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5 Bone marrow stromal cells (BMSC) as potential donors 

of mitochondria to astrocytes. 

5.1 Background 

The literature on intercellular mitochondrial transfer often depicts mesenchymal stem cells (MSCs) 

as donors of mitochondria to diseased cells.  For example, lung airway damage from allergy was 

reversed in vivo after intratracheally-delivered MSCs purportedly transferred mitochondria to 

bronchial epithelial cells (Ahmad et al., 2014).  MSCs have also demonstrated benefits to injured 

cells in capacities other than intercellular mitochondrial transfer from immunomodulation to tissue 

regeneration (Wei et al., 2013).  Therefore, it is plausible that instead of transferring mitochondria, 

MSCs reverse disease pathology by excreting small metabolites to support energy and biosynthetic 

metabolism.  The first aim of this chapter was to compare the effect of conditioned media from 

immortalized bone marrow stromal cells (BMSCs) with that of wildtype eGFP astrocytes on the 

viability of respiratory-deficient ρ0 eGFP astrocytes.  The second aim was to capture mitochondrial 

transfer from BMSCs to ρ0 eGFP astrocytes using LSCM.  To be clear, the BMSCs are not a pure 

mesenchymal stem cell line.  They are bone marrow-derived stromal cells that likely contain a 

proportion of mesenchymal stem cells—as per the MSC isolation protocol from Soleimani et al., 

used to attain the BMSCs.  However, CD 105, 90 and 73 positivity, and CD 45 negativity—

expression profiles identifying MSCs—were not confirmed, therefore the cell line was designated 

stromal (Soleimani & Nadri, 2009). 

5.2 The impact of conditioned media on ρ0 eGFP astrocytes 

The first experiment in this chapter investigates whether products excreted into the media by WT 

eGFP astrocytes or BMSCs—small molecules to organelles—satisfied the biosynthetic and 

bioenergetic requirements of the respiration-compromised ρ0 eGFP astrocytes.  To do this, ρ0 eGFP 

astrocytes were cultured in media lacking pyruvate and uridine and preconditioned by parental, 

wild-type (WT), eGFP astrocytes or bone marrow stromal cells (BMSCs) for 24h.  
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As expected, cell viability visualized by propidium iodide/annexin V (PI/AV) staining between ρ0 

cells cultured with and without pyruvate/uridine was strikingly different with respect to the 

percentage of cells in late apoptosis (7.1% to 61%, respectively). Cells grown in conditioned 

medium from BMSCs, in the absence of pyruvate and uridine showed a 2.4-fold reduction in the 

number of cells in late apoptosis compared to ρ0 eGFP astrocytes cultured in unconditioned 

medium without pyruvate or uridine, suggesting products released by BMSCs improved viability 

of the ρ0 eGFP astrocytes. In sharp contrast, cell-conditioned medium from WT parental eGFP 

astrocytes did not improve viability of the ρ0 eGFP astrocytes (Figure 21).  Although the stromal 

cell line has an unknown percentage of mesenchymal stem cells, if any at all, this conditioned 

media rescue experiment demonstrated that BMSCs directly release or allow the production of 

energy metabolites crucial for cell survival. 

Next, the effect of filtration of cell conditioned medium with various filter sizes was investigated 

to determine the nature of these excreted products. Cells in vitro are constantly depositing remnants 

of themselves onto the growth substrate and other cells.  Vesicles of diverse sizes from exosomes 

(~100nm) to oncosomes (up to 10µm) contain a multitude of cargoes (including microRNA, 

mitochondria), constituting a way of intercellular communication. It is therefore possible that the 

survival benefit of excreted products is conferred by large vesicles containing mitochondria, small 

vesicles containing mtDNA, by small metabolites or a combination of these. 

Compared to unfiltered medium, the number of healthy cells was increased slightly (12-15%) after 

filtration, but there was no difference in apoptotic profile between cells that were cultured in 

conditioned medium filtered through a filter with a 1.2µM or a 0.22 µM pore size—the former 

pore size likely to contain mitochondria and the latter unlikely to contain mitochondria (Figure 

21).  

