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Abstract 

Intercellular mitochondrial transfer is the acquisition of exogenous mitochondria by one cell from 

another cell. The transfer event is generally not stochastic but directed.  It largely results in a 

benefit for the recipient cell.  In the brain, the support structure astrocytes provide to neurons 

establishes a framework to investigate mitochondrial transfer between neural cells.  During 

neurodegeneration or brain development, mitochondrial transfer between neural cells may 

alleviate disease phenotypes or help form the early cytoarchitecture and connectome of the brain.  

To begin to investigate intercellular mitochondrial transfer in neural cells, co-culture experiments 

were performed, between two independent, fluorescently labelled cell populations, either in a 

monolayer or in three-dimensional spheroid culture.  Initially, fluorescently labelled mitochondria 

were co-cultured with neonatal neurons.  Although punctate mitochondrial fluorescence was found 

in neurons, the conventional tools and methods used to label mitochondria and assess their location 

were found to have limitations, and new methods were developed.   

Transfer is most often seen in response to injury. Stable mtDNA-depleted (ρ0) astrocytes were 

generated as a mitochondrial specific injury.  These astrocytes cannot respire, have impaired 

biosynthesis and ATP production, fractured mitochondrial networks with swollen mitochondria, 

and require pyruvate and uridine to meet their bioenergetic demands.  When ρ0 astrocytes were co-

cultured with the appropriate cell type in the absence of pyruvate and uridine, mitochondrial 

transfer was observed, leading to restoration of an entire mitochondrial network.  The mechanism 

of mitochondrial transfer into ρ0 astrocytes was highly suggestive of cell fusion and was donor 

cell-type specific.   

This went against the convention in the literature that tunneling nanotubes (TNTs) or extracellular 

vesicles (EVs) discretely transfer clusters of mitochondria to damaged recipient cells. This PhD 

dissertation challenges the conventional tools to produce microscopic images proving 

mitochondrial transfer and suggests cell fusion as the mechanism by which non-native 

mitochondria exist inside a cell.     
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1 Introduction 

Mitochondria arose from the endosymbiosis of α-protobacteria into host archaea in a singular event 

2 billion years ago, the symbionts evolving into a eukaryotic common ancestor that aerobically 

respires.  The increased surface area of proto-mitochondrial cristae created an extensive storage 

compartment for voltage to synthesize ATP by chemiosmosis.  Internal bioenergetic compartments 

powered expression of an expansive protein catalogue required for higher order cellular 

complexity.  The energy enrichment, requiring oxygen to produce, expanded the early eukaryote’s 

genome (and numbers of proteins produced) and allowed them to colonize previously toxic aerobic 

microenvironments.  This set the scene for the advent of complex multicellularity, eventually 

giving rise to fungal, plant and animal cells.  A eukaryotic cell is resultant of, and contingent upon 

healthy mitochondria for their survival.   

Mitochondrial fusion, fission and biogenesis creates a dynamic network that can reshape, resize 

and excise toxic or damaged mitochondria.  It behaves as a constantly adapting, single respiring-

entity that satisfies the energy demands of the cell.  Crosstalk between mitochondria and nucleus 

is essential for this choreographed interplay and concomitant cell survival.  Mitochondria can leak 

proapoptotic proteins, be overloaded with genotoxic stress or mutated DNA, and must be degraded 

swiftly or programmed cell death can ensue.  If there is a window where this system falters—

dysfunctional mitochondria accumulate and calls for mitochondrial biogenesis go unanswered—

but the execution phase of apoptosis has not begun.  Can a build-up of mitochondrial stress signals 

or unconsumed energy metabolites be sensed by nearby cells?   

The results of this PhD thesis suggest that an unknown indicator(s) of perturbed bioenergetic or 

biosynthetic pathways is sensed by nearby multipotent cells and triggers intercellular 

mitochondrial transfer.  Furthermore, mitochondrial impairment is a prominent feature of 

degenerative neuromuscular and neurodegenerative mitochondriopathies.  This PhD thesis aims to 

determine if intercellular mitochondrial transfer occurs between neural cells as part of the natural 

development of the neonatal mouse brain, and/or in response to injury; specifically, between 

astrocytes, from astrocytes to damaged neurons, or from multipotent stem cells to damaged 

astrocytes.   



2 

1.1 The Mitochondrion 

Mammals have approximately 80 to 2000 mitochondria per cell and 1 to 10 mtDNA genomes per 

mitochondrion. This varies depending on bioenergetic demands of the cell type; neurons and 

cardiac cells require more ATP than liver cells, for example (Cole, 2016).  Through evolutionary 

time the mammalian mitochondrial genome was eroded down to just 16,569 nucleotide pairs, 

encoding 13 polypeptides of the respiratory complexes, 22 transfer RNAs (tRNAs) and the 12S 

and 16S ribosomal RNAs (rRNAs).  Superfluous genes were lost, and others incorporated into the 

host nuclear genome as two copies instead of thousands.  The hypervariable region, or D-loop, in 

mtDNA is a non-coding segment that is highly polymorphic among individuals.  Recently, small 

mito-peptides derived from mtDNA have been discovered—encoded within several open reading 

frames of 16S and 12s rRNA gene sequences—and are involved in regulating mitochondrial 

bioenergetics, fatty acid metabolism and glucose (C. Lee et al., 2015).   

Mitochondria are involved in a multitude of processes critical for maintaining cell function. In 

addition to aerobic respiration for ATP production, mitochondria regulate apoptosis, maintain 

cytoplasmic calcium homeostasis, control the redox status of the cell, and are involved in amino 

acid, nucleic acid, fatty acid, steroid, porphyrin and haem biosynthesis (Ahn et al., 2015).   

mtDNA replication 

The replisome, which replicates mtDNA, is composed of proteins all encoded by nuclear DNA.  

mtDNA polymerase-γ (pol-γ) is responsible for synthesizing new strands.  The helicase, Twinkle, 

unwinds DNA as topoisomerase I relaxes tension created by the unwinding, and works to prevent 

supercoiling.  Mitochondrial single-stranded DNA-binding protein (mtSSB) stabilizes single 

strands and stimulates DNA synthesis.  Finally, mitochondrial RNA polymerase (POLRMT) 

synthesizes RNA primers for synthesis of DNA lagging strands (Falkenberg, Larsson, & 

Gustafsson, 2007). 

POLRMT, along with mitochondrial transcription factor A (TFAM), mitochondrial transcription 

termination factor (mTERF), and transcription factor B1 or B2 (TFB1M/TFB2M) are required for 

transcription of mtDNA.  There are three different initiation sites to produce RNA, one for the L-
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strand and two for the H-strand (H1 and H2).  The H1 initiation site transcribes the two rRNAs, 

tRNAphe and tRNAVal.  H2 makes a polycistronic transcript—spanning nearly the entire H-strand—

producing mRNAs for 12 respiratory complex subunits and 12 tRNAs.  The L-strand creates 

transcripts for the 8 tRNAs and NADH dehydrogenase subunit 6.  Additionally, the L-strand 

transcribes RNA primers required for mtDNA replication, displaying the reliance of mtDNA 

synthesis on transcription (Montoya, López-Pérez, & Ruiz-Pesini, 2006)(Wanrooij & Falkenberg, 

2010).  TFAM is a multifaceted molecule and has other important roles in addition to being a 

transcriptional activator.  It binds and packages mtDNA into nucleoids, and is suggested to play a 

role in mitochondrial biogenesis (Collu-Marchese, Shuen, Pauly, Saleem, & Hood, 2015)(Hallberg 

& Larsson, 2011).  

 Mitochondrial proteins and n-mitoproteins  

Vital to mitochondrial function are a series of enzymes that transport electrons to a terminal 

electron acceptor, whereby generating a membrane potential in the mitochondrial intermembrane 

space and fostering ATP synthesis.  This electron transport chain, or respirasome, is made up of 

five oligomeric respiratory complexes. In total, the complexes are made of 85 subunit proteins in 

total, 13 encoded in the mitochondrial genome, the rest encoded in nuclear DNA.  The complexes 

and their mtDNA- to nDNA-encoded protein composition(mt/n) are NADH dehydrogenase, 

complex I (RC1)(7/38); succinate dehydrogenase, complex II (RCII)(0/4); cytochrome bc1, 

complex III (RCIII)(1/10); cytochrome c oxidase, complex IV (RCIV)(3/10); ATP synthase, 

complex V (RCV)(2/14).  The 4 subunits that make up RC II are entirely nuclear encoded.  Ninety 

nine percent of the total proteins found in the mitochondria are encoded by nuclear DNA and 

translated on ribosomes in the cytosol. These n-mitoproteins orchestrate all the mitochondrial 

biosynthetic pathways as well as mitochondrial DNA transcription, translation and repair 

(Taanman, 1999). Mitochondria-targeting sequences direct cytosol-translated n-mitoproteins to 

their final destinations inside the mitochondria.  The major molecular machinery involved are the 

translocase of the outer membrane (TOM) complex, the translocase of the inner membrane 

complexes (TIM22, TIM23), the Tim9-Tim10 chaperone, the mitochondrial processing peptidase 

(MPP), and the presequence translocase-associated motor (PAM) (Becker, Böttinger, & Pfanner, 

2012).   
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Precursor proteins (PreP) contain a positively charged amphipathic α-helix presequence, 10-55 

amino acids long, at the amino terminus.  This sequence functions as the mito-targeting signal.  

Once recognized and imported to the IMS by the TOM complex, the PreP is electrophoretically 

passed through TIM23, mediated by the IMM membrane potential.  Once at the TIM23 complex, 

matrix heat shock protein (mtHsp70), a central subunit of PAM governed by a multitude of 

chaperones, binds the unfolded PreP.  mtHsp70 ushers loosely-folded PrePs into the matrix 

through direct binding, but more tightly-folded PrePs require ATP to drive the process (Pfanner & 

Geissler, 2001).  Once in the matrix, MPP cleaves off the presequence (i.e. sdh1, Cox4), allowing 

the proteins to be properly folded (Bolender, Sickmann, Wagner, Meisinger, & Pfanner, 2008).  

Alternatively, the PreP can be embedded in the inner membrane.  TIM23, when associated closely 

with complex III and IV (bc1-COX), can laterally sort PrePs into the inner membrane (i.e. Cox5a).  

In addition to linear preproteins, other protein conformations can enter the mitochondria.  β-Barrel 

proteins OMM proteins, α-helical OMM proteins mediated by mitochondrial import complex 

(MIM) and proteins oxidatively folded by mitochondrial intermembrane space assembly machine 

(MIA) are trafficked independent of membrane potential.  After recognition by TOM20 and TOM 

22, the β-barrel is transported into the IMS by the TOM complex.  Tim9-Tim10 chaperones shuttle 

the β-Barrel proteins to the sorting and assembly machinery (SAM) complex where they are 

inserted into the OMM (Becker et al., 2012).  Additionally, metabolite carrier proteins with internal 

targeting signals pass through the TOM complex via a chaperone and are transferred to the Tim9-

Tim10 chaperones in the IMS.  There the metabolite carrier proteins are inserted in the inner 

mitochondrial membrane (IMM) by TIM22, dependent on membrane potential (Bolender et al., 

2008).  Imported n-mitoproteins require a myriad of chaperones and proteases to traffic the PrePs 

to the appropriate compartment, prevent their misfolding or aggregation, aid in their proper 

folding, and organize orphan subunits awaiting respiratory complex incorporation.  Hsp60 

interacts with Hsp10 to play major roles in promoting the folding of imported proteins into their 

native conformations and preventing misfolding. Some respiratory complex subunits self-

assemble (Gottlieb & Stotland, 2015).  Other RC subunits, those synthesized in the mitochondria 

and the cytosol, are inserted into the inner membrane by the oxidase assembly translocase (OXA) 

machinery (Stiller et al., 2016). 
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 Mitochondrial Function: Aerobic Respiration 

Aerobic respiration is the most efficient energy-generating pathway.  As depicted in Figure 1, it 

begins in the cytosol with glycolysis which metabolizes 1 molecule of glucose into 2 molecules of 

pyruvate via 10 enzymatic steps, generating 2 molecules of ATP and 4 molecules of NADH.  A 

majority of pyruvate is trafficked into the mitochondrial matrix, converted into acetyl coenzyme 

A (ACoA) which enters the Kreb’s cycle.  Here, a series of enzymatic redox reactions pass high 

energy electrons from ACoA to nicotinamide adenine dinucleotide (NAD+), forming NADH.    

The last step in aerobic respiration involves a chain of five multimeric respiratory complexes that 

transport electrons from the intermediate electron acceptors, NADH and FADH2 to the terminal 

electron acceptor, oxygen. As the electrons travel from complexes with a higher to lower redox 

potential, hydrogen cations are pumped across the inner mitochondrial membrane (IMM) into the 

intermembrane space (IMS), generating a proton gradient/electrochemical gradient or membrane 

potential over the IMM.  Because the phospholipid bilayer is impermeable to ions, this pool of 

protons in the IMS can only pass through a protein channel to satisfy the energetically favorable 

flow down the electrochemical gradient. The pumping of protons into the IMS and ionic 

impermeability of the IMM create an energy sink that can be harnessed as required.  ATP synthase 

taps into this reserve by allowing protons to-flow back into the matrix along the electrochemical 

gradient to drive the conversion of adenosine diphosphate (ADP) to adenosine triphosphate (ATP), 

a process called oxidative phosphorylation (OXPHOS).  A prominent disadvantage to OXPHOS 

is the generation of reactive oxygen species (ROS) resultant of electron leakage at mitochondrial 

respiratory complexes I and III.  ROS can cause DNA damage, lipid peroxidation and protein 

oxidation (C. Lee et al., 2015). 
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Figure 1.  Aerobic respiration 

PM: plasma membrane; OM: outer mitochondrial membrane; IMS: intermembrane space; IM: 

inner mitochondrial membrane. 

During glycolysis, a single glucose molecule is oxidized in 10 reversible reactions in the cytoplasm 

to 2 pyruvate molecules, consuming 2 ATP, reducing 2 NAD+, phosphorylating 4 ADP and yields 

2 NADH, 4 ATP and water (net gain = 2 ATP).  Pyruvate is predominantly shuttled into the 

mitochondrial matrix where it is oxidized to Acetyl Coenzyme A (ACA) with the concomitant loss 

of CO2 and reduction of 2 NAD+ to 2 NADH(B).  Acetyl coenzyme A then enters the tricarboxlic 

acid cycle (TCA), a 9-step cyclic pathway that oxidizes each ACoA into 2 CO2, reducing 3 NAD+ 

to 3 NADH and 1 FAD to 1 FADH2 and generating 1 GTP.  Each glucose molecule requires two 

complete cycles and yields 2 ATP, 2GTP, 10 NADH and 2 FADH2.  

Electrons enter the mitochondrial electron transport (MET) at two points: RCI (from NADH 

oxidized to NAD+) (C) and RCII (FADH2 oxidation to FAD) (D).  Upon transfer to coenzyme Q 

(CoQ), or ubiquinone, electrons migrate inside the inner mitochondrial membrane (IM) to RCIII, 

are transferred to cytochrome C (CytC), a soluble electron carrier diffused in the intermembrane 

space (IMS), and terminate on the electron acceptor, oxygen, at RCIV.  During MET, RCI, III and 

IV pump protons into the IMS which creates a proton gradient across the IM that, through 

controlled chemiosmotic dissipation, is continually utilized by ATP synthase (RCV) to 

phosphorylate ADP to ATP.  This process of oxidative phosphorylation generates ~ 16 times more 

ATP per glucose molecule than glycolysis.  

Plasma membrane electron transport (PMET) can also re-oxidize NADH and supply glycolysis 

with NAD+.  Electrons from NADH are transferred to an inner plasma membrane NADH; 

ubiquinone (CoQ) oxidoreductase and subsequently to a surface NADH-oxidase that can reduce 

oxygen (O2) to water (E).  Pyruvate can also be reduced to lactate by lactate dehydrogenase (LDH), 

regenerating 2 NAD+ (through oxidation of 2 NADH) in glycolytic self-perpetuity (A).  
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1.1.3.1 The tricarboxylic acid cycle (TCA) 

In most healthy cells, oxidative phosphorylation (OXPHOS) bears the brunt of ATP production 

compared to glycolysis (36 and 2 ATPs, respectively, from one glucose molecule).  Proliferating 

T-cells are an example of a healthy cell that mainly uses glycolysis.  Glycolytic metabolism 

oxidizes glucose to pyruvate and predominantly shuttles it into mitochondria where it is oxidized 

to acetyl coenzyme A (ACoA) via pyruvate dehydrogenase.  ACoA enters the TCA—also known 

as the Krebs cycle or citric acid cycle—as the starting point and undergoes a series of oxidative 

reactions.  The degradation of ACoA produces two vital classes of biomolecule: energy 

intermediates that act as biosynthetic precursors and reduced electron carriers (NAD+
NADH 

and FAD+
FADH2) that feed the respiratory chain.   

As metabolites are consumed for biosynthetic processes (cataplerosis), they must be replenished 

(anaplerosis) to sustain TCA function.  Pyruvate carboxylase is a primary anaplerotic enzyme that 

converts pyruvate into oxaloacetate inside the mitochondrial matrix (Jitrapakdee et al., 2008).  

Important in the regeneration of intermediates is the reversibility of TCA enzymatic reactions. The 

reactions of succinate to fumarate, fumarate to malate, malate to oxaloacetate all can be reversed 

(Figure 2).  This flux (cata- vs anaplerosis) is important to simultaneously maintain the catabolism 

of glucose, fatty acids and non-essential amino acids from energy intermediates, and upkeep 

electron supply to the mitochondrial electron transport chain.   

Cataplerosis stems from multiple points in the TCA.  Glucose can be synthesized from 

oxaloacetate through the pyruvate recycling pathway.  Citrate, an intermediate generated from the 

condensation of ACoA with oxaloacetate by citrate synthase, can be transported into the cytosol 

from mitochondria and converted to cytosolic ACoA, a substrate for de novo lipidogenesis and 

protein acetylation.  Transamination converts α-ketoglutarate to glutamate, a precursor for alanine, 

arginine and other amino acids, including glutamine used to synthesize proline.  Oxaloacetate can 

also produce asparaginine, lysine, threonine and isoleucine, while succinyl-CoA leads to heme 

biosynthesis.  Other TCA intermediates can also act as precursors for nucleotide, glutathione, and 

other bioactive molecules (Ahn et al., 2015) (Figure 2).   
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Figure 2.  Mitochondrial biosynthetic pathways 

NAD+ can also be generated through the Malate/aspartate shuttle.  Aspartate (Asp) is translocated 

from the mitochondria to the cytosol, exchanged for glutamate (Glu) (dashed red arrow pathway), 

and undergoes transamination in the presence of α-ketoglutarate(αKg) producing oxaloacetate 

(Oxa) and Glu.  Cytosolic OAA oxidizes NADH to NAD+ and produces malate (Mal) which enters 

the mitochondria in exchange for αKg (dashed green arrow pathway), a vital step to replenish 

intermediates consumed for biosynthesis.  The conversion of mitochondrially-imported Glu to 

αKg, pyruvate to malate or OAA (C), fatty acids to ACoA through ß-oxidation (dashed light blue 

arrow pathway), and αKg to succinyl-CoA are additional anaplerotic mechanisms to maintain 

TCA intermediate concentrations in the mitochondria.  In addition to αKg, the reversibility of the 

OAA-Malate-Fumarate-Succinate segment of the TCA pathway can also regenerate succinyl-

CoA; and, pyruvate can be reduced to malate (Mal) by malate dehydrogenase (MDH) or converted 

to oxaloacetate (Oxa) by pyruvate carboxylase (PC).   

Cytosolic αKg and Asp can be converted to biosynthetic molecules such as amino acids.  Citrate 

can exit mitochondria through the citrate shuttle and produce fatty acids with ACoA as an 

intermediate, and ACoA can function in protein acetylation (dashed grey arrow pathway).  

Succinyl-CoA reacts with glycine to form δ-aminolevulinic acid (ALA) which is exported to the 

cytosol and undergoes a multistep enzymatic conversion to coproporphyrinogen III (CPPIII).   

CPPIII enters the mitochondria and is converted to iron protoporphyrin (Heme) (dashed orange 

arrow pathway).  

  



Cit

αKg

ACoA

Glutamate

Glutamine

amino acids
glutathione
nucleotides
hexosamine

malonyl-CoA

Fatty Acids

Acetylation

Aspartate (Asp)

Asp

Glutamate
(transamination)

Glycine

δ-aminolevulinic acid
             (ALA)

copro-
porphyrinogen
III

ALA

threonine
lysine
isoleucine
methionine

Heme

Citrate shuttle

mitochondrial 
pyruvate
carriers 1/2

Malate/aspartate 
shuttle

glycolytic 
NADH

Mal

Oxa 

NAD
+

Glutamate
(Glu)

Malate/aspartate 
shuttle

NADPH + H+

NADP+

ACoA
ACoA

fatty acids

β-oxidation

αKg

Glu

αKg

Pyr

Glycolysis

Pyr

 Suc

Cit

 Oxa

 Mal

 Fum SCA

 αKg 

Isc

Pyr
HCO3  + ATP-

ADP + Pi

NADPH + H
NADP+

CO2

PC

MDH



13 

 

1.1.3.2 The mitochondrial electron transport chain (MET) in detail 

The mitochondrial electron transport chain (MET) is composed of 5 respiratory complexes; RCI 

I-V which transport electrons from the two intermediate electron acceptors, NADH and FADH2.   

6 NADH/glucose from the TCA enters MET at complex I in the respiratory chain for re-oxidation 

to NAD+.  NADH produced during glycolysis enters the mitochondria through the malate/aspartate 

shuttle or the glycerol phosphate shuttle. FADH2 is produced during the citric acid cycle (2 

FDH2/glucose) and enters MET at complex II, where it is re-oxidised to FAD (Cecchini, 2003). 

RCI, also known as NADH:ubiquinone reductase or NADH dehydrogenase, is an L-shaped 

complex, which catalyzes the re-oxidation of NADH to NAD+ in its vertical, matrix-protruding 

stalk and fosters the shuttling of electrons through a heterologous multitude of redox centers 

throughout the IM-spanning domain.  The NADHH+ + NAD+ conversion is accompanied by the 

uptake of an additional H+ ion, whereby allowing the reduction of flavin mononucleotide (FMN) 

to FMNH2.  FMN is a prosthetic group that has two proton-binding positions in its structure.  If 

FMN only reacted with a single H+ ion it would yield a semiquinone (FMNH+).  The stable FMNH2 

molecule is oxidized by a series of iron-sulfide (Fe-S) clusters, passing the 2e- along. These Fe-S 

centers come in two configurations: 2Fe-2S and 4Fe-4S. Iron ions are reduced from Fe3+ to Fe2+ 

when accepting an electron from FMNH2.  Bound ubiquinone (coenzyme Q) accepts the 2e- from 

Fe-S centers and 2 H+ ions from the matrix, becoming ubiquinol (QH2), and is further oxidized by 

other Fe-S centers, whereby resulting in the pumping of 2 H+ ions into the IMS.  These Fe-S 

clusters and semiquinone species are abundant in complex I, particularly in the membrane 

spanning section.  It is these redox sites that ignite the passage of electrons and uptake of H+ ions 

that lead to additional H+ ions being pumped into the IMS.  Hydrophobic mobile Q accepts the 2e- 

and is reduced by 2 H+ additional ions from the matrix, converting Q to QH2.  Ubiquinol then 

migrates laterally within the IM to complex III (Berg JM, Tymoczko JL, 2002)(Vinogradov, 2008).   

