell viability can be observed with other stimuli that induce THP-1
cell toxic secretions (Madeira et al., 2012). The control non-mitochondrial recombinant human
protein MMACHC (Kim et al., 2008), which was produced and purified in the same manner as
rhTFAM, even when combined with IFN-γ, had no direct effect on viability of THP-1 cells (Fig.
2B) and also did not influence SH-SY5Y cells exposed to supernatants from THP-1 cells
incubated with this combination of stimulants (Fig. 2A). MMACHC has approximately the same
molecular weight as Tfam (~26 kDa); both these proteins were produced by using the same
equipment in an identical manner.

Heat treatment reduces the monocytic cell-stimulating potential of rhTfam.
Heating rhTfam for 10 min at 95°C prior to its addition, in combination with IFN-γ, to THP-1
cells resulted in a significant reduction in monocytic cell supernatant toxicity towards SH-SY5Y
cells compared to untreated rhTfam (treatment x concentration interaction, P<0.05; Fig. 3). Posthoc analyses by Tukey’s HSD test revealed that heat-treated rhTfam when combined with IFN-γ
induced less THP-1 cell-mediated toxicity at the three highest concentrations used (1.25, 2.5, and
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5.0 μg/ml). Both heated and unheated rhTfam on their own failed to induce THP-1 cell toxicity
towards SH-SY5Y cells at all concentrations tested (Supplemental Figure 3).

Tfam induces inflammatory cytokine mRNA expression
To determine whether rhTfam elicited a pro-inflammatory response in monocytic cells, THP-1
cells were treated with 5 μg/ml rhTfam, in the presence and absence of IFN-γ (150 U/ml), for 24
h and IL-1β, IL-6 and IL-8 mRNA expression were measured using qPCR. Figure 4 shows that
rhTfam on its own produced a robust increase in IL-1β (749-fold), IL-6 (~25-fold) and IL-8
mRNA (~900-fold) over unstimulated cells. The magnitude of induction was even greater when
rhTfam was combined with IFN-γ (~9000-fold increase for IL-1β, ~3000-fold increase for IL-6,
and ~4500-fold increase for IL-8).

JNK activation is partially involved in THP-1 monocytic cell activation by Tfam
To elucidate the potential intracellular signaling pathways involved, THP-1 cells were treated
with inhibitors of key inflammatory signaling pathways, which have been previously shown to
mediate the cytotoxic response of THP-1 cells to other stimuli (Klegeris et al., 2008b). Adding
JNK inhibitor SP600125 (20 μM) prior to stimulation of THP-1 cells with rhTfam (5 μg/ml) plus
IFN-γ (150 U/ml) significantly reduced their toxic secretions (P<0.05 vs. DMSO control)
whereas inhibition of p38 MAPK using SB202190 (20 μM) had no significant effects (Fig. 5).
Adding these concentrations of inhibitors to unstimulated THP-1 cells did not alter SH-SY5Y
cell viability after transfer of the THP-1 cell supernatants (data not shown).
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Mitochondrial proteins induce THP-1 cell toxicity towards SH-SY5Y cells
Similar to the effects seen with rhTfam, mitochondrial proteins (50 and 100 μg/ml), when
combined with IFN-γ (150 U/ml), induced significant toxicity of THP-1 cells towards SH-SY5Y
neuronal cells (Fig. 6A). Treatment of THP-1 cells with isolated mitochondrial proteins, with or
without IFN-γ, had no effect on their viability (Fig. 6B). Importantly, when the same
concentrations and combinations of mitochondrial proteins with IFN-γ were applied directly to
SH-SY5Y cells, their viability after 72 h incubation was unaffected (>90% viability via MTT
assay, <15% lysis by LDH release; data not shown).

rhTfam and mitochondrial proteins induce primary human microglial neurotoxicity
To determine whether rhTfam and/or mitochondrial proteins could elicit similar cytotoxic
responses in microglia, which also belong to the mononuclear phagocyte system, similar
experiments using primary adult human microglia isolated from post-mortem brains were
performed. When combined with IFN-γ (150 U/ml), rhTfam (5 μg/ml) and mitochondrial
proteins (100 μg/ml) both induced microglia supernatant-mediated toxicity towards SH-SY5Y
neuronal cells (Fig. 7). This was accompanied by a significant increase in IL-6 secretion from
primary human microglia (Fig. 8). Similar induction of IL-6 secretion by combinations of IFN-γ
(150 U/ml) with rhTfam (5 μg/ml) were also measured using human peripheral blood monocytes
(data not shown).