In summary, the experiments in this section demonstrate that medium conditioned by BMSCs 

provides a survival benefit to ρ0 eGFP astrocytes, even after vesicles larger than 200 nm have been 

removed.  These data show that paracrine support excreted from cells can reverse the effects of 

respiratory incompetence, and that intact mitochondria are not required. 
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Figure 21.  In the absence of pyruvate and uridine, bone marrow stromal cell (BMSC)-conditioned 

media is more beneficial to ρ0 eGFP astrocytes than that of WT astrocytes  

Conditioned media was administered to ρ0 eGFP astrocytes to gauge effects on viability.  Media 

without pyruvate and uridine was conditioned on BMSCs or WT eGFP astrocytes for 24 hours, 

removed, filtered to either exclude membranous particles (0.22 µm pores) or include them (1.2 µm 

pores), replaced onto ρ0 eGFP astrocytes, incubated for 4 days and effects on cell viability (PI) and 

apoptosis (AV) evaluated. 



3.6 64.5

20.411.5

5.3 55.9

24.814.0

0-103 103 104 105

0

-10 3

103

104

105

3.0 62.9

23.310.8

11.9 13.9

14.160.2

0-103 103 104 105

0

-10 3

103

104

105

12.4 15.2

15.357.1

0-103 103 104 105

0

-10 3

103

104

105

6.9 26.0

22.245.0

0-103 103 104 105

0

-10 3

103

104

105

2.9 61.1

24.511.6

0-103 103 104 105

0

-10 3

103

104

1058.6 7.1

4.380.1

0-103 103 104 105

0

-10 3

103

104

105

WT eGFP astrocyte media BMSC media

+ pyruvate + uridine - pyruvate - uridine

un�ltered

1.2 µM

0.22 µM

Pr
op

id
iu

m
 Id

od
id

e 
(P

I)

Annexin V (AV)

0-103 103 104 105

0

-10 3

103

104

105

0-103 103 104 105

0

-10 3

103

104

105



143 

 

5.3 2-Dimensional co-culture of immortalized BMSCs and ρ0 eGFP 

astrocytes 

To avoid dye leakage, BMSCs for this co-culture experiment were first transfected with mKO-

Mito-7—plasmid DNA encoding monomeric Kusabira orange. This mKO fluorophore has a 

maximal emission at 561 nm (excitation 548 nm) and is fused to a mitochondrion-targeting- signal 

(MTS), encoded by the COX8a gene cassette of the mKO-Mito-7 plasmid. Any orange 

fluorescence was therefore strictly confined to mitochondria, with no possibility of leakage of 

colour out of the mitochondria or the cell; thus, avoiding the potential of producing false positive 

mitochondrial transfer results.  At 548 nm excitation, mKO’s longer wavelength inflects less 

cellular damage compared to the 402 nm excitation wavelength.  Empirically, mKO was also found 

to be brighter and more photostable, better suited for live-cell imaging.  Wildtype eGFP astrocytes 

were co-cultured with BMSCs.  Time-lapse microscopy captured mitochondrial network dynamics 

in the eGFP astrocytes and BMSCs over approximately 35 minutes, acquiring images every 2 

minutes.  

 Wild type eGFP astrocytes and BMSCs 

Based on evidence in chapter 6 and data in the literature pertaining to MitoTracker® toxicity and 

leakage, it was imperative that mitochondrial network morphology be evaluated when introducing 

mito-localizing fluorescently-tagged mitochondria into a cell.  Transfection with mito-mKO did 

not inhibit normal mitochondrial network dynamics and morphology.  This was demonstrated by 

the fact that both eGFP astrocytes and BMSCs exhibited normal network morphology and behavior 

(Figure 22 and 23).  The networks remained intact, not fractured, with rod-shaped mitochondria.  