In RCII, succinate:quinone oxidoreductase (succinate dehydrogenase), the electron pair are also 

passed to an iron-sulfur center, although their origin is FADH2—a byproduct of succinate-fumarate 

conversion in the citric acid cycle.  Complex II catalyzes this reaction and is the only ET complex 

also part of the citric acid cycle.  As in complex I, mobile Q is reduced to QH2 and traverses the 

IM to complex III.  The lower concentration of redox centers in complex II likely accounts for its 

inability to pump protons into the IMS (Cecchini, 2003). 
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RCIII, ubiquinol-cytochrome c oxidoreductase or cytochrome bc1, is the conduit by which a multi-

step process called the Q cycle transfers electrons from ubiquinol (QH2), the e- /H+ transporter 

freely roving within the inner membrane, to cytochrome c in the IMS.  Cytochromes are molecules 

with a heme prosthetic group, adept at transferring electrons.  A Q cycle occurs in two ½ cycles.  

In the first half-cycle, a single electron is passed from QH2 to an iron sulfide cluster called the 

Rieske center (2Fe-2S).  This reaction causes 2H+ ions to be pumped into the IMS.  The e- then 

passes to cytochrome c1 before being transferred to cytochrome c.  The second electron binds to 

the heme group of cytochrome b and partially reduces an immobile Q molecule residing within 

complex III, rendering a semiquinone anion (Q-).  The redox events at the Rieske center and 

cytochrome c1 transpire within complex III.  Cytochrome c is a water-soluble electron carrier freely 

diffused in the IMS.  Once cytochrome c is reduced, it detaches from complex III and migrates 

within the IMS to complex IV. The second cycle makes use of the semiquinone’s radical state 

generated in the first half-cycle.  After an additional QH2 binds to complex III and follows the 

same pathway as in the first half-cycle, the e- from cytochrome b and 2 H+ ions fully reduce Q- to 

QH2.  This ubiquinol molecule exits complex III and enters the ubiquinol pool in the IMS as a 

recycled product of the Q cycle.  The second QH2 also causes 2H+ ions to be pumped into the IMS.  

Therefore, one complete Q cycle results in 4 H+ ions pumped into the IMS, widening an electrical 

gradient that is crucial for aerobic respiration (Pietras, Sarewicz, & Osyczka, 2016). 

RCIV, cytochrome c oxidase, is composed of metal ions that facilitate the binding of transported 

electrons to their terminal position on oxygen, the final acceptor.  Two heme groups (a and a3) and 

two copper centers (CuA/CuA & CuB) populate complex IV, all in fully oxidized states—Fe3+ to 

Fe2+ and Cu2+ to Cu+, when reduced, respectively.  A reduced, soluble cytochrome c binds complex 

IV and passes an electron in a series of metal ion redox reactions.  First, the CuA/CuA center is 

reduced, followed by heme a, heme a3, and finally CuB.  Another reduced cytochrome c molecule 

follows a similar path but terminates on heme a3 instead of CuB.  Reduced heme a3 (Fe2+) and CuB 

(Cu+) are now primed to bind molecular oxygen.  Specifically, oxygen-bound heme a3 is reduced 

in the presence of CuB, and, because of their proximity, they form a peroxide bridge (Fe3+-O−-O−-

Cu2+).  2H+ ions from the matrix and 2e- from 2 additional cytochrome c molecules work to break 

the peroxide bridge by forming ferric hydroxide (Fe3+-OH) and cupric hydroxide (CuB
2+ -OH) 

(Aoyama et al., 2009).  Finally, 2 more H+ ions from the matrix sever the OH bonds, react with 

the hydroxyl radical to form and expel water into the matrix.  This entire process yields 4 H+ ions 
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pumped into the IMS.  Oxygen entering complex IV to satisfy this reaction is the reason why this 

process is coined aerobic respiration (Berg JM, Tymoczko JL, 2002).   

RCV, ATP synthase, is composed of two regions, a proton motor (F0) and a catalytic region (F1). 

FO harnesses the stored membrane potential promoting the function of the (F1) region that actively 

synthesizes ATP.  F0 is a hydrophobic IM-spanning c-ring, comprised of multiple c subunits, and 

an a subunit partially responsible for FO adherence to F1.  F0 is essentially a channel for protons to 

move from an area of high concentration (IMS) to an area of low concentration (matrix).  As 

protons move into the channel, aspartate groups in a central position in the c-ring, near the 

hydrophobic core of the IM, are protonated.  As the proton moves between residues, this generates 

torque, aligning the protonated residue with the second half channel and allows release of the 

proton into the matrix.  Along with the a subunit of F0, the γ subunit of F1 is a central stalk that 

binds F0 to F1.  The γ subunit is also the central structure around which the α3β3 hexamer ring is 

bound.  This hexamer ring is the main structure of F1. The α and β subunits are alternating in the 

hexamer ring, each trimer constituent positioned at a 120º from the other.  The rotational force 

generated by F0 causes the α3β3 hexamer ring α subunits to transition between open, loose and 

closed states.  The β subunits are the catalytic structures and, when in the closed state, have an 

affinity for ATP.  This closed state, because of the high avidity for ATP, catalyzes the 

phosphorylation of ADP into ATP.  Only in the open state can ATP be released or ADP and 

inorganic phosphate (Pi), the reactants in ATP synthesis, be incorporated into the α3β3 structure.  

So, only the alternation between these constraining states, powered by the proton motor, allows 

uptake of the reactants and subsequent release of ATP (Junge & Nelson, 2015).  Adenine 

nucleotide translocase (ANT) is responsible for importing ADP and exporting ATP (cytosol to 

matrix and vice versa, respectively).  Additionally, the H+/Pi symporter traffics in phosphate from 

the cytosol and exports the hydroxyl byproduct of the phosphate to Pi reaction (Pratt, Ferreira, & 

Pedersen, 1991). 

In conclusion, the efficiency of ATP synthesis is directly linked to retention of the membrane 

potential, which, in turn, is dependent on electron carriers to prop up this system.  One NADH 

molecule yields 2.5 ATP molecules, and 1 FADH2 molecule yields 2 ATP molecules, generating 

a total of 32 ATP per molecule of glucose for cells using the malate/aspartate shuttle (hepatocytes, 
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cardiomyocytes). This amount is slightly less (30 ATP) for neurons that use the glycerol-3-

phosphate shuttle (Nelson, David L, Cox, 2004). 

 Mito-nuclear cross talk, mitophagy and mitochondrial network quality 

control 

Mitochondria communicate with the nucleus constantly to provide a status report on bioenergetic 

output.  Energy metabolites from the mitochondria act as mito stress signals to which the nucleus 

reacts by activating stress response signaling pathways, including processes that stimulate 

mitochondrial biogenesis.  This results in augmentation of ATP production as required to maintain 

cell homeostasis.   

A decrease in MET can be resultant of complexes assembled with misfolded subunits causing 

proton leakage into the matrix.  This leads to a drop in mitochondrial membrane potential, a 

decrease in ATP production and a cascade of nuclear transcriptional responses to compensate for 

energy deprivation.  In addition to bioenergetic imbalance, TCA cycle intermediates cannot 

provide biosynthetic precursors.  An elevated AMP/ATP ratio from the drop in ATP levels 

stimulates AMP-activated protein kinase (AMPK) signaling, activating peroxisome proliferator-

activated receptor γ coactivator 1- α (PGC-1).  This process promotes mitochondrial biogenesis 

and decreases mTOR activity, downregulating energy-demanding anabolic processes (Jornayvaz 

& Shulman, 2010).   

Mitochondrial membrane depolarization also increases cytosolic calcium levels.  This results in 

the translocation of numerous transcriptional modifiers into the nucleus: nuclear factor of activated 

T-cells (NF-AT), activating transcription factor 2 (ATF2), CREB1, nuclear factor of κ light 

polypeptide gene enhancer in B cells (NF-κB), myocyte-specific enhancer factor 2A (MEF-2), and 

PGC-1.  This leads to overexpression of proteins involved in calcium homeostasis (i.e. 

calsequistrin and calreticulin) and the subsequent stablilzation of energy output. 

Reactive oxygen species (ROS) derived from mitochondrial oxidative metabolism can lead to 

oxidation of protein, lipids and DNA, damaging them to a point that ultimately leads to cell death.  

ROS are formed from the transfer of a single leaked proton from complexes I, II and III onto 

molecular oxygen, creating superoxide radicals (O2
-) in the mitochondrial matrix.  Superoxide 
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dismutase converts O2 
– to hydrogen peroxide (H2O2), a precursor for hydroxyl radical (OH-) 

formation, a potent oxidizer of biomolecules.  Glutathione (GSH) is reduced by glutathione 

reductase and, through its oxidation, fosters the degradation of H2O2 by glutathione peroxidase 

(GPX1) or peroxiredoxins (PRDX3).  The ability of H2O2 to be neutralized is directly related to 

GSH concentrations in the matrix (Sabharwal & Schumacker, 2014).  Hydrogen peroxide is also 

used for redox signaling in the cytosol, resulting in post-transcriptional modification.  Sirtuin 1 

and 3 are activated by increased ROS bolstering antioxidant gene expression and mitophagy.  

Small mito-peptides derived from small open reading frames within 16S and 12S rRNA gene 

sequences (i.e. humanin, MOTS-c) have been shown to reduce oxidative stress, boost glycolytic 

metabolism and mitochondrial respiration (C. Lee et al., 2015).  Oxidative stress upregulates the 

expression of many of these mito-peptides. 

The metabolic switch from OXPHOS to glycolysis is often instigated by hypoxic environments 

marked by the activation of transcriptional factors named hypoxia-induced factors (HIF).  The 

consequences of HIF activation include the upregulation of glucose transport and stimulation of 

blood vessel formation to increase oxygen concentration.  Cancer cells employ this metabolic 

diversion to thrive in hypoxic environments, to prevent detrimental accumulation of ROS in 

aerobic environments (Warburg effect), but still produce TCA intermediates for anabolic processes 

(Courtnay et al., 2015). 

Quality control of mitochondria and mitochondrial biogenesis are coordinated events also 

involving cross talk between the nucleus and mitochondria. PGC-1a regulates mitogenesis and co-

activates nuclear respiratory factor 2 (NF2), together activating NF1.  NF1 and NF2 activate 

TFAM, stimulating mtDNA replication which in turn upregulates transcription and translation of 

mitochondria proteins. PGC-1 is also activated by SIRT1 and TORC, upregulated with increased 

calcineurin expression and has been linked directly with increased COXIV.   

Mitophagy removes and degrades damaged or toxic mitochondria from the network.  Presenilins-

associated rhomboid-like (PARL) cleaves Pink1 in healthy cells but is inhibited as a response to 

mitochondrial depolarization.  This leads to stabilization of Pink1 on the outer mitochondrial 

membrane and recruitment of parkin.  Post-parkin recruitment, outer mitochondrial membrane 

proteins are ubiquitinated and degraded by protease and recruited autophagosomes.  A reduction 

in mitochondrial membrane potential leads to the opening of the mitochondrial permeability 
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transition pore (MPTP), composed of voltage-dependent anion channel (VDAC) in the outer 

membrane, adenine nucleotide translocator (ANT) in the inner membrane, and cyclophilin D 

(CypD) in the matrix.  The leakage of pro-apoptotic proteins into the cytosol through the MPTP, 

such as cytochrome c, apoptosis inducing factor and Smac/Diablo, also causes mitophagy (Ding 

& Yin, 2012).    

Mitochondrial fragmentation is a crucial mechanism to exercise quality control measures on the 

network.  A damaged mitochondrion in a segment must be removed for the sake of the networks 

overall commitment to bioenergetic balance.  Drp1, a dynamin related protein in the cytosol, and 

a series of adaptor proteins are recruited to the mitochondrial surface to trigger fission, of which 

the endoplasmic reticulum is thought to also play a role.  Mitochondrial fusion of the inner and 

outer mitochondrial membrane is mediated by mitofusin1/mitofusin2 and optic atrophy-1 (Opa1), 

respectively.  The constant remodeling of the mitochondrial network through fission/fusion works 

to curtail deleterious products or dilute them, depending on the severity of mitochondrial 

dysfunction.  A low abundance of mutated mtDNA can be diluted out, whereas a mitochondrion 

overloaded with mutated DNA can be removed.  A compartment with low membrane potential can 

be flooded with compensatory protons after fusion or removed.  The cost/benefit ratio is constantly 

weighed through the vital signaling between mitochondria and nucleus (Ding & Yin, 2012).  An 

additional method to temper stress in the mitochondria, particularly prototoxic stress from ROS 

damaged, unfolded, or misfolded proteins, is through the mitochondrial unfolded protein response 

(UPR).   

Mitochondria and neurodegeneration 

Mitochondria are vital to the health of brain cells. In neurons, their network provides the energy 

for cytoskeletal elaboration to form dendrites and axons, navigating to the tips of axonal growth 

cones and to axon terminals to provide ATP for maintenance of synaptic health.  This elevated 

basal requirement for energy depends on efficient signaling between the cytosol and mitochondria 

to regulate ATP production, and requires copious amounts of oxygen to power oxidative 

phosphorylation. During oxidative phosphorylation, electrons leak from the electron transport 

chain (ETC), combine with oxygen and reduce it to form superoxide anions (O2
-)—a precursor to 

a variety of reactive oxygen species that can damage lipids, proteins and DNA, if not neutralized.  



19 

 

The neuron/glia cytoarchitecture is particularly susceptible to oxidative stress because of the high 

polyunsaturated fatty acid content throughout the extensive membranes; all are subject to lipid 

peroxidation (Vázquez, Balboa, Alvarez, & Zanlungo, 2012).  Furthermore, neurons have low 

levels of reduced glutathione (GSH), a major constituent of the antioxidant defense system.   

Disruption in mitochondrial homeostasis is common in many neurodegenerative diseases. In 

amyotrophic lateral sclerosis (ALS), a superoxide dismutase 1 (SOD1) mutation shifts axonal 

mitochondrial distribution and changes mitochondrial ultra-structural morphology (Vande Velde 

et al., 2011).  In addition to increased ROS and subsequent oxidative damage, mutated SOD1 

possibly contributes to the release of cytochrome c into the cytosol, triggering apoptosis.  In 

Alzheimer’s disease, amyloid beta inhibits the efficient operation of ETC complex I and 

cytochrome c oxidase. Together these promote tau phosphorylation, implying that mitochondrial 

dysregulation plays a role in AD.  In Parkinson’s disease, neurons in the substantia nigra contain 

aggregates of alpha-synuclein, a regulator of dopamine and supplier of synaptic vesicles to the 

synaptic cleft.  Alpha synuclein also accumulates at the mitochondrial inner membrane and 

disrupts complex I function, increasing oxidative stress (Federico et al., 2012) 

In contrast, mitochondrial dysfunction is not well documented in Niemann-Pick Type C (NPC).  

NPC is an autosomal recessive, fatal, pediatric neurodegenerative disease marked by cholesterol 

and glycosphingolipid accumulation in the late endosomal/lysosomal compartments, 

predominantly due to a mutation in the npc1 gene; this results in a mis-folding of its encoded 

protein, NPC1.  NPC1 is a 13-pass transmembrane protein embedded in the limiting membrane of 

late endosomes and lysosomes.  It facilitates the trafficking of cholesterol to the trans-Golgi 

network, plasma membrane and endoplasmic reticulum.   

Although classically described as a lysosomal storage disorder, mistrafficked, unesterified 

cholesterol accumulates in the mitochondria of hepatocytes and neurons.  NPC1 -/- mouse brains 

contain smaller, more spherical mitochondria, similar to the ALS phenotype.  In cultured neurons 

and brains of NPC-/- mice there is a reduction in ATP synthesis and complex V (ATP synthase) 

activity, respectively.  Mitochondrial membrane potential of cultured NPC-/- astrocytes and 

neurons is down compared to wild-type littermates.  Interestingly, treatment with the cholesterol 

chelator cyclodextrin restores ATP synthase activity in the NPC homozygous mutants to that of 

the NPC+/+ (Yu et al., 2005).   The mechanism by which cholesterol accumulation in the 
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mitochondria contributes to its dysfunction is unclear. Physical membrane perturbation from 

increased cholesterol:phospholipid ratio might disrupt the capacity of 2-oxoglutarate to carry 

mGSH across the mitochondrial membrane causing a drop in mGSH levels leading to increased 

ROS (Vázquez et al., 2012) .  Compromising the mitochondrial membrane might prolong retention 

of the pre-apoptotic protein Bax on the outer mitochondrial membrane induces an array of pores 

to form leading to the intermembrane space (i.e. Bax oligomer pore) or the matrix via the MPTP.  

This can lead to an influx of Ca2+ through MPTP, swelling of the matrix from calcium overload, 

and a leakage of ROS to the cytosol, membrane depolarization and decreased ATP production 

following. Pores to the intermembrane space will release cytochrome C and other pro-apoptotic 

proteins into the cytosol, initiating apoptosis (Fulda, 2010). 

1.2 The ρ0 cell  

Cells can be generated that have lost mitochondrial DNA but remain viable as nutrient auxotrophs.  

These cells, designated ρ0, contain cristae-less mitochondria without respiratory complexes and 

stably survive through pyruvate and uridine supplementation to their growth medium. Although 

proliferation rates are lower (Kukat et al., 2008), the basal level of apoptosis remains comparable 

to wildtype parental cells.  Without the subunit proteins encoded in mtDNA there is no 

mitochondrial electron transport (MET), although they do have a membrane potential.  They are 

unable to perform oxidative phosphorylation and are dependent entirely on glycolysis for 

production of ATP to meet cellular energy demands (King & Attardi, 1989).   

 Pyruvate and uridine auxotrophy 

Pyruvate is a critical metabolite in that it can be converted into Acetyl coenzyme that powers the 

TCA Cycle, or it can be reduced to lactate and provide redox cofactors to support glycolysis.  

During glycolysis, one molecule of glucose is oxidized to 2 molecules of pyruvate, requiring 2 

NAD+ reduced to 2 NADH.  The 2 molecules of pyruvate can be reduced to 2 molecules of lactate 

via lactate dehydrogenase, oxidizing 2 NADH to 2 NAD+, or be shunted into the TCA cycle (Herst 

& Berridge, 2006).  Equivalent regeneration of the redox cofactor NADH makes glycolysis a self-

sustaining process.  In ρ0 cells, if glucose is provided, the majority of pyruvate is converted to 
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lactate to maintain ATP production (Kukat et al., 2008).  This leaves a deficit of pyruvate necessary 

for conversion to Acetyl CoA which enters the TCA cycle and generates biosynthetic precursors.  

ρ0 cells can survive and proliferate in the absence of non-essential amino acids in culture media, 

suggesting the TCA functions and fosters production of amino acids, along with vital precursors 

in other biosynthetic pathways.  Along with ACoA, the TCA requires a source of electron 

acceptors (FAD+ and NAD+) at many of the enzymatic steps to function.  In ρ0 cells, the nuclear-

encoded succinate dehydrogenase (complex II) converts succinate to fumarate by continual 

recycling of FADH2, but complex I is absent to oxidize NADH to NAD+.  The reduction of 

pyruvate to lactate via lactate dehydrogenase can replenish the NAD+ pool to perpetuate glycolysis, 

as can the electron transport of the malate-aspartate shuttle (oxidizing NADH to NAD+ in the 

cytosol through oxaloacetate conversion to malate by malate dehydrogenase and reducing NAD+ 

to NADH in the mitochondrial matrix).  However, lactate production is at the expense of providing 

ACoA to the TCA.  There is evidence that plasma membrane electron transport (PMET) can also 

recycle NADH, circumventing a boost in lactate dehydrogenase activity (Herst & Berridge, 2006).  

The inner mitochondrial membrane is impermeable to both NAD+ and NADH (Lu et al., 2008). 

Although these sources of cytosolic NAD+ provide glycolysis a cofactor for reduction, in ρ0 cells, 

the oxidation of NADH to NAD+ must occur in the mitochondrial matrix for the TCA to function, 

despite the absence of complex I to do so.   Although electrons can enter the mitochondrial matrix 

from the cytosol on malate in the malate-aspartate shuttle, NADH/NAD+ cannot.  Additionally, 

the oxidation of malate to oxaloacetate in the TCA (requiring NAD+
NADH) is reversible; NAD+ 

can be regenerated inside the matrix.  With the collapsed MET in ρ0 cells, the oxaloacetate (OAA) 

to malate conversion by malate dehydrogenase is crucial to keep the TCA going (Lu et al., 2008). 

In summary, ACoA, cytosolic NAD+ and OAA are the three major metabolites generated from 

pyruvate.  NAD+ perpetuates the oxidation of glucose into more pyruvate, producing ATP along 

the way, and can accept electrons in TCA enzymatic reactions.  ACoA is a critical substrate that 

powers the TCA.  This bimodality of pyruvate, aiding the TCA or maintaining glycolysis, makes 

it a crucial substrate for respiratory-deficient ρ0 eGFP astrocytes for whom glycolysis is 

compulsory.  Although PMET, upregulated in ρ0 cells, or the redox action of the aspartate/malate 

shuttle, can supply cytosolic NAD+, it is likely that in the absence of exogenous pyruvate, the 

entire endogenous pyruvate pool is converted to lactate to support glycolysis in respiratory-
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deficient cells. This would mean that the main function of exogenous pyruvate is to enter the TCA 

cycle to aid in biosynthesis, not to produce ATP by glycolysis.  As previously described, the 

conversion of OAA to malate generates NAD+ (needed for pyruvateACoA, 

IsocitrateαKgSuccinyl-CoA, malateOAA) and is the only source capable of recycling 

NADH in the TCA Cycle.  In ρ0 cell mitochondria, OAA concentrations must be kept high to 

provide oxidizing cofactors and highlights a third key role of exogenous pyruvate.  

Dephosphorylating ATP, pyruvate can be converted into OAA inside the mitochondria (Figure 2). 

An argument for glycolytic metabolism as the priority for exogenous pyruvate comes from Yin et 

al., who claim that, although glucose is abundant in cell culture media, it is not oxidized to pyruvate 

at a high enough rate to sustain ρ0 cell function.  Absence of pyruvate in ρ0 cell culture media 

inhibits glycolysis, and inhibition of lactate dehydrogenase inhibits rescue effects of exogenous 

pyruvate on ρ0  cells.  This points to exogenous pyruvate exerting its effect by recycling NADH 

for maintenance of glycolysis.  Additionally, inhibition of pyruvate-derived citrate and 

oxaloacetate, via knockdown of pyruvate decarboxylase and citrate synthase, respectively, fails to 

reverse rescue effects of pyruvate on ρ0 cells (Yin, He, Chen, Tan, & Sang, 2016).  Cancer cells 

can source extra-mitochondrial precursors of biosynthesis.  For example, they can scavenge 

unsaturated lipids and acetate for fatty acid production and catabolize proteins to make glutamine 

and other amino acids.  Cancer cells, however, are capable of making ATP via OXPHOS, albeit 

decreased in hypoxic conditions (Ahn et al., 2015). 