Discussion
To test the hypothesis that extracellular Tfam can induce pro-inflammatory and cytotoxic
responses of microglia, full-length rhTFAM was prepared and added alone or in combination
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with IFN-γ to three different types of cultured human mononuclear phagocytes, including
microglia obtained from human surgical samples. We and others have previously shown that
unstimulated monocytic cells do not secrete substances toxic to human neuronal cells, but that
supernatants from cells exposed to select stimuli exhibit cytotoxicity (Combs et al., 2000;
Dzenko et al., 1997; Klegeris et al., 2005, 2008a; Little et al., 2012; Taylor et al., 2003). In this
study we used an analogous human cell culture system which involved the initial exposure of
monocytic cells to rhTfam and other stimuli for 48 h, followed by transfer of cell-free
supernatants to cultured human SH-SY5Y cells. Our data indicate that rhTfam alone lacks the
ability to induce monocytic cell cytotoxicity and that additional stimulation of cells with IFN-γ is
required for induction of the cytotoxic response. We have previously observed that similar costimulation with IFN-γ is required to reveal the cytotoxicity-inducing activity of α-synuclein and
tumor necrosis factor (TNF)-α, which on their own do not cause monocytic cell cytotoxicity. It is
also important to note that IFN-γ alone is not capable of inducing significant monocytic cell
cytotoxicity (Klegeris et al., 2005, 2008b) (Fig. 2, 6, 7).
Even though two consecutive chromatographic steps (cation-exchange and anionexchange) were used to purify rhTfam, endotoxin contamination of recombinant protein samples
is always a concern (Chaung et al., 2012). We adopted several strategies used by others in
studies with recombinant proteins to demonstrate that Tfam, and not any contaminating
endotoxin, is responsible for the effects observed (Chaung et al., 2012; Crouser et al., 2009; Li et
al., 2003; Pedrazzi et al., 2007). The cytotoxicity-inducing ability of rhTfam was heat-sensitive
and was not inhibited by polymyxin B. In addition, a non-mitochondrial human control protein
MMACHC prepared under the same conditions as Tfam did not induce cellular responses.
Furthermore, mitochondrial proteins extracted from human cells induced THP-1 cell and human

145

microglia toxicity when combined with IFN-γ. Additional control experiments were performed
demonstrating that at the concentrations used, neither rhTfam nor mitochondrial proteins alone
or in combination with IFN-γ were toxic when applied to SH-SY5Y cells directly, therefore the
cytotoxic activity of Tfam towards the neuronal cells was indirect and could not be explained by
the possible transfer of some rhTfam to SH-SY5Y cells along with the monocytic cell
supernatants.
Although induction of THP-1 cytotoxicity required their exposure to a combination of
rhTFAM or mitochondrial proteins with IFN-γ, induction of mRNA expression three proinflammatory cytokines (IL-1β, IL-6 and IL-8) could be achieved by their exposure to rhTfam in
the absence of any co-stimuli. All these cytokines have been implicated in microglia-mediated
inflammatory reactions associated with neurodegenerative diseases (Kettenmann et al., 2011).
IFN-γ alone did not induce cytokine mRNA, but it significantly enhanced the effects of rhTfam;
therefore, Tfam and IFN-γ acted synergistically to induce both cytotoxicity and cytokine
secretion of monocytic cells studied.
To the best of our knowledge this study is the first to demonstrate interaction between
microglia and Tfam leading to potentially pro-inflammatory response of this brain glial cell type.
Only very limited information is available about the physiological consequences of interaction of
extracellular Tfam with cells. Thus far it has been demonstrated that secretion of IL-8 by human
monocytes (Crouser et al., 2009), TNF-α by murine macrophages (Chaung et al., 2012), and
IFN-α by human plasmacytoid dentritic cells (Julian et al., 2012) is induced by Tfam alone or in
combination with co-stimulatory molecules such as CpG-containing oligonucleotides and the
bacterial formyl peptide N-formylmethionine-leucine-phenylalanine (fMLP). The receptor for
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advanced glycation endproducts (RAGE) and formyl peptide receptors (FPR) have been shown
to mediate some of the cellular effects of Tfam (Crouser et al., 2009; Julian et al., 2012).
Identification of receptor(s) responsible for interaction between Tfam and microglia will
require further studies, but FPRs appear not to be predominantly responsible for the effect of
Tfam observed in our study since exposure of THP-1 cells to rhTfam plus IFN-γ in the presence
of FPR inhibitor cyclosporin H (CsH) (Crouser et al., 2009) did not inhibit the cellular responses;
combining Tfam with fMLP also did not induce monocytic cell activation (data not shown).
The potential receptor targets for Tfam are not limited to RAGE and FPR; since Tfam is a
structural and functional homolog of HMGB1, it could potentially interact with any or all of the
HMGB1 receptors, which include RAGE, toll-like receptor TLR-2, -4, -9, complement receptor
CR3, and others (Gao et al., 2011; Julian et al., 2012; Lotze and Tracey, 2005; Maroso et al.,
2010; Muhammad et al., 2008; Pedrazzi et al., 2007; Qiu et al., 2008; Yang et al., 2013). The key
intracellular signaling pathways and molecules that have been shown to mediate the cellular
effects of Tfam and HMGB1 include NF-