Tubular segments jettisoned from the mitochondrial network travelled to the cell periphery and 

down membrane projections, often returning to central positions in the soma.  When stressed, 

mitochondria appear swollen, often taking on a vacuolar phenotype, and remain largely 

perinuclear.  Data in this section indicates that transfection did not cause mitochondrial stress in 

either of the cell types.  In Figure 22, the yellow arrow depicts three segments of the mito-network 

(at 6’) fusing into two (at 10’), followed by the formation of a single tubule (at 12’). The white 
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arrow shows a network tubule changing conformation.  The ability to undergo fusion/fission and 

structurally change shape are further signs of a healthy and functional mitochondrial network.   
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Figure 22.  Normal phenotype of mito-mKO BMSC mitochondrial network: tubular, branched 

and dynamic 

BMSCs were transfected with a mito-localizing fluorescent protein, mito-7-monomer Kusabira 

Orange (mito-mKO), and co-cultured with WT eGFP astrocytes.  Mito-mKO is pseudo-colored 

red.   Over a period of 32 minutes, mitochondrial segments underwent fusion (yellow arrow and 

box), dynamic changes in shape (white arrow and box), as did the entire mito-network. 
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Figure 23.  Normal phenotype of mito-mKO WT eGFP astrocyte mitochondrial network 

Over a period of 38 minutes, rapid dynamism of the mitochondrial network is visible. 
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 ρ0 eGFP astrocytes and BMSCs 

A 48-hour co-culture of BMSCs and ρ0 eGFP astrocytes, grown as a monolayer, showed that both 

cell types undergo extensive tactile communication. Specifically, this can be membrane 

projections over 10 µm, thin filopodia a few µm thick, closely abutting soma or deposition of 

multi-sized vesicles.  However, despite these constant close interactions, there was no evidence of 

mitochondrial transfer between these two cell lines, as depicted by the lack of red EtBr-staining (6 

µg/mL for 20 minutes) of ρ0 eGFP astrocytes in Figure 24a.  mtDNA is present in the typical 

mitochondrial network pattern of a healthy BMSC but absent in the ρ0 eGFP astrocytes. In the DIC 

image, vesicles that are likely mitochondria are punctate and clustered around the nucleus in the 

ρ0 eGFP astrocyte; whereas the BMSC displays branching tubules indicative of a normal 

mitochondrial network (Figure 24a).   

Next, BMSCs with fluorescently labelled mitochondria were co-cultured for 24-hours with either 

parental WT eGFP astrocytes or ρ0 eGFP astrocytes to evaluate the effect of their presence on the 

BMSC mitochondrial network as a single entity (Figure 24b). Changes in the network could 

indicate perceived stress of nearby cells, perhaps a form of quorum sensing.  The BMSC 

mitochondrial network may respond to alterations in the environment, abnormal networks in 

nearby cells or signals in other cells.  Stress signals released from ρ0GFP astrocytes might perturb 

the BMSC network, cause increased fission and more mitochondria to be sent to membrane 

projections.   

There were no significant differences, however, in the physical characteristics of the BMSC 

mitochondrial network when they were co-cultured with ρ0 or parental astrocytes. Fracturing and 

reformation of the mitochondrial network’s continuous reticulum was monitored in approximately 

20 BMSC cells per group.  Metrics evaluated were localization of the main network (perinuclear 

only or extended throughout the soma), presence of branched segments or punctate micro-clusters 

detached from the main network (in membrane projections or only in the soma).   

Collectively, these experiments show that the dynamics of the BMSC mitochondrial network do 

result in many forms of direct physical interactions between cell types, but do not change when in 

co-culture with ρ0 eGFP astrocytes or wt eGFP astrocytes.  
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Figure 24.  ρ0 eGFP astrocytes do not contain mtDNA after co-culture with BMSCs 

(a) After 10 days of co-culture, 7 days and 3 passages cultured in media without pyruvate or 

uridine, cells were stained with ethidium bromide to visualize mtDNA. The DIC with 

accompanying inset shows the difference in morphology of the mitochondrial network. 