The other culture media constituent required to allow ρ0 cells to proliferate is uridine, bypassing 

an impaired pathway in pyrimidine synthesis.  Dihydro-orotate dehydrogenase (DHODH), located 

on the inner mitochondrial membrane, converts dihydroorotate to orotate in the 4th step of de novo 

biosynthesis of pyrimidines.  During this conversion, DHODH uses ubiquinone (Q) as an electron 

acceptor, reducing it to ubiquinol (QH2).  In the mitochondrial respiratory chain, succinate 

dehydrogenase (complex II) reduces Q to QH2 followed by translocation of QH2 within the inner 

mitochondrial membrane to the cytochrome bc1 complex (complex III).  In a healthy cell with a 

functional complex III, the two electrons of QH2 would enter the Q cycle, reduce cytochrome C, 

oxidizing QH2 to Q, and continue the downstream function of the electron transport chain (ETC) 

(Khutornenko, Dalina, Chernyak, Chumakov, & Evstafieva, 2014).  Q would then be available to 

accept electrons from the reaction catalyzed by DHODH.  However, in ρ0 cells complex III does 
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not form so DHODH cannot function (Fang et al., 2013).  To bypass the need for a functional 

DHODH, exogenous uridine serves as a metabolic precursor in DNA (cytidine- and thymidine 

triphosphate) and RNA (uracil) synthesis.  

 Mitochondrial membrane potential in ρ0 cells 

Stoichiometric “fit” of mitochondrially-encoded and nuclear-encoded subunits must be 

harmonious for efficient function of the mitochondrial electron transport chain and subsequent 

maintenance of the mitochondrial membrane potential, driving ATP generation by ATP synthase 

(composed of a proton motor FO, and catalytic region F1) to meet cellular demands.  

Excess nuclear-encoded subunits are rapidly degraded when not assembled, through the 

mitochondrial unfolded protein response (mtUPR) (Ryan & Hoogenraad, 2007). However, normal 

levels and hydrolytic activity of F1-ATPase have been reported in ρ0 cells (Appleby et al., 1999). 

The F1-ATPase hydrolyses ATP4- to ADP3-. In healthy mitochondria with fully functional electron 

transport and oxidative phosphorylation, the inner mitochondrial membrane translocase, ANT, 

transports newly synthesized ATP from the mitochondrial matrix to the cytoplasm to power vital 

cellular processes.  ANP also imports ADP3- as a substrate for further ATP4- production.  However, 

when oxidative phosphorylation is impaired, ANT’s function is reversed, increasing the ATP4- 

concentration in the matrix and exporting ADP3+, generating the membrane potential of ρ0 cells 

(Buchet & Godinot, 1998).  It is important to emphasize that this is not a mitochondrial membrane 

potential in the conventional sense, proton accumulation in the intermembrane space, but is a 

voltage gradient created by ATP4-. 

1.3 Mitochondrial transfer 

Intracellular mitochondrial transfer is a new area of research within the wider field of cellular 

metabolism that investigates the acquisition of foreign mitochondria from donor cells to ensure 

survival of recipient cells with impaired mitochondrial function.  

Intercellular mitochondrial movement is a recently discovered phenomenon that coincides, 

although not exclusively, with the prevalence of tunneling nanotubes (TNTs)—cellular bridges 

affording the two interconnected cells cytoplasmic continuity.  Research on mitochondrial 
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movement and TNTs began in the Gerdes lab with the discovery of “nanotubular highways” 

between PC12 rat adrenal gland cancer cells (Rustom, Saffrich, Markovic, Walther, & Gerdes, 

2004).  Gerdes then identified membrane-labeled vesicles moving between PC12 cells in 2009 

(Bukoreshtliev et al., 2009).  Although TNTs were not associated with this finding, soon after, 

Golgi vesicles, mitochondria and even HIV viral particles were found travelling in “bridging 

conduits” shuttling between cells (Kadiu & Gendelman, 2011).  It was at this point that there was 

a burgeoning of research into this newly discovered method of cell communication—from 

characterization of the effect of intercellular mitochondrial transfer in TNTs in multiple cell lines 

to therapeutic mechanisms for lung injury reversal and chemotherapeutic resistance.   

Donors and recipients 

In the literature, the prevailing experimental model to investigate mitochondrial transfer is the co-

culture of mesenchymal stem cells (MSCs) with a cell line, often of cancer lineage, to elucidate 

the mechanism of action in in vitro and in vivo settings.  MSCs have been shown to enhance the 

survival of cardiomyocytes, block LPS-induced lung injury (Jackson et al., 2016), arrest Kaposi 

sarcoma growth (Otsu et al., 2009) and rescue Purkinje cell death in Niemann Pick Type C disease 

(H. Lee et al., 2010).  Astrocytes have also been shown to donate mitochondria to neurons and 

process deleterious neuron mitochondria for autophagy (Davis et al., 2014).  Transferred astrocyte 

mitochondria increase neuronal aerobic respiration and reverse symptoms of ischemia in vivo 

(Hayakawa et al., 2016).   

It is logical to postulate that if mitochondrial transfer occurs in the brain, astrocytes would be the 

cell to replenish degenerating neurons with functional mitochondria or receive dysfunctional 

mitochondria from them.  This idea stems from the trophic support astrocytes provide to neurons, 

such as glutamine for GABA glutamate productions, and cholesterol and phospholipids.  

Astrocytes can provide a neuron with functional mitochondria to help meet bioenergetic demand. 

Conversely, damaged neuronal mitochondria carrying an apoptotic signal could conceivably 

transfer from a dying host, “spreading” pathogenicity; similar to the lateral spreading tau from 

neuron to neuron in AD brains (Pooler et al., 2013). Maintaining the function of synapses at 

extreme distances from the cell body is an energy expensive process.  The axons of neurons extend 

long distances, with some sensory and motor axons reaching lengths of up to one meter (Lodish 
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H, Berk A, Zipursky SL, 2000).  It is plausible that it is more energy efficient to acquire astrocyte 

mitochondria at these axonal extremities, as opposed to sending mitochondria from the distant 

soma.  

The prevailing method to isolate MSCs for mitochondrial transfer investigations is from the bone 

marrow (Soleimani & Nadri, 2009).  However, there is literature demonstrating an enrichment of 

MSCs in compact bone, specifically, the humerus, tibia and femur (H. Zhu et al., 2010).  The 

compact bone niche has a diverse array of cell types tasked largely with remodeling of mineralized 

bone to accommodate growth/repair, and cope with compressive/tensile stress.  Trabecular bone 

(spongey bone) lines the bone cavity and contains MSC, osteoblasts, bone lining cells, 

hematopoietic stem cells, osteoclasts, pericytes and immune cells.  Moving outward, cortical bone 

additionally contains immobile osteocytes arranged in concentric lamellae around a Haversian 

canal.  Blood vessels traverse longitudinally inside these Haversian canals, connected to adjacent 

vessels through Volkmann canals (Florencio-Silva, Sasso, Sasso-Cerri, Simões, & Cerri, 2015).  

Pericytes wrap the endothelial cells of these vessels, and are identified by CD146 (MCAM), NG2 

and PDGF-Rβ expression (Crisan et al., 2008). Osteogenic MSCs differentiate first into 

preosteoblasts, then osteoblasts which indirectly make bone and release osteocalcin, express the 

transcription fact RUNX and, when more mature, osterix (OSX), and podoplanin (E11) on their 

surface (Florencio-Silva et al., 2015).  Osteoblasts secrete the extracellular matrix protein type I 

collagen, forming a layer called the osteoid.  This layer becomes lined with bone lining cells, one 

of two terminal differentiations of osteogenic MSCs, the other being the osteocyte.  Accumulated 

calcium phosphate reacts with type I collagen to produce calcium hydroxyapatite, a light weight 

composite material known as mineralized bone.  The osteoid is therefore the interface between 

mineralized bone and marrow-filled space (Long, 2011).   

Osteoblasts can become entombed by the mineralized bone they help produce and differentiate 

into osteocytes, cells with a polarized arborization of dendrites.  These osteocyte processes develop 

as calcium hydroxyapatite forms around them, creating channels called canaliculae, through which 

gap junctions mediate tactile communication.  Immobile and trapped in the pocket of space their 

soma has created (lacunae), osteocytes maintain contact with each other, bone lining cells and 

osteoblasts at the surface and in the osteoid.  Osteocytes play a role in calcium homeostasis and 

regulate bone formation by releasing sclerostin (Sost), an inhibitor of osteoblast function through 
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WNT-signaling interruption.  Osteogenic MSCs migrate from the cavity into Haversian canals to 

supply enough osteoblast precursors to maintain bone production, although there are data 

supporting a blood-borne source of MSCs and pericyte osteogenic differentiation (Torreggiani et 

al., 2013).  Hematopoietic stem cells, also sourced from marrow and vasculature, give rise to 

monocyte/macrophages which can fuse and become the multi-nucleated osteoclast.  Osteoclasts 

are responsible for the resorption of bone and arise from lineage commitment of their precursors 

controlled, in large part, by RANK and RANKL receptor/ligand binding on preosteoclasts and 

osteoblasts, respectively.  Osteoblast upregulation of the RANK ligand stimulates 

osteoclastogenesis, providing a balance in bone formation and degradation.  In addition to an 

activated RANK receptor, the collagen-binding osteoclast-associated receptor (OSCAR) is 

abundant on the surface of mature osteoclasts and can engage a signaling cascade that increases 

osteoclast number in culture (Sims & Martin, 2014).  Degradation of the organic bone matrix by 

osteoclasts is crucial to remove damaged/old bone and make way for newly-formed bone.  They 

also provide a calcium reservoir for future hydroxyapatite formation and use in other areas of the 

body.  The crosstalk between this eclectic mix of cell types in the compact bone niche are critical 

to maintaining bone health and homeostasis (Noble & Reeve, 2000). 

 Mechanisms of mitochondrial transfer 

In the last 5 years, literature has elucidated the mechanism by which MSCs impart benefits of 

mitochondrial transfer.  A mixture of data supporting both TNTs and extracellular vesicles as the 

conduit for mitochondrial delivery, extending or budding from stem cells, has dominated the 

literature.  Although the recipient cell benefits from receiving foreign mitochondria, it is entirely 

dependent on the cell types introduced in the co-culture experiment.   

1.3.2.1  Tunneling nanotubes (TNTs) 

Contact-mediated communication between mammalian cells can be aptly described using terms 

from protozoan locomotion.  Pseudopodia and its subclasses, as pertains to mammalian cells, refers 

to a tapered membrane extension projecting from a roughly ellipsoid soma.  Pseudopodia with 

various morphologies and cytoskeletal protein compositions, and the soma itself, undergo tactile 

intercellular communication.  Highly motile pancreatic metastatic cancer cells, for example, can 
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transiently share more than half the surface area of their soma with an adjacent cell (Koenig, 

Mueller, Hasel, Adler, & Menke, 2006), while highly branched cells like stellated astrocytes send 

probing pseudopodia to interact with their microenvironment (Oberheim, Goldman, & 

Nedergaard, 2012). Stressed cells and those undergoing apoptosis send out reticulopodia, a 

subclass of pseudopodia with branched projections tens of nanometers thick, as an anastomotic 

request for support (Desir et al., 2016). Filopodia, another subclass of pseudopodia, are f-actin 

based membrane projections approximately 500 nm thick found as highly dynamic spikes at the 

leading edge of lamellipodia—flattened membrane extensions used for migration.  They are also 

found late in cell division during cytokinesis or as a membrane residue between two cells migrating 

apart after being in contact. 

Filopodia were the structural classification given to the discovery of tunneling nanotubes (TNTs) 

first characterized as “nanotubular highways” by Rustom, et al., in 2004.  TNTs are F-actin based, 

filopodial projections with open ended contact points, allowing the intermingling of the cytoplasm 

of connected cells (Rustom et al., 2004).  As a TNT increases in length, probing-end searching for 

an adjacent cell, the inner tube structure becomes fortified with extending microtubules.  The 

growth cone of the barbed end, still comprised of actin filaments, lays the framework for tubulin 

dimerization.  Actin remodeling begins at the leading edge of the lamellipodia where the dense 

actin meshwork aids in cell motility.  The cytoplasmic extension begins with focal adhesion (i.e. 

vinculin and zyxin) and bundling proteins (m-sec and VASP) aligning actin fibers to create a 

membrane bleb.  The actin fibers are crosslinked by fascin.  Formins like mDia2 facilitate the 

polymerization of long unbranched actin filaments.  The motor protein myosin X travels along the 

actin filaments using its motor head; the tail carries cargo to the barbed end of the projecting TNT 

to facilitate filipodia formation until a target cell’s plasma membrane is reached (Mattila & 

Lappalainen, 2008).   

A contortion of the lipid bilayer of both the TNT and the recipient cell is critical to initiate fusion 

and create cytoplasmic continuity.  Although tube formation and extension are well characterized 

due to the conservation of machinery and mechanism for axon and dendrite neuritogenesis, the 

fusion of the barbed end of the nanotube with the recipient cell’s plasma membrane is not well 

defined.  The transmembrane protein, leukocyte specific transcript 1 (LST1) has been shown to 

recruit the exocyst complex, the small GTPase RalA and the actin crosslinker filamin to the plasma 
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membrane to aid in nanotube eruption and possible membrane fusion (Kimura, Hase, & Ohno, 

2013)(Schiller et al., 2013).  Proteins that negotiate synaptic budding and fusion at the pre- 

synapse, together with adhesins, might play a vital role in neuronal TNT formation.  The SNARE 

protein complex, modulated by calcium levels in the synapse sensed by synaptotagmin, exacts its 

effect by amino- to carboxyl zippering of trans SNARE complexes that link the vesicle membrane 

to the plasmalemma of the synaptic button, whereby creating a fusion pore opening (Südhof & 

Rizo, 2011).  

In the pursuit of cells efficacious in regenerative medicine, Sanchez et al., isolated human 

umbilical cord MSCs from Wharton’s jelly and characterized their intercellular communication 

capabilities.  While there wasn’t convincing data on the trafficking of mitochondria between cells, 

transmission electron microscopy (TEM) provided interesting information on TNT morphology 

between MSCs.  Mitochondria with intramembrane cisterns are visible in the lumen of TNTs. The 

distal end of a TNT sits in a pit of a cell’s membrane, as if the cell being probed is attempting to 

endocytose the probe’s tip (Sanchez et al., 2017).   

The molecular machinery for mitochondrial movement along the axons of neurons, for example, 

is made up of motor, adaptor and docking proteins; both the machinery and mechanism in axons 

is likely similar in TNTs because the structural components are conserved.  The miro1/trak/kinesin 

complex is vital to mitochondrial dynamics.  Miro1, a Rho GTPase, is an outer mitochondrial 

membrane receptor that binds to trak1 which then binds to the anterograde kinesin motor KIF5.  

The kinesin protein has an N terminal motor domain with ATPase to allow it to “walk” along 

microtubules, C terminal tail linked with a mitochondrion.  In the literature, Miro1 is the most 

widely discussed protein related to intercellular mitochondrial transfer, its experimental 

manipulation used to change the rate of mitochondrial movement.  Its upregulation increases 

mitochondrial motility while its downregulation fragments mitochondrial networks.  Similarly, 

increased expression of trak2 enhances axonal transport of mitochondria in hippocampal neurons, 

the converse true for its inhibition (Sheng, 2014). 

Traditional modes of material exchange are extracellular vesicles, gap junction proteins and whole-

cell fusion.  Exosomes are exocytozed multi-vesicle endosomes that can have a range of cargoes 

such as miRNA, mRNA, cholesterol, Rab GTPases, etc.  Additionally, exosomes have been linked 

with transmission of amyloid-β, α-synuclein—effectively spreading the neurodegenerative 
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phenotype to surrounding brain cells—and chemokine-linked HIV1 transmission (Luigi F Agnati 

& Fuxe, 2014).  Exosomes are too small, at a maximum of 100nm, however, to house even one 

mitochondrion (average size: 600nm).  Gap junctions mediate electrochemical coupling and 

facilitate the diffusion of small metabolites, secondary messengers like Ca2+ and ROS, for 

example, but are also incapable of whole organelle transfer.  TNTs, however, are overwhelmingly 

shown in the literature to be the primary conduit for the transfer of mitochondria.  

The frequency of TNT formation has been shown to increase among stressed cells.  Cells 

apoptosing often send out spindly reticulopodia.  Hyperglycaemic, low-serum and acidic 

environments are stressors, all elevating the degree of tube formation.  Conversely, exposure to 

metformin, affecting glycolytic migration, and Everolimus, an mTOR inhibitor, causes a decrease 

in TNT prevalence (Lou et al., 2012).  H2O2 exposure fosters the reorganization of the 

cytoskeleton, activates the transcription factor p38 and subsequently the MAPK pathway, leading 

to upregulated TNT formation.  Wang et al., 2011, elucidated the signaling cascade in neurons 

which result in TNT formation.  Epidermal growth factor (EGFR) activates the Akt/PI3K/mTor 

pathway, causing the activation of caspase 3 which subsequently cleaves s1000a4.  Elevated intact 

s1000a4, in adjacent cells without an apoptotic signal, creates a concentration gradient and acts 

like a homing device for nanotubes protruding from damaged neurons (Y Wang, Cui, Sun, & 

Zhang, 2011) (X Sun et al., 2012).  Receptor for advanced glycation end products (RAGE) is a 

putative cell surface receptor of s1000a4 and is a suggested membrane location of TNT budding 

(X Sun et al., 2012).  Using a similar targeting mechanism, endothelial apoptosing cells display a 

phosphatidylserine (PS) domain on their outer plasma membrane leaflet—existing endofacially 

under healthy conditions— which acts as a target for nanotubes (Yasuda et al., 2011). In neurons, 

Sun et al. shows that stress is a criterion for TNT formation and guidance, while Wang et al., found 

that fleeting, unidirectional connexin-positive TNT projections from neurons to astrocytes allows 

electrical coupling and secondary messenger exchange (X. Wang, Bukoreshtliev, & Gerdes, 2012).   

Wang et al., 2015, showed that healthy pheochromocytoma 12 (PC-12) cells rescue the apoptotic 

effects of ultraviolet radiation through TNT connections and mitochondrial transfer.  The intrigue 

of this work lies more in the protection against apoptosis rather than the subcellular mechanism in 

which this is achieved.  UV-treated PC-12 cells connected to untreated PC-12 cells in co-culture 

by microtubule-containing TNTs show a preferential reduction in cytochrome C, caspase 3 activity 
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and exofacial phosphatidyl serine (PS)—key factors in the pathway of mitochondria-dependent 

apoptosis.  This is compared to UV-treated cells without TNT connections.  The effect diminishes 

with cytochalasin B and nocodazole, F-actin and microtubule depolymerizers, respectively, 

proving the importance of TNTs.  The level of cytochrome C is not the concern, but rather its 

localization.  Movement of cytochrome c from inside mitochondria to the cytosol—fluorescently 

represented as the mitochondrial network or diffuse signal throughout the cell, respectively, 

precedes apoptosome formation in the intrinsic pathway of apoptosis (Wang et al, 2015).   

There are multiple publications on mito-transfer from MSCs to lung-derived cells, reversing 

damage in the recipient.  Sinclair et al., demonstrate a TNT-mediated, connexin-43-independent 

transfer of mitochondria from bone marrow or bronchoalveolar lavage fluid MSCs (BM-MSC or 

BAL-MSC, respectively) to human bronchial cells (BEAS2B) in co-culture (Sinclair, Yerkovich, 

Hopkins, & Chambers, 2016).  Bronchial epithelial cells grown in cell culture media infused with 

cigarette smoke had their intracellular ATP levels return to wildtype while rats exposed to cigarette 

smoke had reduced alveolar destruction and airspace enlargement post MSC mitochondrial 

donation vis TNT (Li et al., 2014).  In an ischemia/reperfusion model, human umbilical epithelial 

cells (HUVECs), after subjection to oxygen glucose deprivation followed by reoxygenation to 

normoxia, generated nanotube connections with co-cultured MSCs at a higher rate than control 

state.  The TNT connections coincided with a reduction in apoptotic HUVEC cells and increased 

cell viability (Liu et al., 2014).  Ahmad et al., treated two cohorts, in independent experiments, 

treating wildtype mice intratracheally with rotenone and ovalbumin.  After exhibiting the necessity 

of TNT formation for mitochondrial transfer, MSC treatment reversed the ATP deficit, dropped 

cytoplasmic cytochrome C, restored complex I and IV activity, tempered airway inflammation and 

decreased apoptosis in bronchial epithelial cells. In vivo overexpression of Miro1 enhanced the 

rescue effect (Ahmad et al., 2014).   

TNTs with a multitude of cargoes, including mitochondria, are not always beneficial to the 

recipient.  In a seminal paper, proteomics and immunocytochemistry found HIV-1 inside TNTs, 

sequestered in endosomal compartments, able to infect neighboring monocytes-derived 

macrophages (MDM) (Kadiu & Gendelman, 2011).  Invaginated HIV-1 undergoes retrograde 

trafficking of the endosome-trapped virion to the trans Golgi network and is, subsequently, shuttled 

down a TNT.  Small molecule disruption of ER and Golgi integrity inhibits this transfer.   
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The two major caveats of investigating TNTs and mitochondrial transfer relate to validating a 

candidate TNT as open-ended and proving that “transferred” mitochondria exist in the cytosol of 

the recipient cell.  As described above, the distal tip of the filopodia must fuse to the probed cell’s 

membrane, creating the bi-directional flow of cytoplasm required to designate a structure a TNT.  

1.3.2.2   Vesicle-mediated and undescribed mechanisms of mitochondrial transfer 

Mitochondria-containing vesicles and free mitochondria can also move into cells, naturally or 

forced, to rescue injury or temper the burden of autophagy.  Evidence of mitochondrial exchange 

was shown between retinal ganglion cell (RGC) axons at the optic nerve head, offloading to 

astrocytes mitochondria marked for degradation.  Along an RGC axon, at the site of parkin-

ubiquitinated mitochondrial pools, the membrane is pinched, the evulsion purportedly 

phagocytized by adjacent astrocytes in a process coined transmitophagy (Davis et al., 2014).  

Similarly, Hayakawa et al. demonstrated that vesicles containing mitochondria were transferred 

from astrocytes to neurons, occurring by endocytosis and imparting a benefit to the recipient 

neuron.  A group from the University of Montpellier, France, pioneered a technique they termed 

MitoCeption, demonstrating that cell-free mitochondria can be benignly forced into breast cancer 

cells and impart a benefit (Caicedo et al., 2015).  