-1-receptor-associated kinase (IRAK),

phosphatidylinositol 3-kinase (PI3K) and several MAPKs (Julian et al., 2012; Lotze and Tracey,
2005). We studied the effects of two different MAPK inhibitors and demonstrated that rhTfam
plus IFN-γ induced cytotoxicity of THP-1 cells was partially dependent on JNK, but not p38
MAPK activation. JNK has already been shown to partially mediate the cellular effects of
HMGB1 in human monocytic U937 cells (Kuniyasu et al., 2005), mouse liver dendritic cells
(Zeng et al., 2009), and Kupffer cells (Luo et al., 2010). Although inhibition of JNK using
SP600125 reduced cytotoxicity of supernatants from THP-1 monocytes treated with the
combination of rhTfam with IFN-γ, future work is needed to confirm conclusively JNK
activation and its role in Tfam-mediated monocyte inflammation. Further studies directed at
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establishing receptors and intracellular signaling pathways mediating Tfam-human microglia
interactions are currently under way in our laboratory. Our preliminary data show that the
stimulatory effects of Tfam on monocytic cells are not mediated by TLR-4 (see Supplementary
Figure 1).
Taken together, these data indicate that Tfam, similar to HMGB1 (Qiu et al., 2008), could
serve as an endogenous intercellular signaling molecule in the brain. Since Tfam can be released
by damaged cells (Crouser et al., 2009) and is recognized by microglia, Tfam could potentially
contribute to sterile neuroimmune responses that are observed in a number of human pathologies
including neurodegenerative disorders, stroke, and neurotrauma. Microglial responses resulting
from interaction with Tfam appear to be pro-inflammatory and potentially harmful to
surrounding neuronal cells. Further elucidation of the receptors and signaling pathways
responsible for the observed microglial activation by Tfam is warranted as it may lead to
identification of novel therapeutic targets for a range of pathologies that involve sterile
neuroinflammatory responses.
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Fig. 1. Tfam induces human peripheral blood monocyte toxicity towards human SH-SY5Y
neuronal cells. A) Cell viability assessed by the MTT assay; and B) Cell lysis assessed by lactate
dehydrogenase (LDH) release from SH-SY5Y neuronal cells that were exposed for 72 h to
conditioned media from monocytes that had been left unstimulated or were stimulated for 48 h
with 5 μg/ml rhTfam combined with 150 U/ml IFN-γ. Data from 3 independent experiments are
presented. Percent viability is expressed relative to untreated SH-SY5Y control cell cultures.
Percent lysed is expressed relative to SH-SY5Y cultures lysed with 5% Triton X-100. *P<0.05
vs. unstimulated cells, Dunnett’s post-hoc test. C) Representative phase contrast microscopy
images of SH-SY5Y cells following 72 h treatment with conditioned media from unstimulated
and stimulated (48 h with rhTfam + IFN-γ) monocytes. Magnification bars = 200 μm.

Fig. 2. Tfam induces human THP-1 monocytic cell toxicity towards SH-SY5Y neuronal cells in
a concentration-dependent manner. A) The MTT assay was used to assess viability of SH-SY5Y
cells exposed for 72 h to conditioned media from unstimulated THP-1 cells and cells that had
been stimulated for 48 h with a combination of IFN-γ (150 U/ml) and different concentrations of
rhTfam. Percent viability is expressed relative to untreated SH-SY5Y control cell cultures. The
non-mitochondrial protein MMACHC (Kim et al., 2008) was tested in combination with IFN-γ
at the highest concentration of rhTfam used (5 μg/ml). B) Viability of THP-1 cells was assessed
by the MTT assay at the end of the 48 h incubation period with the various stimuli. Data from 5
independent experiments are presented. *P<0.05 vs. unstimulated cells, Dunnett’s post-hoc test.