(b) BMSCs were transfected with mito-mKO (red) and co-cultured with ρ0 GFP astrocytes or 

the parental WT GFP astrocytes for 3 days.   
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 Tactile interaction between BMSCs and GFP-expressing astrocytes  

In the next series of co-culture experiments, individual cells were scrutinized over time, using 

time-lapse confocal microscopy to determine whether mitochondrial transfer occurred. 

In Figure 25a, a mito-mKO-expressing BMSC expels a mitochondria-containing particle 3 µm in 

diameter with an area of ~11µm2.  The initial image in the time-lapse begins with direct contact 

between the BMSC and a ρ0 eGFP astrocyte.  At 6 minutes, the BMSC membrane contracts as if 

the cell is preparing to divide and a vesicle buds onto the surface of the adjacent ρ0 eGFP astrocyte.  

By 18 minutes, the cell takes a more planar morphology and the deposited particle, still tethered, 

is ~24 µm from the BMSC soma.  This positional change of the particle relative to the cell body 

is likely due to BMSC migration and particle drift across the recipient astrocyte’s plasma 

membrane surface.  The inset in panels marked 24 and 30 minutes, and accompanying cartoon, 

show that the opposing movement of particle and BMSC imparts a maximum tensile force on the 

connecting filopodia that breaks it; this occurs between 18 and 24 minutes after particle budding. 

The lamellipodium leading edge, box labeled 2 in the 42-minute panel, indicates the direction of 

movement by the cell.  At this point the particle could be considered a cell-associated 

mitochondrial particle (CaMP) and is ~45 µm from the parent BMSC.  Due to the 3D relief effect 

of the DIC, the CaMP seems to percolate around the caldera-like astrocyte nucleus but does not 

appear to penetrate the plasma membrane.  The semi-fluid plasma membrane might physically 

wrap around the nucleus revealing its structure without exposing the nucleus itself. The CaMP 

within the 2-dimensional bounds of the astrocyte eGFP expression (panel at 42 minutes) presented 

alone as a Figure in published work, might be offered as evidence of mitochondrial transfer. 

Tracking the CaMP from its origin, however, reveals that this is not at all evident; and it 

strengthens the need for higher resolution microscopy to positively identify the position of these 

discrete, membrane-bound packages ~1µm in size. 

In Figure 25b the inset highlights a seemingly detached CaMP from a WT eGFP astrocyte on the 

surface of a non-fluorescent BMSC.  Over 3 minutes (180’) the mitochondrial segment inside the 

CaMP changes its confirmation substantially, but the particle itself does not appear to move, 

suggesting that active mitochondria exist in the CaMP. The single frames in Figure 25c may also 

be interpreted as evidence of mitochondrial transfer. For this experiment, mito-mKO-expressing 

BMSCs were co-cultured with unstained BMSCs. At 0 minutes, the BMSC membrane projection 
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(MP) with mKO-fluorescing mitochondria extends ~140 µm from the cell soma and probes the 

surface of a non-transfected BMSC. As the fluorescent BMSC migrates away from the distal tip 

of its projection, this dendritic extension thins and by 10 minutes snaps under the tension. This is 

evident at 5 minutes when the extension straightens.  By 20 minutes the severed tendril recoils 

onto the recipient unstained BMSC membrane surface but does not appear to enter the cell or expel 

mitochondria into the cytosol.  
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Figure 25.  BMSCs produce cell-associated mitochondria-containing particles (CaMPs)  

(a) A BMSC expressing mito-mKO(red) deposits a CaMP (white arrow, 6’-42’) onto the 

membrane of an adjacent ρ0 eGFP astrocyte.  Between 24 and 30 minutes, the filopodial 

tether breaks and leaves the CaMP on the astrocyte’s surface (24’-30’—white box, inset 

and cartoon).  By minute 42, there is no sign of attachment between the CaMP and the 

BMSC it originated from.  The position of the leading lamellipodial edge (yellow box 2) 

and trailing edge (yellow box 1) indicates that the cell is moving away from the deposited 

CaMP. 

(b) A WT eGFP astrocyte expressing mito-mKO(red) appeared to release a CaMP containing 

a highly dynamic mitochondrial tubule (white box).  The half crescent structure rotates 

clockwise and contorts over 3 minutes (inset). 