A seminal in vivo mito-transfer paper from Islam et al., in 2012, was one of a multitude of work 

surfacing on rescue of lung injury by donated mitochondria.  The author’s assertions of 

mitochondrial transfer are bolstered by simultaneous demonstration of functional consequence—

i.e. DsRed2-expressing MSC mitochondria in alveolar cells containing a GFP probe that indicates 

ATP levels.  Alveoli epithelia share their cytosol with intratracheally-infused mouse BMSCs 

through gap junction channels (GJC), mediated by Connexin 43 (Cx43).  The alveoli in mice 

airway-instilled with lipopolysaccharide (LPS) to model acute lung injury (ALI) showed a 

preferential increase in Cx43 expression and, subsequently, membrane-sharing—as per 

fluorescence recovery after photobleaching (FRAP)—compared to PBS only.  mBMSC’s attached 

at sites in the alveolar lumen with high expression of Cx43, and after 3 hours appeared to donate 

all their DsRed2 fluorescence to alveolar epithelial cells.  Isolated microvesicles from LPS lungs 

were Cx43+, and fluorescent surfactant protein B (SPB)—an alveolar type 2 (AT2) cell-specific 

protein that localizes to lamellar bodies—colocalized with DsRed2 fluorescence.  This hypothesis 



32 

that microvesicles are the conduit for MSC-alveoli mitochondrial transfer was validated through 

loss of transfer after inhibition of dynamin-linked endocytosis.  Additionally, when administering 

human MSCs instead of mouse, isolated AT2 cells in LPS mice contained human mtDNA.  This 

was confirmed by PCR of human cytochrome oxidase 1 and 2 encoded in mtDNA.  LPS lungs 

lack the secretory response. Wildtype BMSC transplanted into LPS lungs restore this function.  

BMSCs ATP-depleted through siRISP or with mutated Cx43 could not rescue this ALI phenotype 

(Islam et al., 2012).   

Zhu et al., in 2016, showed that isolated mitochondria from pulmonary artery smooth muscle cells, 

when administered intravenously, migrate to pulmonary arteries and attenuate hypoxic pulmonary 

hypertension (L. Zhu et al., 2016).  Perhaps this occurs with the same mechanism as changes to 

alveoli with the presence of supportive foreign mitochondria implicated by Islam et al. Babenko 

et al., show that mesenchymal multipotent stromal cells (MMSC) donate mitochondria to rat 

cortical neurons.  They demonstrate that MMSC-to-neuron mitochondrial transfer, post neuron co-

culture with MMSCs, primes neurons to more effectively rescue the effects of middle cerebral 

artery occlusion (MCAO), an in vivo model of stroke (Babenko et al., 2015).   

A seminal paper published in 2006 from Spees et al., demonstrated that human MSCs transfer 

mitochondria to mtDNA-depleted ρ0 skin fibroblasts (ρA549) in co-culture and restore their 

respiratory capacity. Cells with no mtDNA are easy to identify for mtDNA presence and can have 

the most acute form of mitochondrial damage without inducing apoptosis.  Restriction fragment 

length polymorphism analysis of rescued ρA549 clones showed the presence of mtDNA from 

hMSCs and antibody staining showed the expression of cytochrome c oxidase. Not only was there 

a rescue of the depleted COX II gene, there was a restoration of mitochondrial function to that of 

the control—increase in ATP production, decrease in ROS concentration and lactate (Spees, 

Olson, Whitney, & Prockop, 2006).   

Additionally, Cho et al. in 2012, aimed to investigate whether this restoration of mitochondrial 

function is resultant of transfer of naked mtDNA or the mitochondrion itself. Co-culturing MSCs 

containing mtDNA, with known sequence variations, with ethidium bromide or rhodamine-treated 

human osteocarcinoma cells (143b), the latter intercalating into the inner mitochondrial membrane 

disrupting respiration, allowed for identification of foreign intact mitochondria.  The recipient 
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143b cells showed a reversal in mitochondrial dysfunction and a presence of the MSC mtDNA 

polymorphisms of mitochondrion particles (Cho et al., 2012).   

Chemotherapeutic resistance is also a purported consequence of intercellular mitochondria transfer 

between cancer cells and surrounding host stroma.  Amyloid leukemia cells (AML) were shown 

to have increased resistance to the chemotherapy drug, cytarabine (ARA), when in co-culture with 

MS-5 bone marrow-derived cells.  Mitochondrial transfer (MS-5AML) was deemed the 

mechanism for this effect using MTR-staining.  Additionally, expression of a mitochondrial 

protein—Omi, released in dysfunctional mitochondrial and degraded—fused to mCherry in the 

MS-5 donor cells demonstrated that transferred mitochondria were also functional.  

Immunodeficient NSG mice were inoculated with patient AML cells, fluorescence-assisted cell 

sorted (FACS) out based on CD34 and CD45 positivity, and shown to have received murine 

mitochondria, 12 weeks post AML introduction.  Additionally, when NSG mice were inoculated 

with MOLM-14 cells—an immortalized AML cell line—and treated with ARA, incorporation of 

murine mitochondria increased compared to untreated mice.  MOLM-14 cells were also shown to 

have increased oxidative phosphorylation-derived ATP when in co-culture with MS-5 cells for 72 

hours, and that leukemic lineage cells retained a higher mitochondrial membrane potential when 

in contact with stromal cells (Moschoi et al., 2016).      

Mitochondrial transfer can also be deleterious for the recipient in a mechanism independent of 

TNT’s as a conduit.  Specifically relating to mitochondria, gap junction-mediated ROS diffusion 

and mitochondrial migration occurs from MSCs to rat lung microvascular epithelial cells (EC) in 

co-culture; this resulted in EC apoptosis, the ultimate destruction of capillaries and inhibition of 

tumor vasculature in an in vivo model of melanoma.  The authors further postulate that, as in 

trophoblast fusion, the MSCs and ECs might fuse after the formation of connexin 43-dependant 

gap junction channels (Otsu et al., 2009). 

1.3.2.3  Cell fusion 

Cell fusion, a well-established mechanism in biological systems, also falls under the umbrella of 

inter-cellular mitochondrial transfer.  Investigation into cell-cell fusion, first described by Schwann 

in 1839, has been exhaustive and details a multitude of rationales as to the purpose of its natural 

occurrence; these include trophoblast fusion to facilitate hormone transport during pregnancy and 
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mesenchymal stem cell/injured cell fusion and concomitant MSC transdifferentiation, taking on 

the injured cell’s properties.  The striking commonality linking data from this project, published 

work on fusion and, independently, intercellular mitochondrial transfer, is the appearance of 

mesenchymal and hematopoietic stem cells as a conduit of cell damage reversal.  Although 

originating from an isolated niche, cells of the bone and marrow can migrate to offer this support.  

Ferrari et al., transplanted bone marrow—isolated from C57/MlacZ mice expressing β-Gal under 

the muscle-specific myosin light chain promotor—into irradiated scid/bg mice post cardiotoxin-

induced muscle injury to the tibialis anterior (TA). IHC staining of the TA muscle sections revealed 

regenerated muscle fibers with β-Gal+ nuclei, restricted to cardiac and skeletal muscle cells only.  

The authors suggest that long distance inflammatory signals from the degenerating muscle tissue 

recruit BMCs and that, ultimately, these BMCs commit to a myogenic lineage and fuse with the 

damaged muscle fiber cells (Ferrari, 1998). 

In 2003, research in the Crain lab showed that human females who received bone marrow 

transplants from male donors have newly developed Y chromosome-positive neurons.  Their 

prevailing theory is that cells of the bone marrow migrate into the brain, transdifferentiate into 

neuron-like cells, expressing neuron-specific markers such as NeuN and Kv2.1 (voltage-gated K+ 

channel).  Cell fusion was considered a possible but unlikely cause of Y-chromosome neurons 

(Mezey et al., 2003).   

Later the same year, Weimann et al., transplanted bone marrow from ubiquitously-expressing GFP 

male mice into lethally irradiated recipient female mice and, months later, found GFP-expressing 

Purkinje cells in the cerebella of the recipient mice.  In this instance, all the GFP-Purkinje cells 

were binucleated and was fusion confirmed by fluorescence in situ hybridization (FISH) of Y-

chromosomes, interestingly present in only one nuclei.  Additionally, building on data showing 

differences in chromatin structure between the co-habitant nuclei, they transplanted bone marrow 

from a mouse with Purkinje-specific GFP expression—controlled by L7-pcp-2, a Purkinje-specific 

promotor—into an irradiated recipient, as before.  Five months after transplantation, GFP-

expressing Purkinje cells, bi-nucleated, were found in recipient mouse brain sections.  These data 

fortified their assertion that reprogramming of one or both nuclei in the heterokaryon activated 

Purkinje genes, and the presence of bi-nucleated GFP-positive Purkinje cells 1.5 years later shows 

these chimeric cells are stable (Weimann, Johansson, Trejo, & Blau, 2003).   
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Nern et al., found that the incidence of BMC/Purkinje fusion increases with intrathecal LPS 

administration, indicating that fusion might be induced by inflammation, as Ferrari et al. purported 

in muscle cells (Nern et al., 2009).  Alvarez-Dolado et al., used the loxP gene excision system to 

show fusion of BMCs with Purkinje neurons, cardiomyocytes and hepatocytes.  If cells expressing 

Cre recombinase fuse with cells containing the LacZ transgene with a floxed stop cassette, 

unhindered LacZ transcription leads to the expression of β-Gal as a reporter.  β-Gal+ Purkinje cells 

contained two nuclei, and electron microscopy showed the difference in the structure of both 

nuclei, supporting the notion of a Purkinje neuron heterokaryon.  There is a stark difference in the 

structure of each nucleus, and in addition to their unique cell sources, chromosomal reshuffling or 

expulsion might also be a reason for their appearance (Alvarez-Dolado et al., 2003).  But, in a 

heterokaryon what controls the fate of each nuclei, gene expression, and governance of organelles 

like mitochondria? 

MitoTracker® Probes as a tool to demonstrate mitochondrial transfer 

Mitochondrion-Selective Probes from Molecular Probes Scientific are the gold-standard in the 

literature for tracking intercellular mitochondrial transfer.  Carbocyanine-based probes like 

MitoTracker® Green and Red FM are negligibly fluorescent in aqueous solutions, but at 

nanomolar concentrations preferentially accumulate in the lipid-rich environment of mitochondria.  

Rosamine-based probes like MitoTracker® Red CMXRos are in reduced form and are non-

fluorescent until entering an actively respiring cell in which they are oxidized.  All MitoTracker® 

(MtT) variations create a pool of fluorescing probe conjugated to proteins in the mitochondria by 

alkylating free thiol groups of cysteine residues.  The probe is cell permeant and diffuses across 

membranes according to their potential (ΔΨm), moving into more negative compartments, first 

entering the cytosol (~ -70mV) then the mitochondrial matrix (~ -150mV).   Although the 

manufacturers claim that the probe is covalently bound to proteins within the mitochondria, there 

are data supporting that over multiple days the dye will leak into the extracellular space.  

Additionally, MtT probes have been found to be toxic to cells at a variety of concentrations.  

Literature has shown that this leads to mitochondrial network fragmentation, permeability of the 

mitochondrial membrane and downstream effects resulting in apoptosis.  The literature on MtT 

probes and their effect on mitochondrial biology, and homeostasis of the cell itself, will be further 
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discussed in subsequent sections of this work.  The chapter on MitoTracker® probes as a tool to 

investigate mitochondrial transfer will deconstruct the challenges working with mitochondrial 

stains. 

1.4 Co-culturing cells in 3-dimensions 

When investigating mitochondrial transfer, an excellent proxy for in vivo experimentation is 

culturing cells in 3-dimernsions as heterogenous spheroids.  Three-hundred-and-sixty-degree 

contact points, a more native cell-signaling niche and varying nutrient accessibility, for example, 

may induce mitochondrial transfer.   

“…a cell can no longer be thought of as a solitary entity defined by its genome, but must be 

evaluated in the context of the ECM [extracellular matrix], soluble growth factors, hormones, and 

other small molecules that regulate organ, and ultimately organism, formation and function”- 

(Tibbitt & Anseth, 2009).   

Consistent with this notion, the rationale behind 3-D co-culturing BMSCs with ρ0 astrocytes was 

done to coax mitochondrial transfer in an environment where literature has shown manifests 

altered protein expression and distribution profiles, cell behavior, apoptosis, signaling, and 

proliferation rates, when compared to a 2-D format.  If Tan et al., showed delayed tumor growth 

at the site where immortalized mtDNA-ablated auxotrophic tumor cells (B16 ρ0 murine melanoma) 

were seeded and that these tumors are comprised of B16 ρ0 cells with host mtDNA, then mimicking 

an in vivo environment might be necessary for mitochondrial transfer to occur (Tan et al., 2015).  

Sub regions of the sphere have differential access to nutrients and dissolved oxygen in the media, 

the core being nutrient-poor and hypoxic, and each exists in a dynamic gradient of soluble products 

from growth factors to ones that induce apoptosis.  The cytoarchitecture of a sphere is one with 

cells in a variety of stages—proliferating cells near the surface, quiescent cells in the inner layers, 

elevated necrosis, apoptosis and hypoxia as the core is neared—all contributing to the cross talk 

between cell species (Edmondson, Broglie, Adcock, & Yang, 2014).  A monolayer confines cell-

cell contact mostly to the periphery of a cell, only a segment of the soma’s perimeter, and polarizes 

distribution of cell-surface proteins like integrins.  This causes a predominantly lateral 

mechanotransduction and unnaturally high exposure of the cell to culture media.  Natural polarity 
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is important in epithelial cells, for example, which might assemble side-by-side to form the lumen 

of a structure, in which case the plasma membrane has specific domains peppered with unique 

proteins necessary for tissue function (Tibbitt & Anseth, 2009).  However, this contrasts with the 

multilateral migration of an astrocyte in the brain.  The astrocyte, when forced into a 2-D system, 

might assume an apical, lateral and basal domain, compartmentalizing proteins—such as 

increasing the presence of the tight junction protein ZO-1 at the lamellipodia’s leading edge.   

In addition to the differences in physiological and spatial properties between 2-D and 3-D cell 

cultures, they also differ in gene expression, transcription and translation.  Melanoma cells, for 

example, differ in 173 genes, up-regulating chemokines, laminin and c-Jun.  Ovarian cancer cells 

have an increased mRNA expression of α3/α5/β1 integrins and matrix metalloproteinase 9.  

Colorectal cancer cells show a change in epidermal growth factor, phospho-AKT and phospho-

MAPK protein levels.  Interestingly, though, the changes are not finite.  Although cells lose geno- 

and phenotypic characteristics once removed from tissue and cultured in 2-D, when aggregated 

into spheroids in an ECM matrix the changes can be reversed.  Alterations in numerous cellular 

processes including invasiveness, migration, proliferation, morphology, apoptosis, and drug-

sensitivity, might result in the establishment or boosting of the extracellular signal required to 

prompt mitochondrial transfer.  Similarly, increased contact points of a cell’s membrane or reduced 

proliferation rates from p21 suppression in a 3-D environment might trigger intercellular transfer 

of mitochondria (Birgersdotter, Sandberg, & Ernberg, 2005). 
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1.5 Laser scanning confocal microscopy  

The conventional method throughout the literature for visualizing the position of mitochondria, as 

relates to intercellular transfer, is single-photon laser scanning confocal microscopy (LSCM).  The 

fluorescent signal in most cases is derived from staining with MitoTracker® probes, as previously 

described.   A less prevalent technique uses LSCM on fluorophores transcribed from plasmid DNA 

with mito-localizing signals or those fused to respiratory complex proteins of the inner 

mitochondrial membrane.  Expression of a soluble fluorochrome in the cytosol can be used to 

assess fluid dynamics in a two-cell system where a TNT connects a GFP-expressing cell, for 

example, and an unlabeled cell—any GFP expression in a previously unlabeled cell validates the 

TNT.  Although LSCM is a powerful tool for localization of molecules and semi-quantitative 

analysis of expression, without precaution it can lead to false positives of mitochondrial transfer. 

The basic criteria to generate accurate information about a mitochondria’s position are highly 

resolved (60x minimum), highly sampled z-stack images resultant of controlled laser intensities 

and photomultiplier voltages; this is followed by deconvolution for noise reduction and 3-

dimensional reconstruction.  These must be satisfied to understand the precise position of mito-

localized fluorophores amidst inherent noise. As the impetus to understand how the mechanism of 

mitochondrial transfer conveys its impact on a cell or system, there will be the needed shift to 

super-resolution techniques.  Super-resolution will assist in answering questions such as the 

following: What is the mechanism that recipient cells use to internalize donated mitochondria?  

How do donated mitochondria interact with the resident mito-network architecture?  Once 

internalized, how do donated mitochondria avoid being seen as a “pathogen”—i.e. how would they 

escape the lysosomal degradation pathway if entombed by a vesicle after entering the cell? 

 Photoirradiation 

It is likely that many of the above-mentioned questions will be best answered using live-cell 

imaging.  When tracking functional mitochondria in a living cell, a byproduct of fluorescent 

microscopy crucial to consider is photoirradiation, specifically photo-oxidative damage.  

Fluorophores react with oxygen when excited, undergo degradation and concomitantly produce 

reactive oxygen species (ROS).  The mitochondrion is particularly susceptible to this effect due 
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to its aerobic respiratory nature.  Oxidative phosphorylation requires molecular oxygen in the 

matrix as a terminal electron acceptor.  The intrinsic anti-oxidant defense of a cell has a limited 

capacity to buffer the toxic effects of photoirradiation-induced ROS (Icha, Weber, Waters, & 

Norden, 2017).  

When a fluorophore is bombarded with laser excitation, an outer shell electron is excited to a 

higher energy orbital, with a consequent fluorescence emission at a longer wavelength.  This can 

be a singlet excitation event, or the more stable, triplet excitation event.  With an electron in this 

long-lived triplet state, the fluorophore can act as a photosensitizer (PS).  Energy can be 

transferred from the PS to the ground state of molecular oxygen creating singlet oxygen (1O2); 

or, an electron can be transferred from an anionic PS (PS•-) to molecular oxygen producing

superoxide radical anion (O2
•-), hydrogen peroxide (H2O2) and hydroxyl radicals (HO•-).  These

energy (type I) and electron (type II) transfer pathways are known as the photodynamic effect.  

This process is the causality of phototoxicity when imaging live cells. 

There are a multitude of strategies to combat the effects of photoxicity.  Blue light, for example, 

has a short wavelength and high energy that equates to higher absorption by biomolecules.  

Fluorophores with a longer wavelength, such as GFP (488/509 nm), are preferable.  Techniques 

such as 2-photon laser scanning reduce illumination outside the focal plane which prevents 

unnecessary laser exposure to areas of the specimen not being imaged.  ROS scavengers, such as 

ascorbic acid, can be added to the media during live-cell image acquisition, while high light-

absorbing vitamins that readily create ROS can be removed.  Finally, instead of constant 

excitation, pulse illumination can slow fluorophore destruction (Icha et al., 2017). 

Photoirradiation can affect several cellular processes, from slow growth cone migration in C. 

elegans motor neurons to loss of mitochondrial membrane potential in Chinese hamster ovary 

cells, that might not exhibit visible morphological repercussions (Walter, Kern-Veits, Huf, 

Stolze, & Bonhoeffer, 1987; Žurauskas, Barnstedt, Frade-Rodriguez, Waddell, & Booth, 2017).  

It is therefore imperative that the experimenter remain cognizant of photoirradiation’s impact so 

as not to allow the tool to lead to an irradiation-damaged phenotype.  
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1.6 Research aims and objectives 

This PhD research aimed to investigate whether intercellular mitochondrial transfer takes place 

between neural cells, either primary cultures or immortalized cells isolated from neonatal mice.  

The primary tool used to achieve this goal was laser scanning confocal microscopy (LSCM).  The 

project was split into three specific objectives   

1. To develop techniques to fluorescently label the cytosol of the recipient cell, and 

mitochondria of the donor cell for LSCM image acquisition.  Specifically, to label cells 

with a photostable, bright and cell-confined fluorescent molecule that does not interfere 

with normal cell function.   

 

2. To develop a mitochondrial injury model that promotes mitochondrial transfer.  

Specifically, to emulate injury parameters identified to cause mitochondrial transfer in the 

literature and apply them to neural cells.   

 

3. To identify whether multipotent cells can donate mitochondria to neural cells.  
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2 Materials and methods 

Table 1.  Cell types used in this research 

 Species Strain Source State Fluorophore Cell marker  Miscellaneous 

SVGp12 human - ATCC immortalized - - 
astrocyte; 
fetal brain 

C8D1A mouse C57BL/6 ATCC immortalized - - astrocyte 

Bone marrow 
stromal cell 
(BMSC) 

mouse BALB/c *MIH immortalized - -  

Bone-derived 
stromal cell 
(Bd-SC) 

mouse B6D2 *MIH primary 
mito-
DsRed2 

CD105 
B6D2 = 
C57BL/6 x 
DBA/2 

Bone-derived 
hematopoietic 
progenitor cell               
(Bd-HPC) 

mouse B6D2 *MIH primary 
mito-
DsRed2 

CD45.2 
B6D2 = 
C57BL/6 x 
DBA/2 

Bone-derived 
cell (BdC) 

mouse B6D2 *MIH primary 
mito-
DsRed2 

- 

mixed 
population of 
Bd-SC & Bd-
HPC 

P3 astrocytes mouse C57BL/6 *MIH primary - - passage 3 

Neurons mouse C57BL/6 *MIH primary - 
MAP2, tau, 
GFAP 

6-12-day 
maturation in 
vitro 

P3 eGFP 
astrocytes 

mouse BCF1 *MIH primary eGFP - 

passage 3; 
BCF1 = 
C57BL/6 x 
C3H/He 

eGFP neurons mouse BCF1 *MIH primary eGFP 
MAP2, tau, 
GFAP 

6-12-day 
maturation in 
vitro; BCF1 = 
C57BL/6 x 
C3H/He 

eGFP 
astrocytes 

mouse BCF1 *MIH immortalized eGFP - 
BCF1 = 
C57BL/6 x 
C3H/He 

ρ0 eGFP 
astrocytes 

mouse BCF1 *MIH immortalized eGFP - 
BCF1 = 
C57BL/6 x 
C3H/He 

* MIH = made in-house       
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2.1 Neonatal hippocampal/cortical culture 

 Coverslip preparation 

Using forceps, glass coverslips were stacked upright in ceramic staining racks and immersed in 

70% nitric acid under a fume hood for 48 hours to roughen the surface to facilitate cell binding, 

and washed 3 times with ddH2O, one wash swirling overnight.  Independent of vessel dimensions, 

as a variety of sizes were used, approximately 5 mm of liquid above the upper coverslip edges was 

a constant for the etching and washing steps.  After the washes, once there was no trace of a nitric 

acid odor, the coverslips were removed to a covered glass container with 100% EtOH for storage.  

In the biosafety cabinet, using forceps, the coverslips in 100% EtOH were subsequently sterilized 

by passage through a flame, with long slow strokes so the high heat would not crack the glass, and 

placed in 12-well plates.  Coverslips were coated with 50 µg/mL poly-D-lysine hydrobromide 

(PDL) in sodium borate buffer and incubated for a minimum of 2 hours at 37°C.  The elevated pH 

of the buffer increased the plate-coating efficiency of the positively charged PDL.  Immediately 

before use, the coverslips were washed 3 times with filtered ddH2O, the last wash left to sit for at 

least an hour before seeding cells. 