Fig. 3. Heating Tfam reduces its ability to induce THP-1 cell toxicity towards SH-SY5Y cells.
rhTfam was left untreated or was heated for 10 min at 95°C (heat-treated Tfam). Combinations
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of IFN-γ (150 U/ml) and different concentrations of rhTfam were added to THP-1 cells for 48 h.
Subsequently, conditioned media was transferred to SH-SY5Y cells and neuronal cell viability
assessed by the MTT assay at the end of 72 h incubation period. Percent viability is expressed
relative to untreated SH-SY5Y control cell cultures. Data from 5 independent experiments are
presented. *P<0.05 vs. untreated Tfam at the same concentration, Tukey’s post-hoc test.

Fig. 4. Tfam induces inflammatory cytokine mRNA expression in THP-1 monocytic cells. A)
IL-1β, B) IL-6 and C) IL-8 mRNA expression was measured by qPCR in THP-1 cells after 24 h
exposure to IFN3-5 independent experiments are presented. *P<0.05 vs. unstimulated, Dunnett’s post-hoc test.

Fig. 5. Toxicity of THP-1 cell towards SH-SY5Y cells induced by a combination of Tfam and
IFN-γ is partially dependent on c-Jun N-terminal kinase (JNK). THP-1 cells were stimulated for
48 h with rh

-γ (150 U/ml) in the presence or absence of

SP600125 (20 μM, JNK inhibitor) and SB202190 (20 μM, p38 MAPK inhibitor) and conditioned
media was transferred to human SH-SY5Y neuronal cells. After a 72 h incubation period,
neuronal cell viability was assessed by the MTT assay. Percent viability is expressed relative to
untreated SH-SY5Y control cell cultures. Data from 5 independent experiments are presented. a,
P<0.05 vs unstimulated; b, P<0.05 vs. DMSO solvent (Tukey’s post-hoc test).

Fig. 6. Isolated human mitochondrial proteins that are non-toxic to THP-1 cells induce secretion
of toxins when applied to THP-1 cells in combination with IFN-γ. A) The MTT assay was used
to assess viability of SH-SY5Y cells exposed for 72 h to conditioned media from unstimulated
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THP-1 cells and cells that had been stimulated for 48 h with different concentrations of
mitochondrial proteins in the presence or absence of IFN-γ (150 U/ml). Percent viability is
expressed relative to untreated SH-SY5Y control cell cultures. B) Viability of THP-1 monocytic
cells was assessed by the MTT assay at the end of the 48 h incubation period with the various
stimuli. Data from 5 independent experiments are presented. *P<0.05 vs. unstimulated,
Dunnett’s post-hoc test.

Fig. 7. Tfam and isolated mitochondrial proteins induce primary human microglial cell toxicity
towards SH-SY5Y neuronal cells. A) The MTT assay was used to assess viability of SH-SY5Y
cells exposed for 72 h to conditioned media from unstimulated human microglia and cells that
had been stimulated for 48 h with IFN-γ (150 U/ml) alone and IFN-γ combined with rhTfam (5
μg/ml) or mitochondrial proteins (100 μg/ml). Percent viability is expressed relative to untreated
SH-SY5Y control cell cultures. B) Primary human microglial cell viability was measured by the
MTT assay at the end of the 48 h incubation period with the various stimuli. Human microglia
were prepared from two independent autopsy samples (n=4) *P<0.05 vs. unstimulated,
Dunnett’s post-hoc test. C) Representative phase contrast microscopy images of SH-SY5Y cells
following 72 h treatment with conditioned media from unstimulated and stimulated (48 h with
rhTfam + IFN-γ) primary human microglia. Magnification bars = 100 μm.

Fig. 8. Tfam and isolated mitochondrial proteins induce IL-6 secretion from primary human
microglia. Cells were treated with rhTfam or isolated mitochondrial proteins as indicated and
ELISA used to measure IL-6 in cell-free supernatants after 48 h incubation with the stimuli.
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Human microglia were prepared from two independent autopsy samples (n=4). *P<0.05 vs.
unstimulated, Dunnett’s post-hoc test.
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