 Cortical and hippocampal isolation 

P0 mouse pups were removed from the mother and dissected within an hour. The p0 pups were 

decapitated using micro dissecting scissors, the head allowed to fall into a 60mm Petri dish 

containing Neuro-HBSS. Using the micro dissecting scissors, the skin and skull were cut 

coronally, in line with the ears at the top of the “y”, the caudal regions of the lambdoid and sagittal 

sutures, demarcating the division of the cortex and cerebellum. The skull and skin were then cut 

superficially to reduce perturbation of the brain, starting from the posterior opening, rostrally, until 

the posterior fontanelle was reached.  The orbital cavities were punctured with forceps to anchor 

the head while the broad edge of closed scissors was pressed against the cranium at the latitude of 

the eyes.  Moving caudally while pressing, the intact brain was pushed through the posterior 

opening of the head and into a 60-mm Petri dish containing Neuro-HBSS with 1% FBS. This dish 
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containing the brain was placed on ice under a dissection microscope with top-down lighting and 

a 4x objective.  The brain was positioned dorsal side up and the fissure between the olfactory bulbs 

(OB) and the frontal cortex was pinched using Dumont #5 forceps (Fine Science Tools #11252-

23, 0.05 x 0.02 mm tip dimensions).  Along with removing the OB, gently pulling caudally also 

removed most of the meninges.  The cortex was then cut longitudinally, separating the two 

hemispheres; one hemisphere was separated at the midbrain from the cerebellum, splayed open 

with Dumont #3 forceps (Roboz #RS-4966, 08 x .04 mm tip dimensions) and the midbrain, 

thalamus, hypothalamus and parts of the striatum removed, leaving an intact hippocampus and 

cortex.  After the cortices and hippocampi were removed from all pups, 8 to 10 in one litter, the 

tissue was minced, transferred to a 15-mL tube and removed to a biosafety cabinet for the cell 

dissociation steps.  
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Figure 3.  Dissected hemisphere immediately prior to tissue dissociation 

cx = cortex; h = hippocampus  



cx

cx
h
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 Tissue dissociation and plating of single-cell suspension 

After 3 washes in HBSS (refer to Table 1), the tissue was resuspended in 7mL plating media 

digested with 200µL 2.5% trypsin for 25 minutes at 37°C with manual agitation every 5 minutes. 

Digestion was complete when the tissue began to clump.  During this incubation, the orifice at the 

tip of a previously autoclave-sterilized glass Pasteur pipette was flame-constricted.  Briefly, the 

tip was put to the fringe of a Bunsen burner’s blue flame and, after the tip flared with an orange 

flame, was turned constantly until the orifice closed to a size between 0.5 and 1mm (just under the 

orifice of a 1 mL pipette tip).  A single-cell suspension will not result if the orifice is too large and 

a decrease in cell viability will occur if the orifice is too small.  In addition to the advantage of fine 

control over liquid flow using a glass Pasteur pipette and rubber bulb, the polished rounded rim of 

the tip decreases the degree of cell damage.  Also, during the trypsin digestion period, the ddH2O 

in the plates was replaced with plating media.   After the incubation, the tissue was centrifuged for 

1 min at 600 X g; the supernatant was removed until 2 mL were left. DNAse was added to the 

supernatant, at a final concentration of 10 U/mL; and after resuspending, the tissue was incubated 

at room temperature for 5 minutes.  Subsequently, 8 mL of warm neuro-HBSS was added and the 

tissue suspension centrifuged for 20 seconds at 600 x g. After being washed 3 times with 10 mL 

of warm neuro-HBSS, the tissue suspension was resuspended in 1 mL of plating media, triturated 

~15 times with the flame-constricted Pasteur pipette, careful not to introduce bubbles.  When the 

cell suspension was devoid of tissue clumps, 9 mL of warm plating media was added, and the 

suspension centrifuged for 5 mins at 600 X g. The supernatant was then decanted, and the cell 

pellet resuspended in 1 mL plating media.  The cell number was calculated using a hemocytometer 

and Trypan Blue for cell viability via dye exclusion. A cortical/hippocampal culture of one pup 

yields 3-3.5 million glial and neuronal cells.  For immunocytochemical experiments, 150,000 cells 

were seeded in each well of the 12-well plate with PDL-coated glass coverslips.  The culture was 

placed in an incubator at 37°C, 5% CO2, 100% humidity for 1 hour, the media changed to NBA II 

(refer to Table 1) and the culture returned to the incubator.  After 24 hours, the culture media was 

removed, cells gently washed one time with NBA II, given fresh NBA II and set in the incubator 

to mature for 12-14 days. Every 5 days the cells were fed with 1/10th the media volume with fresh 

NBA II.  It is during this time that the neurons go from the short sprouting of membrane projections 

at day 2 to extensive dendritic arborization and axonal growth by day 14.  
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Table 2.  Primary neuron culture reagents 

Final 

concentration 

Catalog # 

Poly-D-lysine hydrobromide 

Plating media: 250 mL 

50 µg/mL P6407-

10X5MG 

1.5 g 1Glucose (Reconstituted in 7.5mL 

Deionized Water) 
33 mM G8270 

1.25 mL 2Penicillin-Streptomycin 

(10,000U/mL, 100X) 
50 U/mL or 0.5X 15140122 

2.5 mL 2 GlutaMAXTM 1% 35050061 

25 mL 2Fetal Bovine Serum, Heat 

Inactivated at 55˚C 

10% 16000044 

2 mL 2Minimum Essential Medium (MEM) 

Vitamins  
0.8x 11120052 

211.75 mL 2 MEM, no glutamine 11090 

Neuro-HBSS: 500 mL 

2.5 mL 2Penicillin-Streptomycin 

(10,000U/mL, 100x) 
50 U/mL or 0.5X 15140122 

5 mL 2 Sodium Pyruvate (100mM) 1 mM 11360070 

5 mL 2 HEPES 1X 15630080 

Neurobasal-A II (NBAII): 50 mL 

1 mL 2 B-27 (50X) 1X 17504044 

500 µL 2 GlutaMAXTM 1% 35050061 

250 µL 2Penicillin-Streptomycin 

(10,000U/mL, 100x) 
50 U/mL or 0.5X 15140122 

48.5 mL 2 Neurobasal-A 10888022 

Sodium Borate buffer (100 mM) 1L 

3.1g  3 Boric Acid 50 mM 100165 

4.75g 4 sodium tetraborate (Borax) 24 mM 102674E 

1 L Deionized water 

pH to 8.5 with 1M NaOH (MW: 40g/L 1M= 4% solution) 

1 DNAse 

20 µL (2,000 U/mg) 50 µg/mL  D4527-20KU 

2 mL deionized water 

2 Trypsin 2.5% 

1 Sigma  
2 ThermoFisher 
3 Millipore Emsure 
4 BDH AnalR 

15090-046 
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2.2 HistoGrip™ treatment 

A HistoGrip™ (HG) (ThermoFisher cat# 008050) working solution was prepared at a 1:50 dilution 

in acetone.  Coverslip circles (16 and 25 mm, #1.5) were incubated for 2-5 minutes in the HG 

working solution in a beaker or jar while on an orbital shaker.  Sufficient rotational speed to 

generate a slight whirlpool was important for complete coverage of both glass faces of the 

coverslip, especially true when many coverslips were treated simultaneously.  The treated 

coverslips were washed 2x with acetone alone then once with 100% ethanol and subsequently 

stored in 100% ethanol until used. 

2.3 Custom glass-bottomed confocal plates 

Custom 12-well tissue culture plates were made in-house.  Eighteen-millimeter diameter holes 

were laser cut into standard 12-well cell culture plates (Shaun Graham, VUW equipment 

technician).  In a glass Pyrex petri dish or beaker, a paraffin wax (ThermoFisher,Histoplast PE, 

8330): petroleum jelly (Vaseline®) mixture (3:1) was melted on a hot plate set to 73°C and kept 

liquid at this temperature while working, lowering the temperature if the mixture began to bubble.  

The wax mixture was painted around the periphery of each hole of the wells with a brush ~4 mm 

thick and allowed to cool.  Coverslips—25mm in diameter and 0.16-0.19 mm thick (No. 1.5)—

pretreated with HG were placed on top of the holes and hardened wax.  The 12-well plates were 

then incubated in a 95°C dry oven for 2 hours to melt the wax again and seal the glass coverslips 

in place. 
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2.4 Immunocytochemistry  

 Table 3.  Immunocytochemistry reagents 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fixation, permeabilization and blocking 

For neuron-containing cultures, half of the media was removed and replaced with an equal volume 

of fixative with sucrose (to aid in preservation of cell structure, particularly membrane 

projections). When fixing other cell types all media was exchanged for the same fixative.  After a 

20-minute incubation at 37°C, the cells were washed 3 times with ice-cold 1xPBS for 5 minutes 

each and the aldehyde groups quenched for 10 minutes at RT with 1.5 mg/mL glycine.  The cells 

were then incubated for 20 minutes with permeabilization buffer at RT set on an orbital shaker 

with blocking buffer for a minimum of 30 minutes at RT.  

 
Final concentration Catalog # 

Fixative 
  

1 Paraformaldehyde (PFA) 4 %  28906 

2 Sucrose 3 % BSPU870.500 

1 1X Dulbecco’s Phosphate Buffered 

Saline (DPBS) 

 
14190144 

Permeabilization buffer   

3 Donkey Serum   D9663 

3 Saponin 0.05% 47036 

1 1X Dulbecco’s Phosphate Buffered 

Saline (DPBS) 
 14190144 

Blocking Buffer   

4 Bovine Serum Albumin (BSA)  1 % ABRE-1KG 

3 Donkey Serum 1 % D9663 

3 Saponin 0.05 % 47036 

1 1X Dulbecco’s Phosphate Buffered 

Saline (DPBS) 

 
1 ThermoFisher 
2 LabServ Pronalys  
3 Sigma 
4 Icp Biologicals 

 14190144 
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 Primary and secondary antibody application 

Table 4.  Antibodies 

 
 

 

 

1Abcam 
2 Thermo Fisher  
3 Bethyl 
4 BD Biosciences  

*MAP2 was conjugated to the Alexa Fluor 594  

**Tau was conjugated to Alexa Fluor 405 

 

 
 Dilution Catalog # 

Primary 

antibodies: 
   

1 MAP2 Chicken polyclonal IgY *1:50 Ab5392 

1 Tau Mouse monoclonal IgG1 1:100, **1:50 Ab80579 

1 GFAP Rabbit monoclonal IgG1 1:100 Ab68428 

1 α-Tubulin Mouse monoclonal IgG1 1:50 Ab28439 

Secondary 

antibodies: 
   

2 Alexa Fluor 488 
Goat anti-rabbit 1:200 A11034 

2 Alexa Fluor 647 
Chicken anti-goat IgY 1:200 A21469 

2 Alexa Fluor 647 
Goat anti-rabbit IgG 1:250 A21245 

2 Alexa Fluor 700 
Goat anti-mouse 1:100 A21036 

3 Goat anti-Bird 
IgG1  1:100 A140 

Antibody labelling 

kits: 
   

2 Alexa Fluor 594 

labelling kit 
 *1:50 A20185 

2 Zenon™Alexa 

Fluor™ 405 Mouse 

IgG1 Labelling kit 
 **1:50 Z25013 

Conjugated 

antibodies: 
   

4 CD90 
BV421 Mouse Anti-Rat CD90/Mouse 

CD90.1   
4 CD73 

Alexa Fluor® 488 Rat Anti-Mouse CD73 

IgG2a  
561545 

4 CD105 
Alexa Fluor® 647 Rat Anti-Mouse 

CD105 IgG2a  
562761 

4 CD45.2 
Alexa Fluor® 700 Anti-Mouse CD45.2 

IgG2a   
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The optimal method for applying the primary and secondary antibody depends on the configuration 

of the coverslips on which the cells are grown. The coverslips were either (a) attached with paraffin 

wax to the bottom of a precut polystyrene 12-well cell culture plate, as described in section 2.3, or 

(b) placed at the bottom of a standard, uncut polystyrene 12-well cell culture plate, free-floating.

In (a) because the orifice onto which the coverslip will be attached has a smaller diameter than the 

well itself, the glass growth area is an inset with a shallow depression.  This depression allows a 

250 µL bubble to form and hold its surface tension during rocking incubations.  In (b) the 

coverslips with cells attached are transferred to a 6-well plate containing a square piece of parafilm 

adhered to the well bottom.  For a coverslip with a diameter of 16 mm, 100 µL will cover the entire 

glass surface and create a bubble with a robust surface tension as seen in (a).  The hydrophobicity 

of the wax surface causes the aqueous antibody solution to return to the glass if the liquid were to 

spill off the coverslip during rocking.  During wash steps the coverslips in (b) are removed back 

to a fresh 6-well plate. 

The primary antibody was diluted in blocking buffer and added to the cells for an overnight 

incubation at 4°C while rocking on a nutator.  The cells were then washed twice with 1xPBS 

containing 0.05% saponin, 15 minutes each, followed by a 30-minute rinse in blocking buffer. The 

secondary fluorophore-conjugated antibody was then added, cells returned to the nutator and 

incubated for 1 hour at RT.  The cells were subsequently washed 3 times with the same saponin-

containing buffer following the primary antibody incubation.  The cells were placed on an orbital 

shaker set to 80 rpm to give the liquid a gentle agitation during all the previously mentioned steps 

except the antibody incubations.  The antibody incubations were set to rock slowly on a nutator to 

allow uniform exposure of the specific antigen to antibody, whether it’s within the cell or on its 

surface.   

Mounting 

Cells grown in custom glass-bottomed plates as in (a) from section 2.4.2 were imaged directly 

while in PBS.  The cells grown on free-floating coverslips as in (b) from section 2.4.2 were 

mounted onto glass slides.  For mounting, the wash buffer was removed, and double distilled H2O 

added to the cells to remove residual salts.  Five microliters of mounting media with DAPI 

(Vectashield, H-1200) was slowly added to the slide, careful to prevent any air bubbles from 
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forming in the drop. The coverslips were picked up at the edges using fine-tipped cover slip forceps 

(Dumont #5/45), held vertically and, without touching the face of the coverslip containing the 

cells, the bottom edges gently blotted on a Kimwipe.  After the excess liquid was removed, the 

cell-containing face of the coverslip was placed on the droplet at a 45° angle, starting at the 

outskirts of the coverslip, slowly reducing the angle to 0° and allowing the mounting media to 

suffuse between the coverslip and slide.  This method is important because air bubbles trapped 

between the coverslip and the slide cannot be removed and the area cannot be imaged with the 

Olympus FV1000 laser scanning confocal microscope (LSCM).  

2.5 Phalloidin & DiO lipophilic dye staining  

Primary neurons were fixed as per section 2.4.1 and stained with 33 nM (1:200 of stock) Alexa 

Fluor ™ 488 Phalloidin dissolved in blocking buffer for 1 hr.  The cells were then washed 3x with 

blocking buffer, 1x with distilled water before being mounted for imaging with an LSCM.   

SVGp12 cells were fixed as per section 2.4.1 and stained with Cytopainter Phalloidin-iFluor 647 

(Abcam, ab176759) at 1x (1,000x stock) for 1 hr at room temperature.  The cells were then 

washed 3x with PBS, mounted on a slide, and imaged with the LSCM. 

Live primary astrocytes were labelled with 200 µM DiO (ThermoFisher, Lipophilic Tracer 

Sampler Kit, L7781) for 1 hr at 37°C, washed 3x with culture media, incubated for 1hr, and washed 

2 additional times with culture media before being suitable for co-culture. 

2.6 MitoTracker® staining 

 Co-culture of red and green FM-stained astrocytes 

A murine astrocyte cell line, C8D1A, and a human astrocyte cell line, SVGp12, were separately 

grown in culture for a few passages after thaw.  Stock solutions of 1 mM MitoTracker® Red 

(MTR) (Thermo Fisher, M22425) and Green FM (MTG) (Thermo Fisher, M7514) were prepared 

by adding DMSO to the lyophilized powder.  The stock solution was diluted in complete media to 

a 100, 250 or 500 nm working solution.  The cells were lifted using 0.05% Trypsin-EDTA (Thermo 
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Fisher, 25300062) as previously described, counted and 400,000 cells aliquoted into 1.5 mL 

microfuge tubes to stain for MTR and MTG independently.  After being spun at 300 x g for 4 

minutes, the cell pellets were resuspended in 200 µL of staining solution for a concentration of 

2,000 cells/µL.  The cells were then incubated for 1 hour at 37°C, 5% CO2, and the tubes flicked 

every 15 minutes.  At the end of the incubation, the cells were spun again at 300 x g for 4 minutes, 

resuspended in 1 mL of complete media and incubated for an additional hour, tubes flicked again 

every 15 minutes.  This 1-hour wash in fresh media was repeated twice followed by a resuspension 

of the pellet in 400 µL complete media to attain 1,000 cells/µL.  For the co-culture, 20,000 red and 

20,000 green stained astrocytes were seeded onto glass coverslips in 12-well plates or glass bottom 

cell culture dishes (Greiner BIO ONE, CELLview™), coated with PDL/laminin, and co-cultured 

for 24 hours before imaging with a laser scanning confocal microscope.  

The PDL coating was performed as in section 2.1.1, but laminin was also added onto PDL-coated 

coverslips.  Briefly, a 50 µg/mL working solution of laminin (Sigma, L2020) was made in filtered 

ddH20 from a 1mg/mL stock.  A 16mm diameter coverslip received 100 µL laminin working 

solution which formed a bubble atop the glass surface.  Surface tension exploited, the plate was 

carefully transferred to an incubator at 37°C, 5% CO2, for a 30-minute incubation.  The coverslips 

were then washed twice with cell culture media. 

 Red CMXRos staining of primary neuron culture 

A 1 mM stock solution of MitoTracker® Red CMXRos (MTRX) (ThermoFisher, M7512) was 

prepared by dissolving the lyophilized powder in DMSO.  Stock solutions in DMSO are highly 

susceptible to oxidation.  Therefore, DMSO stock solutions should be aliquoted and stored under 

nitrogen or argon gas and kept at -20°C for up to two weeks.  After two weeks, abnormal 

mitochondrial networks and increased cytotoxicity will result.  Additionally, the absence of FBS 

allows for ubiquitous, bright staining across a cell population. 

Staining solutions of a range of concentrations from 50 to 500 nM were prepared in Neurobasal®-

A media only, not complete NBAII.  The medium from a neuron culture at 7 days in vitro was 

exchanged for MTRX staining solution and the harvested, conditioned media saved.  The cells 

were then incubated for 30-45 minutes at 37°C, 5 % CO2, washed once with Neurobasal®-A media 

and the previously saved, conditioned media returned to the cells. 
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2.7 ρ0 astrocyte generation 

Table 5.  Astrocyte culturing reagents 

 Final 

Concentration 

Catalog # 

Astrocyte media:   

1 GlutaMAXTM  1x 35050061 

1 Penicillin-Streptomycin (10,000U/mL, 100x) 100U/mL, 1x 15140122 

1 Fetal Bovine Serum, Heat Inactivated at 55˚C 18 % 16000044 

1 Sodium Pyruvate (100mM) 1 mM 11360070 

1 Dulbecco’s Modified Eagle Medium w/ high 

glucose (DMEM) 

 11960069 

 

1 0.05% Trypsin-EDTA  25300062 

1 ThermoFisher 

 Isolation and immortalization of eGFP-expressing cortical and 

hippocampal astrocytes 

Five P0 eGFP (ex/em: 488/509 nm) mouse pup brains were dissected, as in  2.1, a single cell 

suspension rendered and all the cells plated in one flask with a growth area of 75cm2 (T75).  The 

flask was incubated at 37°C, 5% CO2, for approximately 4 days, until astrocytes were adhered and 

growing under tissue debris.  The cells were then rinsed 3 times with astrocyte media and cultured 

for an additional 7 days, changing the media every 2 days. When the cells reached over 80% 

confluence and microglia, oligodendrocyte progenitor cells (OPCs) and neurons, likely apoptotic, 

were identified morphologically, growing on top of an astrocyte bed, the culture was returned to 

the incubator while shaking on an IKA rotator at 1000 RPM for 2 hours.  The microglia-containing 

supernatant was then discarded, fresh media added, and the culture set to shake, as described, 

overnight.  The OPC-containing supernatant was then discarded, making the culture over 90% 

astrocytes. The cells were then lifted by incubation with fresh 0.05% Trypsin-EDTA for 5 to 7 

minutes, flask tapped every 2 minutes to dislodge the cells, trypsin-quenched with FBS-containing 

media and a T75 flask seeded with 1x106 cells.  After 7 days, the culture flask reached 

approximately 90% confluency and was passaged again as just mentioned, and every 2 to 3 days, 

regardless of confluency, henceforth.  The growth rate of the culture slowed after passage 3 and 
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exhibited an increase in cell surface area with a planar phenotype. The frequency of passaging, 

however, reduced contact-mediated inhibition, increasing proliferation until quiescence was 

reversed. At passage 18 the eGFP astrocytes became immortalized, increasing growth rate and 

becoming more compact.   

 Generation of ρ0 eGFP astrocytes 

To create ρ0 eGFP astrocytes, the cells were treated with 1µg/mL ethidium bromide (EtBr) for 8 

weeks in the presence of 1mM sodium pyruvate and 1mM uridine.  Ethidium bromide 

preferentially intercalates into mtDNA due to a lack of histones on the mitochondrial genome, 

leaving the nuclear DNA largely unaffected and causing a depletion of mtDNA over time.  The 

EtBr-treated eGFP astrocytes were then cultured in the absence of pyruvate and uridine to ensure 

ablation of mtDNA.   

2.8 Short-term ethidium bromide (EtBr) treatment 

Wildtype immortalized eGFP astrocytes were treated with 5 µg/mL EtBr and incubated for 24 

hours at 37˚C, 5% CO2.  Another cohort of astrocytes, 24 hours after being transfected with 

mito-BFP, were co-cultured with the EtBr-treated eGFP astrocytes and incubated for an 

additional 24-hour period before imaging with the LSCM. 

2.9 EtBr staining 

All visualization of mtDNA by fluorescence microscopy was performed by staining live cells 

with 6 µg/mL EtBr (ex/em: 300 and 360/590 nm) for 20 minutes in appropriate cell culture 

media for experiment and/or cell type. 
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2.10 Transfection 

Table 6.  Transfection reagents 

 Final 

concentration 

Catalog # 

1 Kanamycin 50 µg/mL 11815-024 

2 Ampicillin 100µg/mL A-301-25 

1 Luria Broth Base (LB)  12795-027 

1 PureLink® HiPure Plasmid Filter Purification Kit  K2100-26 

1 Lipofectamine® 3000 Transfection Reagent  L3000-008 

HEPES Buffered Saline, pH 7.10 (HBS):   

1 NaCl 274 mM FSBS/3160/60 

3 KCl 9.5 mM 10198 

1 Glucose 15 mM G8270 

1 HEPES 42 mM 15630080 

1 Na2HPO4 1.4 mM FSBBP332-500    

3 CaCl2 Solution (2M)  10070 

1 ThermoFisher 
2 Gold Biotechnology  
3 BDH AnalR 

 

  

   Plasmid preparation 

Monomer Kusabira Orange Mito-7 (mKO-Mito-7, ex/em: 561/548 nm) and mito-Blue Fluorescent 

Protein (mito-BFP, ex/em: 457/402 nm) were purchased from the Addgene plasmid repository and 

shipped as an agar stab of transformed competent Escherichia coli.  mKO-mito-7 and mito-BFP 

transformed E. coli were grown on LB agar plates with kanamycin or ampicillin, respectively, 

overnight at 37°C to isolate single plasmid-containing colonies.  A single colony was then picked 

and 400 mL LB liquid broth (with appropriate antibiotic added) was inoculated.  

PureLink® HiPure Plasmid DNA Maxiprep Kits (Thermo Fisher, K2100-4) and HiPure 

Precipitator Modules (Thermo Fisher, K2100-22) were used to purify both mKO-mito-7 and mito-

BFP plasmids from the liquid bacterial cultures.  Plasmid DNA was then quantified using the 

dsDNA BR (broad range) assay on the Qubit 2.0 fluorometer from Invitrogen. 
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   Liposomal 

The Lipofectamine 3000 Transfection reagent kit was used for liposomal delivery of mKO-mito-

7 and mito-BFP plasmid DNA to BMSCs and astrocytes.  A minimum of 4 hours prior to 

transfection cells had their media changed to complete media with reduced FBS (2%) to heighten 

transfection efficiency. Twenty-four hours of reduced FBS was optimal.  Lipofectamine 3000 was 

used with the optimal ratio of DNA to lipofectamine reagent 1:3. For a growth area of 3.8 cm2, or 

1 well of a 12-well plate, approximately 500 ng plasmid DNA and 1.5 µL lipofectamine 3000 was 

used.  Any co-culturing with transfected cells was performed within 24 hours of transfection 

because a timeframe of 1.5 to 2 days after transfection displays the highest protein expression (as 

per fluorescence intensity visualized on the Olympus IX51 inverted fluorescence microscope). 

   Calcium chloride on primary neuron cultures 

Neurons dissected from C57BL/6 mice were seeded onto coverslips in 12-well plates and allowed 

to mature for a minimum of 12 days, as per section 2.1.3, before transfection.  Early passage 

primary astrocytes were thawed from frozen stocks in liquid nitrogen, grown in astrocyte media 

for an additional passage and their media then changed to NBA II—media in which neurons grow 

and mature as described in section 2.1.3—24 hours before transfection of primary neuronal 

cultures.  Neuronal media was exchanged with astrocyte-conditioned NBA II media and the 

neurons were allowed to equilibrate for 30 minutes prior to transfection.  To prepare the 

transfection solutions, 3-4 µg DNA and 12.5 µL CaCl2 (2M) were combined in one tube with 

ddH2O making up the volume to 100 µL.  In another tube, 100 µL 2x HBS was added.  The 

transfection cocktail was made by adding 1/8th the volume of 2x HBS (12.5 µL) at a time to the 

tube containing the CaCl2/DNA mixture, vortexing for a few seconds between additions and 

allowing the tube to incubate at room temperature for 15 minutes.  The total cocktail volume of 

200 µL now containing 1x HBS, CaCl2 and plasmid DNA was added slowly and dropwise to the 

neurons already in astrocyte-conditioned media.  The neuron cultures were incubated for 1.5 hours 

at 37°C, 5% CO2, and then washed twice with HBS wash buffer (50 mL 10x HBSS, 5 mL 1 M 

HEPES, pH 7.3, 445 mL H ddH2O) warmed to 37°C.  Finally, fresh astrocyte-conditioned NBA 

II was added to the neuron cultures. 
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2.11 gDNA extraction & PCR 

Genomic DNA from 1.5 x 105 neural cells or 106 eGFP astrocytes was extracted and purified using 

the Zymo Research Quick-gDNA™ MiniPrep (Ngaio Diagnostics, D3020).  PCR analysis was 

then used to amplify the Cytb gene in the mitochondrial genome with forward primer (5’-TCC 

TTC ATG TCG GAC GAG GCT-3’) and reverse primer (5’-ACG ATT GCT AGG GCC GCG 

AAT-3’).  The PCR was carried out in a Techne prime-G with the following thermocycling 

conditions: 2 min at 95°C; 35 cycles of 20 s at 95°C, 15 s at 72°C, 30 s at 72°C; and 2 min at 72°C.  

PCR products were then analyzed by gel electrophoresis (2% agarose gel).  

2.12 EGTA treatment 

BMSCs and ρ0 eGFP astrocytes were co-cultured 1:3, respectively, for 2 days, transfected with 

mKO-mito-7, cultured for 2 additional days, treated with 0.3 mM EGTA (ethylene glycol-bis(β-

aminoethyl ether)-N,N,N',N'-tetraacetic acid) for 2 hours, media changed and cells imaged live 

with the LSCM. 

2.13 Mito-DsRed bone-derived cell (BdC) cultures 

The femur and tibia of 12 to 16-week-old B6D2 mito-DsRed mice were isolated and the bones 

cleaned thoroughly of muscle and connective tissue using fine-meshed gauze.  After transferring 

the bones to a clean 10cm dish with 3 mls of astrocyte media, the epiphyses were removed using 

a scalpel and bones cut into ~1mm fragments. The long bone fragments were then washed a few 

times with media, transferred to a T25 flask, one set of leg bones per flask, and digested with 4 

mls of Collagenase II (1mg/mL) (Thermo Fisher, 17101015) for 2hrs at 37°C, shaking at 200rpm.  

The digestion was sufficient when the bone fragments no longer clumped together. Subsequently, 

the bones were washed a few times with media, 5 mL fresh media added, and the flask incubated 

at 37°C, 5% CO2, for 3 days to remove hematopoietic progenitor cells.  The bone fragments were 

then transferred to a 10mL dish with media and splintered with a scalpel.  Bone fragments of one 

mouse were distributed across 15 to 18 wells of a 12-well plate, or equivalent.  Stromal cells begin 

migration out of the bone at 2 days and expand, further migrating from bone and proliferating, to 
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a suitable population size for co-culture at 4 days.  Bone fragments were then removed from each 

well by flooding with 2x the media volume, tilting the plate, allowing the bone fragments to collect 

at the well periphery and removing them with forceps.  The supernatant from each well was saved 

and returned after the bones were removed and half of the media was changed every two days until 

the cells were used for an experiment.   

2.14 Three-dimensional co-culture: spheroid formation  

   Agarose-coated plate preparation 

Powdered ultrapure agarose was added to DMEM at 1.5% (wt/vol) and autoclaved at 121°C.  The 

liquid cooled for 10 minutes in a biosafety cabinet and under UV irradiation.  Fifty microliters 

were then added to each well of a flat-bottomed, 96-well plate using a manual, single-channel 

repeat pipettor.  This was done quickly to prevent the DMEM-agarose from setting before being 

aliquoted. The agarose solution was allowed to solidify (~5 minutes) and the plates were stored at 

4°C and used within 1 week. 

It is important to note that the agarose gel cools quickly and increases in viscosity almost 

immediately upon exiting the pipette tip.  This can cause excess gel to accumulate on the walls of 

the wells and result in the well bottom being uncovered and available for cell adhesion.  To avoid 

this, the dispensation is done quickly, as described, and the plunger depressed steadily at a 

moderate speed.  The well created is naturally U-bottomed and gelatinously smooth, preventing 

substrate adherence and promoting cell to cell coalescence.  This environment allows for spheroid 

self-assembly. 

   Cell-seeding to establish spheroids 

One hundred microliters of a 1x105 cells/mL suspension of ρ0 eGFP astrocytes were added per 

agarose gel-coated well, making 1x104 the final number of cells seeded in each well.  The 96-well 

plate was then spun at 100 x g for 3 minutes to accrete the cells into the center of the well, 

facilitating cell aggregation and spheroid formation. 
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2.15 Cyclosporin A treatment 

The active ingredient in Neoral®, a commonly used immunosuppressant post organ transplant, is 

cyclosporine (Cyclosporin A).  Neoral® soft gel capsules containing 25 mg Cyclosporin A were 

dissolved in DMSO to 10 mg/mL (8.3 mM).  Spheroid co-cultures (ρ0 eGFP astrocytes/BMSCs) 

were treated with 500 or 1000µM for 24 hours, digested with Accutase™ at 37°C for 15 minutes 

and gently dissociated via trituration. 

2.16 Conditioned media  

Bone marrow mesenchymal stromal cells derived from Balb/c cByJ mice and GFP astrocytes 

derived from C57BL/6 mice were grown to approximately 70% confluency in a T75 flask.  The 

cells were washed once with PBS at 37°C, media without sodium pyruvate or uridine DMEM with 

4.5 mg/mL glucose, 1x GlutaMAXTM, 50 U/mL Penicillin-Streptomycin, 10% FBS) was added 

and the flasks incubated for 24 hours.  The media was then harvested and subjected to 4 different 

treatments.  Two aliquots were filtered through either 0.22 µM or 1.2 µM size pores. Another was 

centrifuged at 1000 x g for 10 minutes, supernatant collected for use.  A third was left untreated.   

In parallel, ρ0 GFP astrocytes were grown in a 6-well plate until 60% confluency.  They were then 

washed once with PBS at 37°C and each conditioned-media treatment from either cell types, 

Balb/c BMSC or C57BL/6 astrocytes, was added to each well of the ρ0 astrocyte plate.  The 

negative and positive control wells contained fresh media with sodium pyruvate/uridine and 

without, respectively.  After 4 days, the cells in the positive control wells showed substantial death, 

confirmed by the degree of cell detachment as seen by phase contrast microscopy.  At this time, 

all the cells were harvested for flow cytometric analysis. 

2.17 Flow cytometry – apoptosis, necrosis, transgene expression 

The media from all conditions was removed to a fresh tube and cells were detached by incubation 

with 0.25% Trypsin-EDTA for 5 minutes at 37°C.  After neutralizing the trypsin with FBS-

containing cell culture media, the previously collected media was added to the corresponding cell 

suspension.  Each tube was then centrifuged for 4 minutes at 300 x g.   
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To assess GFP expression, each cell pellet was resuspended in 1x PBS supplemented with 2% 

FBS.  For apoptosis/necrosis analysis, each cell pellet was washed once with cold 1x PBS, 

centrifuged again as just described, and resuspended in 100 µL binding buffer (10mM HEPES, pH 

7.4; 140 mM NaCl; 2.5 mM CaCl2).  Apoptosis was assessed by probing for exposed 

phosphatidylserine (PS) on the outer leaflet of the plasma membrane, an indication of 

compromised cell integrity, by adding 3 µL APC Annexin V (BD Pharmingen, 550475) to each 

100 µL cell suspension.  The cells were incubated with APC Annexin V for 15 minutes in the dark 

at room temperature. After adding 400 µL binding buffer to dilute the staining solution, 3 µL 

propidium iodide (PI) (BD biosciences, 556463) impermeant in live cells, was then used to 

evaluate cell death.  After a 5-minute incubation at room temperature, the stained cells were 

analyzed using a BD Canto II flow cytometer. 
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3 MitoTracker® Mitochondrion-Selective Probes as a tool 

to label brain cells 

3.1 Background 

The aim of this chapter was to develop the necessary techniques to investigate mitochondrial 

transfer.  Co-culture experiments were set up where two cell populations were differentially 

labelled using MitoTracker® probes.  

MitoTracker® (MtT) probes are currently the gold standard in the literature to investigate 

intercellular mitochondrial transfer.  However, MtT probes can leak from labelled cells and 

damage mitochondria.  This raises concerns about their use to demonstrate mitochondrial transfer.  

This chapter explores the extent to which these two main limitations of leakage and toxicity affect 

the MtT probes’ ability to accurately visualize mitochondrial transfer between neural cells.  

The first step was to determine the basal level of mitochondrial transfer between cells of the same 

type (homotypic co-culture).  Initial experiments with the human astrocyte cell line, SVGp12, were 

performed to establish the optimal conditions for co-culture, labelling and imaging.   

The next step was to investigate mitochondrial transfer from astrocyte to neuron (heterotypic co-

culture).  Primary murine neural cells were isolated from neonatal mouse brain tissue and set up 

as recipients of astrocyte mitochondria in an ex-vivo co-culture experiment.  Astrocytes were 

labelled with MitoTracker® CMXRos (MTRX) prior to their plating on top of primary neurons 

cultured for 6 days.  Neurons and astrocytes could easily be distinguished by antibodies against 

protein markers unique to each cell type. 
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3.2 Mitochondrial transfer between human astrocytes 

In initial experiments, two SVG p12 populations were co-cultured, one labeled with MitoTracker® 

green FM (MTG) and the other labelled with MitoTracker® red FM (MTR). The excitation 

emission wavelengths at 490/516 nm and 581/644 of MTG and MTR, respectively, are far enough 

apart for spectral overlap not to be an issue.  

A bidirectional exchange of fluorescent molecules between the two differently labelled SVG12p 

populations was immediately apparent after 24 hours of co-culturing, and often materialized as 

punctate (MTR) probe appearing in an opposite-color-labelled cell.  The transfer of fluorescent 

material was bi-directional, as indicated by the white and orange arrows in Figure 3. Figure 4I-V 

however, shows one cell that appears to be double-labelled, the same mitochondrial network 

sections labelled with both green and red probes.  If mitochondrial fusion had occurred between 

MTR and MTG mitochondria in one cell, the matrix contents, and subsequently probe, will be 

shared.   

In Figure 4VI-X, a green and a red cell are connected by a thin membrane.  It has TNT 

characteristics, but cytoplasmic continuity between cells could not be confirmed by imaging.  

Mitochondria of both colors were found throughout the “pseudo TNT”, and the predominantly red 

cell has green mitochondria near its nucleus.  This red cell also has a low level MTG staining co-

localized with the red staining, although the bright green spot does not seem to have a red 

fluorescent counterpart.  This suggests that the green speck has been transferred from another cell. 

However, the potential spread of free probe between cells makes the source of green fluorophore 

difficult to confirm – was this acquired foreign mitochondria or just free probe?  SVG cells do 

form TNTs rich in filamentous actin between each other (Figure 4b).  Although F-actin is a 

defining characteristic in TNTs, cytoplasmic continuity between cells could not be confirmed.   

The orange arrow in Figure 4XIII-XV shows a red dividing cell with green mitochondria on its 

periphery.  The DIC image showed that the green mitochondria might be inside a vesicle attached 

to the dividing cell surface.  This distinction is crucial: are the mitochondria packaged into a vesicle 

attached to the outside of the cell or is it acquired mitochondria inside a recipient cell’s cytoplasm?   
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Figure 4.  MitoTracker®-labelled human astrocytes (SVGp12) in co-culture 

Two populations of astrocytes were separately labelled with MitoTracker® Red (MTR) or 

MitoTracker® Green FM (MTG), washed 3 times with 1-hour incubations for each wash, co-

cultured for 24 hours and imaged with a laser scanning confocal microscope (LSCM). 

(a) (I-V) MT staining shows co-labelling of similar mitochondrial network segments. Puncta of 

MTR are visible (white arrows, III & IV).  A portion of the MTR puncta appear to be in 

vesicles on the membrane surface), visible in differential interference contrast (DIC) (orange 

arrows, III & IV).    

(VI-X) Two cells each labelled differently in separate tubes before co-culture are making 

contact via thin membrane connections with a combined length of ~200 µm.  The membrane 

connection contains MTR and MTG puncta (orange arrows, VIII & IX) The mostly red cell 

has a green-labelled punctum in a perinuclear position (white arrow, VIII), appearing to be 

inside a vesicle, as per the DIC (IX & X).   

(XI-XV) This field has 3 MTR-labelled cells and 1 MTG-labelled cells are in this field.  One 

MTR cell has 3 green puncta (white arrows, XIII & XIV).  An MTR and an MTG cell are in 

close contact.  A dividing MTR cell has a green punctum on its periphery possibly in a vesicle 

on the cell membrane (orange arrow, XIII & XIV).   

(XVI-XX) This field has 3 MTR-labelled cells and 2 MTG-labelled cells.  The white arrow 

(XVIII) show a green punctum in an MTR cell.  The DIC shows that the green signal may be 

inside a vesicle on the cell surface (white arrow, XVIII & XIX).  Two MTG cells and an MTR 

cell with green punctum are in contact via very thin membrane projections. 

(b) SVGp12 cells stained for filamentous actin (f-actin) with AlexaFluor 488 Phalloidin.  The 

white arrow shows a filopodial connection, possibly a TNT. 
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Because of the uncertainly regarding leakage of the probes and the actual position of potential 

mitochondria on or inside the cell, identifying the mechanism by which MtT probe is transferred 

between cells became the next objective.  This was achieved by capturing images every 10 minutes 

for 1 hour and 40 minutes to create a time-lapse movie.  Figure 5 shows a membrane projection 

from a centrally-positioned MTG cell in contact with three MTR cells (inside the white box). The 

projection arm was severed under tension at 80 minutes and, by minute 100, the MTG cell appeared 

to recoil its membrane and leave MTG-containing debris on the surface of 3 MTR cells.  Without 

the DIC, these micrographs could be mistaken for evidence of transfer of green mitochondria from 

the green population into red recipient cells.  This experiment was repeated three times and ~200 

cells evaluated for their ability to acquire foreign mitochondria.  However, proving that foreign 

mitochondria were inside a recipient cell and not on the outside of its membrane was difficult to 

determine. 
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Figure 5.  Time-lapse of MitoTracker®-labelled human astrocytes (SVGp12) in co-culture    

Human astrocytes (SVGp12) were labelled with MitoTracker® Red (MTR) and MitoTracker® 

Green FM (MTG), co-cultured for 24 hours and imaged with an LSCM every 10 minutes for 1 

hour and 40 minutes.  One MTR cell and one MTG cell each have green and red puncta, 

respectively, within or on their soma (white arrows, top of each panel).  Inside the white box, an 

MTG extension that probes multiple MTR cells breaks at minute 80 (orange arrow).  
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3.3 Primary neurons as potential recipients of astrocyte 

mitochondria 

 Establishing primary neuron cultures and astrocyte cultures 

The cortex and hippocampus were isolated from neonatal mice, or postnatal 0 (P0, the day of 

birth), and 1º neuron cultures established.  In Figure 6a, phase contrast images show maturing 

neurons and the increase in neurite number after 14 days in vitro culture (DIV) versus DIV6, 

creating a dense meshwork.  To confirm the culture contained both neurons and astrocytes, they 

were probed with glial fibrillary acid protein (GFAP) and microtubule-associated protein 2 

(MAP2), astrocyte and neuronal markers respectively (Figure 6b).  Neuronal axons and dendrites 

were distinguishable after probing for tau, an axon marker, and MAP2, a dendrite marker 

(Beaudoin et al., 2012). The axons are circuitous and convoluted, while the dendritic arbors are 

shorter and immature at DIV6, as would be expected (Figure 6c).  Cell types other than astrocytes 

and neurons were also present in the culture as seen by their DAPI positive nuclei and the absence 

of GFAP, MAP2 or tau staining (Figure 6b&c, white circles).  DAPI staining might also be nuclear 

artifacts of dead cells, perhaps apoptotic bodies, but there is no evidence to support this claim.  

Blue nuclear material is also present in the α-tubulin (Figure 6gVII, white circle) and F-actin 

labelled fields (Figure 6e, white circle).  The cytoskeletal proteins α-tubulin and F-actin play a 

crucial role in cell form and shape, indicated by their ubiquitous presence in the soma and 

throughout the processes of stellated astrocytes and neurons.  

In Figure 6g, the cytoskeletal protein α-tubulin allows visualization of a variety of neuronal 

subtypes typical of the hippocampal sub-regions such as the entorhinal cortex (Figure 6f).  Green 

and orange arrows point to horizontal tri-polar, and stellate neurons, common to layer II of the 

medial entorhinal cortex.  The white arrows point to pyramidal neuron soma, common to layer III 

of the medial & lateral entorhinal cortex (Stranahan & Mattson, 2010).  Excitatory pyramidal 

neurons are also present in the cerebral cortex along with inhibitory interneurons. Yellow arrows 

point to a single spine of the pyramidal neurons, usually thicker than other processes. The orange 

arrows point to stellate neurons without a distinct single spine.  Dendritic and axonal arbors and 

neuronal position are highly organized in cortical columns to maximize signal transduction as they 
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project into different layers of the brain (Innocenti & Vercelli, 2010).  This organizational three-

dimensional structure cannot be recapitulated in vitro.  Although the cells in Figure 6g, resemble 

the neurons shown with the arrows, there are no distinct markers, therefore, they might belong to 

distinct categories of neural cells.  There are several other cell types in the hippocampus and cortex 

such as granule cells of the dentate gyrus (part of the hippocampal formation) and all classes of 

glial cells.  α-Tubulin is an important cytoskeletal component of all cells in the brain and when 

fluorescently probed, will not allow neural cell subtypes to be individually identified.  To evaluate 

mitochondrial transfer between neural cells, the diverse array of neuronal and glial subtypes is 

advantageous because potential recipients are not excluded in these culture conditions. The ability 

to distinctly label neurons with Map2 became a valuable tool in their co-culture with independently 

isolated 1º astrocytes.  In summary, 1º neurons of multiple subtypes, originating from the 

hippocampus and cortex, were successfully cultured in vitro and maintained throughout their 

maturation (12 to 14 days in culture). 
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Figure 6.  Primary neuron cultures derived from neonatal mice 

(a) Phase contrast microscopy shows the increase in neurite density when neural cells are in

culture 6 days (DIV6) versus 14 (DIV14).

(b) DIV6 primary neuron cultures were fluorescently labelled for an astrocyte marker, glial

fibrillary acid protein (GFAP, green); neuronal dendrite marker, microtubule-associate

protein 2 (MAP2, red); and nuclear marker (DAPI, blue).  The white circle indicates the

presence of either a cell other than an astrocyte/neuron, or an astrocyte or neuron that lost

GFAP or MAP2 expression, respectively.

(c) DIV6 primary neuron cultures were fluorescently labelled for neuronal axons (TAU, red),

MAP2, green, and DAPI, blue in all 3 panels (I-III).  White circle, as described in b.

(d) Primary neuron cultures were fluorescently labelled with MitoTracker® Red CMXRos

(MTRX).

(e) Primary neuron cultures were fluorescently labelled for filamentous actin (F-actin-green).

The white circle, likely the nucleus of a dead cell, or nuclear fragments in an apoptotic

body.

(f) Morphology of neurons in the medial (MEC) and lateral (LEC) entorhinal cortex and the

distribution of their soma and processes throughout the EC’s three layers (I, II, III).

(g) DIV12 ˚1 neuron cultures were fluorescently labelled for α-tubulin (red) and DAPI (blue).

As per the indiscriminate hippocampal/cortical dissection, a heterogenous population of

neuronal subtypes are present.  Using (f) as a reference, stellated neurons (orange arrows)

are radially branched; pyramidal neurons have triangular soma (white arrows); axon spines

(yellow arrow) are generally a single thicker neurite with thinner branching processes

contrasting the dense arbors of dendrites.  Horizontal tripolar neurons (green arrow).  See

(e) for description of the contents of the white circle in VII.
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Co-culture of primary astrocytes and neurons 

Two methods for co-culturing primary neural cells, enriched for neurons, and astrocytes (with 

fluorescent mitochondria) were performed.  There are slight variations between each method.  The 

purpose of these experiments was to investigate if astrocytes—providers of critical trophic support 

to neurons in situ—can transfer their mitochondria to neurons.  In the first method, briefly, passage 

3 (P3) astrocytes were grown on a glass substrate for 2 days, stained with 500 µM MTRX, washed 

3 times, allowed to rest for 2 days in culture and 1º neural cells cultured on top. After 3 days in co-

culture, the cells were fixed, antibody-stained and imaged.  The MTRX-labelled astrocytes formed 

a basal layer with primary neurons migrating on top.  In Figure 7a-e, neurons were probed with 

Map2 (green) and nuclei labelled with DAPI (blue).  In Figure 7f-k, in addition to Map2, tau is 

labelled (blue) to provide two markers that distinguish neurons from MTRX-labelled astrocytes.  

There were instances of Map2+ neurons containing punctate red specks, presumably mitochondria, 

of astrocyte origin (Figure 7b, white and yellow arrows).  Only neurons immediately adjacent to 

but not on top of astrocytes were interrogated for containing mitochondrial fluorescence (Figure 

7b-e, for example).  Map2-bound 488 2º antibody superimposed on MTRX-stained astrocytes can 

appear as if red mitochondria are inside a neuron.  If z plane information is acquired during 

imaging, an orthogonal view of xz and xy planes can reduce the ambiguity surrounding the spatial 

relationship between mitochondria and neurons.  In Figure 7a, a superimposed Map2+ neuron has 

mitochondrial fluorescence within its xy bounds. When examining multiple zx and zy slices 

(Figure 8), the red fluorescence was within the neuron, clearly showing it was indeed astrocyte-

acquired red mitochondria.   
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Figure 7.  Primary neurons contain MTRX puncta when co-cultured with MTRX-labelled 

astrocytes  

Astrocytes at passage 3(P3) were pre-labelled with MTRX and added to primary neuron-enriched 

cultures (DIV6) (derived as in Figure 4). 

 (a-e) MAP2+ (green) neurons adjacent to (b-e), not on top of (a) MTRX astrocytes were 

evaluated for transfer of MTRX probe.  DAPI (blue) labels the nucleus.  An isolated 

MAP2+ neuron appears to have mitochondrial fluorescence in its soma (b, yellow arrow, 

yellow boxed inset), as do MAP2- cells (b, white arrows). MAP2+ neurons have 

mitochondrial fluorescence on or near the nucleus (e, white arrows). 

(f-k) Neurons were double-labeled with MAP2 (green) and Tau (blue).  MTRX astrocytes 

mitochondria are red.  MTRX mitochondria are seen within MAP2+/Tau+ cell soma 

(yellow arrow, yellow boxed inset). 
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In Figure 8b, the astrocytic bed of red-fluorescent mitochondria developed in a series of flat, far-

reaching cells with little z-plane height.  This foundation layer of astrocyte mitochondria had an 

average height of 3 µm with little deviation.  The neuron with red mitochondria within its soma 

contained punctate red spots, roughly a micron in diameter, up to 2-fold higher than the average 

height of the astrocyte mitochondrial bed.  This demonstrated that it was not part of the same 

astrocyte layer but a distinct signal.  

In the second method, briefly, P3 astrocytes were grown on a glass substrate for 2 days, stained 

with 500 µM MTRX, washed 3 times, and eGFP1º neural cells—origins of eGFP cells to be 

described in the next chapter—cultured on top of MTRX astrocytes on the same day.  After 3 days, 

the co-culture was imaged live (5% CO2, 100% relative humidity, 37 ºC).  The major differences 

between the first and second methods, as pertains to MTRX staining, is the immediate co-culture 

of eGFP primary neural cells with MTRX-labelled astrocytes and the live-cell imaging.  In Figure 

9, white arrows point to examples of experimenter-labelled P3 MTRX astrocytes.  These cells have 

fragmented mitochondrial networks and swollen mitochondria.  The yellow arrows point to 

examples of eGFP-expressing cells, unlabeled by the experimenter, showing MTRX fluorescence 

of a tubular intact mitochondrial network.   
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Figure 8.  Z-plane analysis of mitochondrial puncta in MTRX astrocyte vs. primary neuron co-

culture 

Axial information (z-sampling) shows MTRX fluorescence in MAP2+ neurons and suggests 

mitochondrial transfer from astrocyte to neuron. 

(a) Z-stack optical slices show MTRX fluorescence in a MAP2+ neuron (white box 1) in

multiple YZ (I) and XZ (II) planes, as per the orthogonal view.

(b) The average height (z value) of the mitochondrial astrocyte population is 3µm (γ).  MTRX

puncta associating with the nucleus of a MAP2+ neuron is at a maximum of 2-fold (orange

arrow) above this base height (β).
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Figure 9.  Ubiquitous MTRX fluorescence in unstained eGFP neural cell population when in co-

culture with MTRX astrocytes  

Astrocytes were grown on a glass substrate for 2 days, stained with 500 µM MTRX, washed 3 

times, and immediately co-cultured with eGFP-expressing primary neural cells.  After 3 days, the 

co-culture was imaged live (5% CO2, 100% relative humidity, 37ºC).  The white arrows indicate 

P3 astrocytes directly labelled with MTRX. The yellow arrows indicate eGFP neural cells with 

MTRX fluorescent mitochondria. 
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It was now clear that the threat of MitoTracker® CMXRos (MW: 531.52 g/mol) leakage can 

potentially compromise co-culture experiments investigating intercellular mitochondrial transfer.  

To determine if MTRX probe exists in the culture medium of cells labeled and washed multiple 

times, conditioned media experiments were set up with a murine astrocyte cell line (C8D1A) 

(Figure 9).  Briefly, cells were stained with MTRX, washed, incubated overnight, the conditioned 

media was removed, sterile filtered (0.2 µm pore size), removed to unstained C8D1A cells, 

incubated overnight and imaged.  Two MTRX staining concentrations (200 and 500 nM) and two 

washing regimens (3 and 6 fresh media washed) were used.  Conditioned media from cells stained 

with 500 nM MTRX showed considerable mito-patterned staining.  There appears to be a 

negligible difference between the two wash regimens.  Although the conditioned media from cells 

labelled with 200 nM MTRX initially appears not to stain fresh cells, increasing the camera’s 

exposure time clearly shows there is staining, albeit at a low fluorescence intensity.  Untreated 

cells at the same population density only show autofluorescent artifacts even at 260 millisecond 

camera exposure (Figure 10). 
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Figure 10.  Stain-naïve C8D1A cells with MTRX fluorescence from cell-conditioned media 

Control C8D1A cells were not labeled with MTRX, nor administered conditioned media (a, b).  

C8D1A cells stained with 500 and 200 nM MTRX, respectively, were washed 3 times, incubated 

overnight, imaged (c, e, f) and the media transferred to unstained cells.  After an overnight 

incubation, unstained cells with conditioned media were imaged (g, i, j).  A higher camera 

exposure reveals weakly MTRX-stained ø cells (j).   Unstained cells administered media from 

cells washed 6x after 500 nM MTRX staining showed similar secondary MTRX staining to the 3-

wash protocol (h). 
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Transfection of neurons 

To track living neurons using time lapse imaging, neural cultures were transfected with GFP-

tubulin. This would label all cell types green.  Subsequently, primary neuron cultures expressing 

GFP-tubulin co-cultured with living astrocytes that have fluorescently labelled mitochondria—

with an emission wavelength that does not overlap GFP’s—would allow exploration of 

mitochondrial transfer in downstream experiments.  The optimal method to introduce foreign DNA 

effectively into primary neuronal cultures is lentiviral transduction, but the best method available 

was calcium chloride transfection.  Primary neuron cultures set up from neonatal mice were 

cultured until 6DIV and transfected with GFP-tubulin.  Calcium chloride/DNA complexes form 

and can be seen in the culture as sandy precipitates (Figure 11a).  The Ca2+ molecules form an 

ionic cage around the plasmid DNA and this facilitates endocytosis (M. Sun, Bernard, Dibona, 

Wu, & Zhang, 2013).  Unfortunately, the transfection efficiency was poor, and the expression level 

of GFP-tubulin was low in the neurons transfected.  Efficiency and expression was consistently 

poor even at 3 days after transfection (Figure 11b). This technique was therefore not further 

explored in this thesis. 

In summary, chapter 3 showed that mitochondria of unstained primary neural cells become 

fluorescent when in co-culture with MTRX-stained P3 astrocytes; but, the context in which the 

cells are co-cultured, including duration and state when imaged (fixed vs. live), dictates the degree 

of fluorescence transfer.  Additionally, based on conditioned media experiments with MTRX-

labeled C8D1A cells, the conduit for fluorescence transfer appears to be free MTRX probe rather 

than mitochondria. 
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Figure 11.  Calcium chloride transfection of primary neuron cultures with GFP-tubulin. 

(a) Calcium phosphate/DNA complexes form sandy precipitates attached to the substrate 

between cells. 

(b) Neurons expressing GFP-tubulin (green) show a decrease in viability from 2 to 3 days post 

transfection. 
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3.4 Discussion 

The aim of this chapter was to establish techniques required to capture mitochondrial transfer 

amongst SVGp12 human astrocytes, and from mouse primary astrocytes to mouse primary neurons 

using MitoTracker® probes.  Fluorescent staining protocols, including wash steps, co-culture and 

imaging methodologies were optimized to generate viable cells with bright mitochondrial 

fluorescence.   

The experiments described in this chapter show bright mitochondrial fluorescence in labelled cells 

as well as some “non-native fluorescence” which could have originated from acquired foreign 

mitochondria inside or on top of neurons—i.e. MTG puncta in MTR-stained cells or from leakage 

of the MtT probes.   Although translocation of fluorescent molecules between cells was clear, there 

are factors that raise doubt as to whether this fluorescence originated from foreign mitochondria 

inside a recipient cell.  The main factors to consider when using MitoTracker® probes are the 

possibility of leaking probe into the media, and labelling of other organelles at high probe 

concentration.  Although it is often ignored in published work using MtT probes, the ThermoFisher 

Scientific manual indicates that the MTG FM probes stain other organelles at concentrations above 

200 nM.  

Mechanistically, there are several processes that can lead to free probe in the medium or off-target 

conjugates.  MitoTracker® probes have alkylating chloromethyl groups which react with 

nucleophiles, including thiol groups on proteins and peptides.  Examining the reactivity of various 

nucleophilic species inside mitochondria or cytoplasm, as well as mitochondrial and cellular 

integrity, raises questions about the fate of the MtT probe or MtT probe-protein conjugates.  A 

nucleophilic non-protein peptide with a redox-active thiol group, such as mitochondrial 

glutathione (mGSH), might bind a MtT probe and be trafficked out of the mitochondria.  Other 

nucleophiles like phospholipase D (PLD) may also bind MtT probes.  PLD has eight free cysteine 

residues, a functional association with endosomal compartments and the plasma membrane, and 

when complexed with MtT, may be packaged into vesicles and excreted via the exocytic pathway.  

With respect to mitochondrial integrity, any loss of membrane potential will open the MPTP and 

release matrix contents, including the MtT probe and thiol-mediated peptide-MtT conjugates, into 

the cytoplasm.   
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The MitoCeption paper from Caicedo et al. attempted to assuage the reader’s trepidations 

regarding MTRX leakage with a paragraph describing the use of conditioned media from stained 

cells on unlabeled cells. Lack of leakage was reported as “data not shown” in initial experiments 

using MTRX-labelled MSCs co-cultured with breast cancer cells (MDA-MB-231); no details were 

provided on how exhaustive their analysis was (Caicedo et al., 2015).  In Figure 10, however, cell-

conditioned medium of MTRX- stained cells caused MTRX fluorescence of mitochondria of stain-

naïve cells, even after several washes. Leakage of MRTX from stained cells into the medium 

clearly leads to false positive results which casts doubt on whether Caicedo et al. documented 

mitochondrial transfer or simply recorded dye leakage.  An example of a better approach to 

labelling the mitochondria comes from Babenko et al.  They used lentiviral transduction with 

mitoGFP or mitoDsRed2 plasmids instead of MitoTracker® probes to investigate mitochondrial 

transfer between MSCs and neurons (Babenko et al., 2015). 

Minamikawa, et al., uncovered a two-pronged caveat of using MitoTracker® CMXRos 

(particularly during photoirradiation): mitochondrial damage and diffusion of the probe into the 

cytosol.  Fluorescent molecules, when excited, can act as photosensitizers and create reactive 

oxygen species (ROS) that damage the cell.  Within 20 minutes of time-lapse imaging (intermittent 

laser scanning), human osteocarcinoma cells (143B TK-) stained with 100 nM MTRX had 

fragmented and globular mitochondria, dissipated membrane potential (Δψm), and concomitant 

cytochrome c release into the cytosol.  Resultant of Δψm collapse, MTRX fluorescence intensity 

decreased inside the mitochondria and increased in the cytosol/nucleus.  Forced uncoupling in the 

inner mitochondrial membrane using FCCP mimics the mitochondrial toxicity and fluorescence 

leakage of photoirradiated MTRX.  Fascinatingly, a recovery of branched, filamentous 

mitochondria occurred 24-hours after FCCP-removal.  Although the leakage of fluorescent 

molecules in FCCP treated cells was reversible by administration of cyclosporin A (closing the 

MPT), this was not the case post MTRX photoirradiation (Minamikawa et al., 1999).  

Buckman, et al., show that treating MtT-stained (50-500nM) neurons and astrocytes with FCCP 

caused an initial increase of fluorescence intensity followed by a reduction in fluorescence 

intensity after washing. The authors postulated that MtT probes diffuse out of mitochondria in 

response to depolarization of the inner mitochondrial membrane.  With subsequent loss of cellular 
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integrity, necrotic cells spill their cytosolic contents into the extracellular space leaving free probe 

available for uptake by nearby cells (Buckman et al., 2001). 

In Figure 8, the high concentration of 500 nM MTRX was used to label only the donor eGFP cells 

and nearly all of them have some level of MTRX staining.  Considering the toxicity of MTRX at 

500 nM (irrespective of, but exacerbated by, photoirradiation) and the proclivity of a decreased 

Δψm to accelerate the leakage of mitochondrial contents, it’s plausible that MTRX-labeled 

astrocytes have released MTRX probe into the medium.  The cascade of events therefore starts 

with mitochondrial toxicity: high concentrations of MTRX disrupt the respiratory chain (possibly 

through complex I inhibition), Δψm is extinguished, inner mitochondrial membrane permeabilized 

and MTRX probe released.  Although the intracellular concentration of MTRX in the eGFP cells 

was not assayed for, it’s likely a fraction of 500 nM.  This observation is based on the red 

fluorescent tubular lattice in the eGFP cells, typical of healthy mitochondrial networks; a 

phenotype that is absent in the MTRX-labelled astrocytes.  It’s as if the MTRX-labelled astrocytes 

are in vitro dispensaries of MTRX probe. 

It is also important to note that MtT probes affect mitochondrial and cellular health. The red 

fluorescent pattern of the mitochondrial network in the originally labelled astrocyte was punctate 

and broken, indicative of swollen mitochondria due to membrane potential collapse and MPTP 

opening (Figure 9). These biochemical processes usually precede apoptosis. As the MTRX 

concentrations and exposure time were detrimental to mitochondrial health, the experiment 

became an injury to the donor astrocytes, rather than investigating whether astrocytes donate 

healthy mitochondria to neurons. The probe concentration also had an impact on labelling 

specificity and cellular respiration.  For example, MitoTracker® Green FM at 200 nM or higher 

can label other organelles like the trans-Golgi network, compromising data on mitochondrial 

positioning.  MtT orange (CMTMRos), at submicromolar concentrations, induces MPT opening 

and inhibition of complex I and, at higher concentrations, complexes II and III (Frezza, Cipolat, & 

Scorrano, 2007).  Opening of the MPT causes Ca2+ influx, subsequent mitochondrial swelling, 

fragmentation of the mito-network, and release of cytochrome C as well as MtT probes.   

Interestingly, information on the manufacturer’s application notes of a cell adhesion product from 

CYTOO demonstrates the dramatic effect MitoTracker® probes on mitochondrial network 

morphology.  The CYTOO 2D+ product is a 96-well plate engraved with patterns of identical 
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dimensions at the bottom of each well—i.e. a crossbow.  This provides an adhesion platform for 

single cells.  Rounded cells of the same type, searching for substrate to prostrate onto, will extend 

their plasma membrane in the same shape and dimensions when encountering these engravings.  

The cell morphology is defined by these engravings, or micropatterns, removing the heterogeneity 

of the cell’s starting morphology, before treatment.  Parameters such as cell contractility, cell 

polarity and organelle position can then be evaluated across treatment types.  Margaron et al. used 

CYTOO 2D+ to show that exposure to MitoTracker® green changed the mitochondrial network 

architecture.  The degree of mitochondrial network fragmentation increased from 10 to 80% when 

the MTG concentration increased from 20 to 100 nM after 15 min exposure (Margaron, Degot, 

Fuchs, & Loiraud, 2014).  These concentrations are well within ThermoFisher’s suggested 

working concentration and incubation times for MitoTracker®™ Green FM and are likely used 

widely throughout the literature.  

The two main caveats of using MTRX, as discussed above: (1) the propensity for MTRX probe to 

leak over time in stained cells and, (2) its cytotoxicity at high concentrations, are both evident in a 

recent paper (Hayakawa et al., 2016).  Astrocytes stained with MTRX were co-cultured with 

neurons transduced with CellLight Mitochondria GFP—each cell population labelled in mono-

culture.  Micrographs in this publication show red fluorescence at near 100% co-localization with 

green fluorescence inside MAP2+ membranes, considering the yellow color of all the neurons in 

the field.  Additionally, the punctate pattern of MTRX fluorescence, not resembling the branching 

tubules of a normal mitochondrial network, suggests that the concentration of MTRX was toxic to 

these cells.  The concentration was not documented for any experiment in this publication.  

Toxicity and leakage are linked; toxic concentrations of MTRX lead to opening of the MMTP, 

releasing matrix contents into the cytosol.  Based on the results described here, and unpublished 

work from the McConnell lab, free MTRX probe in co-culture media is a highly plausible 

mechanism for mitochondria of MAP2+ neurons obtaining red-fluorescence.  Again, false positive 

staining due to MTRX probe leakage instills doubt as to the validity of mitochondrial transfer 

reported by Hayakawa et al., especially problematic when subsequent analysis was built on the 

premise that transfer has occurred. 

Until now, these two major problems with MitoTracker® have been analyzed separately. But, if 

we scrutinize the function of MTRX, it is apparent that these problems are intertwined.  An agent 
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(MTRX) that causes mitochondrial toxicity, cannot be effective as a proxy for mitochondrial 

function such as the mitochondrial membrane potential.  Whether an open MPTP leads to release 

of still reduced probes, oxidized fluorescent cations, or a protein/peptide-probe conjugate, their 

ability to escape and label other cells in a co-culture need be considered.  

Although there is currently little information on the movement of MtT probe in and out of cells 

post staining, it is imperative that the biochemistry is thoroughly evaluated before it is used as a 

tool to investigate mitochondrial transfer. Leakage, the energy-dependent retention of the probe 

inside the mitochondria, the reduction of mitochondria-specific labelling at higher concentrations, 

the impairment to mitochondrial function together make MitoTracker® probes a poor choice for 

investigating intercellular mitochondrial transfer in mammalian cells.   
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4 eGFP recipients & fluorophore-expressing donors 

4.1 Background 

The leakage, toxicity and non-specific labelling when using MitoTracker® dyes was discussed in 

chapter 2.  These are severe limitations when investigating mitochondrial transfer, making 

fluorescent labelling of donor and recipient cells a good option to avoid these issues.  The 

following criteria were established. For labelling of donor mitochondria, the fluorescent dye had 

to be (1) present throughout the life of the mitochondria, (2) have a negligible effect on 

mitochondrial network and cell health and (3) not leak out of the cell in co-culture.  Labelling of 

the recipient could be less stringent: (1) a ubiquitous non-toxic cytosolic signal, (2) present for the 

life of the cell.  Based on these criteria, this chapter used fluorescent proteins to develop an 

appropriate cell labeling system to explore mitochondrial transfer between cells.  

The proteins of choice were (1) enhanced green fluorescent protein (eGFP, excitation/emission: 

488/509 nm) from eGFP transgenic mice (Okabe, Ikawa, Kominami, Nakanishi, & Nishimune, 

1997), either hippocampal/cortical primary neuron cultures or 1º astrocytes and (2) 

mitochondrially-targeted BFP in transfected 1º astrocytes. The Mito-BFP plasmid fuses the 

mitochondrial targeting sequence (MTS) of cytochrome oxidase subunit 4 from Saccharomyces 

cerevisiae to a BFP coding sequence and has a maximal emission 457 nm (excitation is 402 nm). 

Astrocytes can be isolated from brain tissue of neonatal mice 0 to 4 days old.  Their strong adherent 

properties allow them to easily be selected for through multiple rounds of sub-culture.  Other 

populations of cells initially exist in the neural cell culture.  Neurons, oligodendrocytes, microglia, 

and pericytes are the predominant cell types.  As the culture matures, neurons are outcompeted 

quickly by other cell types.  Oligodendrocytes and microglia migrate to the top of the astrocyte 

layer and can be shaken off (Schildge, Bohrer, Beck, & Schachtrup, 2013).   

There are three states of astrocytes that have been used in this thesis.  Firstly, there are astrocytes 

included in primary neuron cultures.  The standard protocol for isolation of neurons from brain 

tissue enriches for neurons but does not exclude astrocytes and other glia entirely.  Neurons in 

culture for two weeks or more need astrocytes in their environment for trophic support.  However, 
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growth of glial cells is limited primarily due to the absence of fetal bovine serum (FBS) in the 

medium.  The cells in a primary neuron culture are not passaged.  They remain bound to their 

growth substrate until another cell population is plated on top of them for co-culturing experiments.   

Secondly, astrocytes isolated from brain tissue were then cultured in standard cell culture medium 

containing FBS to foster proliferation.  These cells were passaged up to 3 times before labelling.  

These are considered primary astrocytes, as at this low passage number (passage 3, P3) they have 

not become immortal.  These P3 astrocytes were co-cultured with primary neuron cultures to 

interrogate mitochondrial transfer.  This method was also used to generate P3 eGFP-expressing 

astrocytes.   

The third state is the one described from section 4.4 onwards in this thesis: immortalized eGFP-

expressing astrocytes.  These are astrocytes that have been passaged repeatedly until their 

morphology changes and their proliferation rapidly increases, indicating that immortalization 

occurred spontaneously. 

4.2 Primary eGFP neuron cultures co-cultured with mito-BFP 

astrocyte 

GFP transgenic mice were created in the Okabe lab by inserting the enhanced green fluorescent 

protein (eGFP) cassette into pCAGGS—a mammalian expression vector containing a chicken β-

actin promoter, cytomegalovirus (CMV) enhancer, β-actin intron and bovine globin poly-

adenylation signal.  After the transgene was constructed, the insert with the promoter and coding 

sequence was excised using BAMHI and Sal/I restriction enzymes.  A purified form of this 

fragment was then injected into BCF1xBCF1 fertilized eggs—BCF1, a cross between C57BL/6 

and C3H/He mice (Okabe et al., 1997).  From these mice, primary neuron cultures were set up 

from neonatal brains and at 6 days in vitro (DIV6) were co-cultured with mitochondrially 

fluorescent astrocytes.  Therefore, the candidates for recipients in this section were eGFP neural 

cells.  

Astrocytes were isolated from wildtype C57BL/6 mice and transfected with Mito-BFP.  Mito-

BFP-expressing astrocytes were pseudo-colored red to enhance visualization of the mitochondrial 

network (Figure 11).  An obvious morphological attribute to note was the difference in the structure 
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of the mitochondrial network compared to those cells stained with MTRX in Chapter 2.  The 

network was filamentous and branching, characteristics of a healthy mitochondrial lattice, 

demonstrating the lack of toxicity of mito-BFP.  Therefore, mito-BFP astrocytes (P3) were the 

candidates for mitochondrial donor in this section (Figure 12). 

The eGFP signal from the primary neuron cultures was bright and stable under extended laser 

excitation by the LSCM.  The cytosolic eGFP permeated throughout axons and dendritic arbors.  

GFP neurons and stellated astrocytes migrated on top of the mito-BFP-expressing, P3 astrocytes 

as before (Figure 12).  Interesting and distinct neural cell morphologies were captured due to 

brightness of the eGFP fluorophore.  Increased radial projections and branching of eGFP-

expressing cells in Figure 121 & III, as compared to those in other panels, could potentially be 

attributed to astrocytes undergoing gliosis, a response to central nervous system stress, or to 

microglia or oligodendrocytes.  In situ, astrocytes are stellated with compact somas and fusiform 

with increased spindly projections (Figure 6b) due to neuron-astrocyte signaling (Oberheim et al., 

2012).  Planar astrocytes in this early stage of development (DIV6) are also present (Figure 12IV).  

The classic pyramidal neuron morphologies were apparent throughout Figure 12, and clusters of 

neurons with soma centrally converging as if they were formative moments of brain organoid 

development (Figure 12II).   

Interestingly, there was clear orange-yellow co-localization of fluorescent signals in some cells 

(Figure 12V), however this was not due to mitochondrial transfer.  Light diffraction from both 

fluorescent sources, eGFP and BFP molecules, overlaps and creates this faux co-localization 

(discussed further in section 7.6).  Careful analysis using z stacks in an orthogonal view—xy and 

xz planes— (Figure 13) demonstrated a complete absence of red-fluorescing mitochondria in 

eGFP neuron soma or neurites. The flat bed of mitochondria was consistent across the entire 

astrocyte soma.  There was no evidence of punctate mitochondria appearing above this bed of 

astrocyte mitochondria and in eGFP cytoplasm.   

In summary, a basal level of intercellular mitochondrial transfer could not be established between 

P3 astrocytes and primary neurons. The phenomenon of false co-localisation of fluorescent signals 

will be discussed in detail in chapter 6. 
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Figure 12.  P3 astrocytes expressing mito-BFP (red) co-cultured with eGFP neural cells did not 

exhibit mitochondrial transfer  

Mito-BFP (pseudo-colored red) astrocytes were co-cultured with primary eGFP neural cells 

(green) to assay for mitochondrial transfer. 
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Figure 13.  Z-plane analysis of mito-BFP(red) P3 astrocytes in co-culture with primary eGFP 

neurons. 

Three XZ and XY cross sections demonstrate an absence of mito-BFP (red) puncta inside eGFP 

neural cells.  
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4.3 Short-term EtBr injury of astrocytes  

Experiments were performed to investigate if short-term exposure of astrocytes to EtBr induced 

mitochondrial transfer, or an increase in mitochondria-containing particles in the extracellular 

space.  eGFP astrocytes were treated with 5µg/mL EtBr for 24 hours and co-cultured with mito-

BFP astrocytes for an additional 24 hours before being imaged with the LSCM.  The hypothesis 

that the mitochondrial network of the donor cells might change when in close proximity to injured 

recipient cells was also tested.  An ImageJ workflow was set up to quantify these punctate intra- 

or extracellular mitochondria.  

An ImageJ script, outlined in Figure 14a, was developed to detect punctate mitochondria, 

separated from the main network and at the outer margin of the cell.  First, a binary mask script 

was applied to the mitochondrial channel only, converting fluorescence to black and white. 

Second, dilation was applied to dilate the fluorescent pixels which allowed the particle analysis 

algorithm to detect mitochondria not associated with the mitochondrial network as one particle.  

Thirdly, the fill holes script filled in the holes in the mitochondrial network, making the network 

one particle to be size-excluded during particle analysis.  Finally, particle analysis counted the 

number of particles in the field with an area of ≤ 10 µm2.  

In Figure 14b a graph of the ImageJ analysis shows an increase in the number of isolated 

mitochondrial clusters from the BFP-expressing donor cells when the recipient eGFP astrocytes 

were treated with EtBr prior to co-culture. This data set is normalized to the number of BFP-

expressing (red) cells in each field imaged.  

Although these data demonstrates that healthy astrocytes produce more mitochondrial clusters 

when they are in proximity to astrocytes treated with EtBr vs untreated, it should be interpreted 

with caution.  This is a sound method to analyze rogue particles, but autofluorescence likely 

contributed to false positives.  LSCM laser intensities and photomultiplier voltages were higher in 

the EtBr-treated cohort than untreated controls.  The impact of unchecked excitation and photon 

multiplication will be further discussed in chapter 7. 
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Figure 14.  Isolated mitochondrial particle quantification with ImageJ after ethidium bromide 

treatment  

Ethidium Bromide (EtBr)-treated P3 eGFP astrocytes were co-cultured with mito-BFP (red) P3 

astrocytes.  The number of mitochondrial particles of mito-BFP P3 astrocyte origin, isolated from 

the mitochondrial network, was quantified using an ImageJ particle analysis algorithm. 

(a) A series of ImageJ scripts were used to quantify the number of astrocyte mitochondrial 

particles separate from the mitochondrial network: first, the mitochondrial channel was 

rendered black and white (binary mask); second, pixel dilation merged holes in the 

mitochondrial network (dilation); third, remaining holes in the mito-network were filled 

(fill holes); finally, the isolated particles were counted, excluding the intact mito-network 

that is now a single unit (particle analysis).  Punctate fluorescence that appears to have 

originated from a fluorescent protein might be autofluorescence (white arrows). 

(b) Data generated using the ImageJ algorithm described in (a) was used to compare the 

number of isolated mitochondrial clusters between an EtBr-treated and untreated control 

group. 
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Following a protocol from Mattson & Partin, primary eGFP neuron cultures were then treated with 

various concentrations of EtBr to create a population of injured neurons as recipients, as opposed 

to astrocytes alone (Mattson & Partin, 1999).  EtBr binds to exposed DNA and fluoresces at 590nm 

as indicated by neurons treated with EtBr in Figure 15a. In Figure 15c, concentration-dependent 

death and stunting of neurites was noticeable.  At 5 µg/mL EtBr halos around the neuronal somas 

in phase contrast were an indication that cells were alive but had severely shortened axons and 

dendrites. PCR of cytochrome b, a component of respiratory complex III and encoded by 

mtDNA—each lane loaded with the same amount of DNA—revealed that increasing 

concentrations of EtBr decreased the amount of cytb (Figure 15b).  After 72 hours of EtBr 

exposure, the neurons were cultured with P3 astrocytes.  Although a successful EtBr-induced 

neuronal injury model was created, the fragile state of the neurons did not lend to a successful co-

culture with P3 astrocytes.  After 24 hours of co-culture, the majority of neurons died in culture as 

seen by phase contrast microscopy.   
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Figure 15.  Short-term (72-hour) ethidium bromide (EtBr) treatment of primary neurons  

(a) EtBr intercalates preferentially with mtDNA (fluorescing at 590nm). 

(b) Cytochrome b levels with increasing concentrations of EtBr. 

(c) Neuronal death and prevalence of stunted neurites with increasing EtBr concentrations  

  



1 µg/mL 

0.5 µg/mL 

5 µg/mL 

0 µg/mL 

0
2000
4000
6000
8000

10000
12000
14000
16000
18000

0 ug/mL 0.5 ug/mL 1 ug/mL 5 ug/mL

In
te

gr
at

ed
 D

en
si

ty
 (A

.U
.)

Ethidium Bromide

PCR Product Band Densitometry 

0 
ug

/m
L

1 
ug

/m
L

0.
5

ug
/m

L

5 
 u

g/
m

L

ne
g.

co
nt

ro
l

Cytb 

a b

c



115 

 

4.4 Long-term EtBr treatment to create ρ0 eGFP astrocytes 

At this point, it became clear that sensitivity of the primary neuron to manipulation was a 

significant limitation.  Primary neurons cultured from neonatal mouse brain tissue do not 

proliferate.  They mature:  axonal cones extend, dendritic arbors become more tortuous and gene 

expression changes—synaptophysin and synapsin IIa, for example, are upregulated for 

synaptogenesis during the first 15 days in culture (Lesuisse & Martin, 2002).  If primary neurons 

were lifted from the vessel in which they had been seeded, neurites would break, and cells would 

die.  The primary eGFP neuron cultures set up in this thesis were bright and had eGFP fluorescence 

throughout the thinnest of neurites, but their inability to be passaged and, therefore, the need to 

isolate them directly from tissue for every experiment, made neuron cultures logistically difficult 

to work with.  Therefore, astrocytes were isolated from the hippocampus and cortex of eGFP 

transgenic mice and immortalized.   

Briefly, the astrocytes were cultured and passaged until significant changes to the population took 

place.  The growth rate of the culture during the first 15 passages, or approximately 45 days, 

steadily declined as the population aged and rate of cell division dropped.  In Figure 15, the primary 

astrocytes have a flattened morphology and appear senescent with a high cytoplasm to nucleus 

ratio and likely overexpress cytoskeletal genes such as fibronectin.  Primary, non-cancerous cells 

have a finite replicative lifespan known as the Hayflick limit.  When cells reach this limit, they 

undergo senescence due largely to telomeric shortening and a G1 cell cycle arrest; although, a G1 

cell cycle arrest can also be seen not as the cause of senescence, but as the result of it.  To undergo 

the changes in morphology and growth rate, phenotypes indicative of immortalization, a 

subpopulation of eGFP astrocytes in the aged culture had to overcome the Hayflick limit.  

Spontaneous silencing of cell cycle regulatory genes such as p53 and pRB by DNA methylation 

and maintenance of telomere length are reported mechanisms to escape senescence and become 

immortal (Fridman & Tainsky, 2008).  At passage 20, the eGFP astrocyte’s proliferation rate 

increased, cell size reduced, and morphology became compact and multi-polar (Figure 16).  A 

continual source of eGFP-expressing astrocytes as mitochondrial recipients had now been 

established. 
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Figure 16.  Immortalization of eGFP astrocytes   

The cortex and hippocampus of P0 GFP-expressing C57BL/6 mice was dissected and astrocytes 

isolated and immortalized by repetitious sub-culturing (passaging). 

At ~ passage 20 (P20), the expansive, roughly oval-shaped membranes at P10 become compact 

and polar when immortalized.  
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While the co-localisation experiments between mito-BFP P3 astrocytes and the primary eGFP 

neurons were being conducted, several journal articles reported intercellular transfer of 

mitochondria from a healthy, usually multipotent, cell to a cell with a disease phenotype or injury 

phenotype (Jackson et al., 2016)(Ahmad et al., 2014)(Liu et al., 2014)(Sanchez et al., 2017).  The 

next set of experiments in this chapter aimed to specifically injure mitochondria of primary neuron 

cultures or immortal astrocytes that would demand replacement with healthy mitochondria. Short-

term exposure to EtBr—a DNA-intercalating agent that preferentially targets mtDNA—provided 

a direct and specific injury to mitochondria by leading to the disruption of mitochondrial protein 

expression.  Long-term EtBr exposure, selectively ablates mtDNA.  Genome replication is 

prevented and mtDNA effectively diluting with increasing passage, creating mtDNA-deficient 

cells (0 cells). Lack of mtDNA prevents mitochondrial electron transport and oxidative 

phosphorylation.  0 cells are completely reliant on glycolysis to fulfill their energetic requirements 

and are auxotrophic for pyruvate and uridine. 

The hypothesis was that co-culturing eGFP 0 cells with uninjured WT mito-BFP astrocytes would 

induce transfer of healthy mitochondria from mito-BFP astrocytes to the eGFP 0 cells. 

0 eGFP astrocytes were established after 8 weeks 1 µg/mL EtBr treatment.  EtBr-staining 

confirmed that mtDNA was absent in the ρ0  eGFP astrocytes.  The cytochrome b (Cytb) gene only 

present in the mitochondrial genome was amplified by PCR and shown to be absent in ρ0 eGFP 

astrocytes (Figure 17a).  The DIC image showed mitochondrial morphology to be long and 

filamentous, forming intricate mitochondrial networks in parental cells and punctate, swollen 

mitochondria in the ρ0 eGFP astrocytes (Figure 17b).  

MTRX staining, a fluorescence signal dependent on membrane potential (chapter 2), showed that 

ρ0 cells do have a mitochondrial membrane potential, even in the absence of mitochondrial electron 

transport.  MTRX-staining also confirmed what the DIC image in a showed: a fragmented 

mitochondrial network in ρ0 cells with punctate aggregation of cristae-less (Tan et al., 2015) 

mitochondria, but a mito-network with reticulated tubules of fused mitochondria in the parental 

line (Figure 17c).  
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Figure 17.  Mitochondrial morphology, membrane potential and mtDNA content comparison of 

WT and ρ0 eGFP astrocytes.  

(a) Cells were stained with EtBr (white).  PCR was performed for the mtDNA-encoded 

cytochrome b (Cytb) gene. 

(b) The DIC with accompanying inset shows the difference in morphology of the 

mitochondrial network. 

(c) Cells were stained with MitoTracker® CMXRos (MTRX) to assess mitochondrial network 

morphology and membrane potential, maximally emitting at 600 nm (red). 
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Further, 0 eGFP astrocytes exhibited altered single cell and colony morphology when compared 

to the parental WT eGFP astrocytes.  The soma of the ρ0 cells were elongated with a cell structure 

resembling a bipolar fibroblast rather than a radial astrocyte.  The forward scatter and side scatter 

profiles between the two cell types also indicated differences in cytoplasmic complexity 

(granularity) and cell size.  P0 cells were more prone to assemble into colonies than the parental 

line.  These colonies consisted of juxtaposed bi-polar ρ0 cells, visible as striated bands and form at 

low and high cell densities.  This colony-forming phenotype was absent in the parental cells.   

0 cells are dependent on pyruvate and uridine (p/u) for their survival as nutrient auxotrophs.  

When cultured in culture medium containing p/u, levels of cell death and apoptosis were similar 

between ρ0 cells and WT astrocytes (Figure 18a).  In addition, the proliferation rate of the ρ0 cells 

was decreased compared to the parental WT astrocyte line, probably due to their dependence on 

glycolysis which is less efficient than aerobic respiration.  

There was a significant decrease in eGFP intensity in the ρ0 cells compared to WT; as seen in 

fluorescence images of monolayer and spheroid growth cultures, there was a ~60% drop in eGFP 

mean fluorescence intensity (MFI) of the entire population (Figure 18b,c).    

In addition to standard two-dimensional culture, the 0 eGFP astrocytes were also grown in three-

dimensional spheroid cultures.  The 0 eGFP astrocyte spheroids had a decreased eGFP expression 

than the parental WT eGFP astrocytes.  The ρ0 cells formed larger, more diffuse, irregularly shaped 

spheroids with rough, blebbed edges.  The parental line formed compact, brighter, more round, 

smoother-edged spheroids (Figure 18b). 
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Figure 18.  Generation and phenotypic comparison of WT (parental) and ρ0 eGFP astrocytes. 

(a) Parental WT eGFP astrocytes and ρ0 eGFP astrocytes have different morphologies, colony-

forming characteristics, cell size, cytoplasmic granularity, but similar viability (ρ0 cells 

grown in p/u).  

(b,c) Fluorescence images and flow cytometry (b) eGFP expression of astrocytes grown in 

monolayer and as spheroids.   Mean fluorescence intensity (MFI) values of eGFP are also 

compared (c).  
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To demonstrate ρ0 GFP astrocyte auxotrophy for pyruvate and uridine, cells were grown without 

pyruvate or uridine for 7 days and viability was evaluated using flow cytometry.  Cells undergoing 

apoptosis or necrosis lose their soluble cytosolic GFP as the integrity of their membrane becomes 

compromised.  When propidium iodide (PI), a fluorescent live-cell-impermeant stain that binds 

DNA and RNA, was added to ρ0 eGFP astrocytes, the degree of cell death after sodium 

pyruvate/uridine removal was most severe between Days 2 and 3 with a 4-fold increase in the GFP-

/PI+ cell population, but a nominal increase from Day 3 to Day 4 (1.2-fold).  By Day 4 there was 

a 2-fold drop in the number of GFP+/PI- cells compared with Day 2 (Figure 19a).  The intracellular 

reserve of pyruvate and uridine available to the ρ0 cells was likely depleted by Day 3.  Pyruvate 

auxotrophy rather than uridine auxotrophy was responsible for the rapid increase in death by Day 

4.  

0 cells were grown in pyruvate-only or uridine-only media, and viability assessed.  The level of 

apoptosis (Annexin V+) and necrosis (PI+) was similar for ρ0 cells cultured without pyruvate but 

with uridine, and ρ0 cells cultured without either.  Conversely, ρ0 cells cultured without uridine, 

but with pyruvate, showed similar levels of apoptosis and cell death as ρ0 cells cultured with both 

(Figure 19b).  This demonstrated that pyruvate auxotrophy rather than uridine auxotrophy was 

responsible for the rapid increase in death by Day 4. 
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Figure 19.  ρ0 eGFP astrocytes are auxotrophic for pyruvate and uridine (p/u). 

(a) Propidium iodide (PI) was used as an indicator of cell death at 2,3 and 4 days after p/u was 

removed from ρ0 eGFP astrocyte culture media.  eGFP loss correlates with increased cell 

death. 

(b) PI and Annexin V (AV), an apoptotic marker, were used to gauge the effect of removing 

pyruvate or uridine by individually dropping them out of ρ0 eGFP astrocyte culture media. 
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4.5 Discussion 

The aim of this chapter was to generate the cell lines needed to investigate mitochondrial transfer 

between neural cells.  Donor cells with fluorescent molecules confined to the mitochondrion, 

resulting only from expression of plasmid DNA (mito-BFP), were more suitable to understand the 

mobility of mitochondria.  Figure 20 provides a visual overview that compares the impact of 

MTRX and fluorescent proteins on the mitochondrial network.  MTRX-treated cells clearly have 

a fragmented mitochondrial network and swollen mitochondria.  Likewise, immortalization of 

hippocampal/cortical astrocytes stably expressing eGFP produced a more rigorous recipient cell.   
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Figure 20.  Fluorescent proteins better preserve mitochondrial network structure when compared 

to MTRX   

Mouse astrocytes were liposomally transfected with a mito-localizing blue fluorescent protein 

(mito-BFP) (red/orange) or stained with either 100 or 500 nM MTRX (red/orange) for 30 minutes, 

washed 3 times and cultured for 24h before imaging. The lookup table (LUT) chosen to pseudo-

color this image reflects the range in fluorescence intensities (low-medium-high: red-orange-

white).  
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ρ0 eGFP astrocytes require pyruvate over uridine for survival in the 

short-term 

Development of the ρ0 eGFP astrocytes provided fluorescently-labelled nutrient auxotrophs to 

which a specific and severe mitochondrial injury can be targeted in co-culture and without 

damaging the donor cells.  The purpose of making these stable pyruvate/uridine auxotrophs was 

to create an environment that demanded mitochondria.  Remove pyruvate and uridine from the 

medium and the ρ0 eGFP astrocytes go into bioenergetic crisis, which has the potential to be 

reversed by mitochondrial transfer. 

Lack of pyruvate stops protein synthesis, lack of uridine stops DNA synthesis; the former more 

likely to affect viability than the latter as was seen in Figure 19b.  This may be a result of pyruvate 

conversion to lactate, glycolytic ATP consumption, or acetyl-coenzyme A (ACoA) oxidation in 

the TCA occurring at a higher rate than uridine consumption supplemented by the pyrimidine 

nucleotide salvage pathway.   

In ρ0 cells cultured without uridine, the pyrimidine nucleotide salvage pathway likely synthesizes 

nucleotides from intermediates in DNA and RNA degradation.  Ultimately, when the rate of 

DNA/RNA degradation decreases because new nucleotides cannot be synthesized, the salvage 

pathways will stall, likely leading to a decrease in proliferation, an increase in cell quiescence and 

probably death.   

ACoA is vital for amino acid and lipid biosynthesis.  In the absence of pyruvate supplementation, 

ρ0 eGFP astrocytes will use fatty acid ß-oxidation to catabolize ACoA, but perhaps degraded 

RNA/DNA can be scavenged more readily, thereby providing an alternate rationale for a lack of 

pyruvate being more detrimental in the short term.  Would ρ0 cells grown in media without 

pyruvate, but with added fatty acids, survive past 4 days?  Based on data in Figure 19b, is removal 

of pyruvate, specifically, enough to instigate mitochondrial transfer?   

Impact of EtBr on eGFP expression 

Ethidium bromide was used to deplete mtDNA in immortalized eGFP astrocytes.  One notable 

phenotype of these rho0 cells was decreased eGFP expression, both in 2D culture and the self-

aggregating spheroids in a 3-dimensional culture. EtBr will preferentially interact with open, non-
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histone bound DNA, such as the mitochondrial genome, the nucleolar regions of the nucleus, and 

RNA.  MtDNA is not wrapped around a core of histones which makes it more vulnerable to 

intercalating EtBr (Bogenhagen, 2012).  In nuclear DNA, however, histones are modified through 

acetylation, methylation and chromatin remodeling complexes during transcription and 

replication.  This exposes DNA and makes it more susceptible to damage by EtBr, albeit to a lesser 

extent than mtDNA.  It is possible that the decrease in protein expression, seen as a decrease in 

GFP expression of the ρ0 cells, is a result of EtBr-induced DNA damage to one of two alleles 

containing the eGFP locus.  This phenotype is also seen in self-aggregating spheroids in a 3-

dimensional culture. 

In summary, a basal level of mitochondrial transfer between primary astrocytes and primary 

neurons, both uninjured, was not found in this chapter.  There was also no significant indication 

that astrocytes release more mitochondria-containing vesicles when near cells with damaged 

mtDNA versus those with functional mitochondria.  This body of work did, however, lead to the 

establishment of more effective cell labelling methods.  In addition to the continued use of the ρ0 

eGFP astrocytes, fluorophore-labelled mitochondria and fluorescent labelling techniques can be 

applied to other cell types as candidates for mitochondrial donation to neural cells.  In particular, 

the ρ0 eGFP astrocytes will be used as recipient cells  
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