(c) A BMSC expressing mito-mKO(red) extended a long projection to an unlabeled BMSC; 

after moving away, the projection snapped (10’, yellow arrow, cartoon), recoiled into a 

bulbous mass and left a CaMP on the unlabeled cell (yellow circle) between 5 and 10 

minutes.   
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In both these cases, 2D imaging appeared to show mitochondrial transfer, however, deconvolution 

and 3D reconstruction of confocal images is critical for elucidating the true position in 3-

dimensional space of mitochondria in a tube, a vesicle or a cell.  In Figure 26a, a mito-mKO-

expressing BMSC is in direct, membrane-to-membrane contact with a ρ0 GFP astrocyte.  It slowly 

retracts a section of its membrane touching the astrocyte over almost an hour, leaving a fine 

filopodial connection ~500 nm thick.  At 52 minutes, this fine connection has two mitochondria-

containing vesicles at its end; they are in the 2-dimensional perimeter of a GFP astrocyte, but not 

necessarily inside the astrocyte (Figure 26a & b).  Two fine filopodia are still attached at two points 

to the proximal mito-vesicle (M1) and M1 is joined to the second mito-vesicle (M2).  The dotted 

line in Figure 26bVI demarcates the already stark boundary line between BMSC and ρ0 GFP 

astrocyte, bright GFP vs. detailed DIC (III).  To effectively deconvolve the image and render a 3D 

reconstruction, 25 images were taken every 200 nm (travelling through the z plane) and with lateral 

sampling (x-y plane) at 1024 x 1024 pixels (140 nm/pixel).  After 3D reconstruction, it was clear 

that the BMSC mitochondria is on the surface of the ρ0 eGFP astrocyte and not inside (Figure 26c). 

The colocalization of eGFP and mKO (red) fluorescence in the 3D reconstruction can be resultant 

of lateral sampling not meeting the Nyquist rate (defined in chapter 6), or the resolution of LSCM 

used was not high enough (Figure 26c).      
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 Figure 26.  Two-dimensional analysis can falsely depict mitochondrial transfer  

Z-plane analysis, deconvolution and 3-dimensional surface-rendered reconstruction of ρ0 eGFP

astrocyte and BMSC co-cultures was performed.

(a) A BMSC expressing mito-mKO(red) is in direct contact with a ρ0 eGFP astrocyte via a

membrane projection that thins over ~1hr and contains mitochondria (white arrow, inset).

Two mito-vesicles develop (yellow arrows) and appear too large for retrograde trafficking

through thinned filopodia (48’ and 52’).

(b) At 56 minutes, 25 optical slices in the z-plane were taken (200nm thick, 140nm/pixel in

the x-y plane).  A zoomed-in view of the two mito-vesicles (M1, M2) (IV, V, yellow

arrows) shows their lateral position within eGFP bounds, and their attachment via

filopodia to the BMSC (V, black arrows).  Both filopodia attached to M1: upper filopodia

(upper black arrow) extending past BMSC mito-network, lower filopodia (lower black

arrow) reaching the BMSC-ρ0 eGFP astrocyte border (VI, dotted line).

(c) Deconvolution and 3D surface rendering (Huygens, SVI) was performed on the image

acquired in (b).  M1 and M2 (yellow arrows) from the BMSC are positioned on top of the

ρ0 eGFP astrocyte, not inside it.
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The impetus for the next set of experiments was the idea that a stress signal response, in the form 

of mitochondrial donation, may be more easily carried out if mitochondrial mobility in the donor 

was increased.  EGTA chelates calcium, whereby altering mitochondrial motility within the cell 

(M. Yi, Weaver, & Hajnóczky, 2004).  In Figure 27, ρ0 eGFP astrocyte or WT GFP astrocytes co-

cultured with mKO-BMSCs were treated with 0.3 mM dose of EGTA for 2 hours before imaging.  

Although the EGTA-treated BMSC mitochondrial networks appeared to be more reticulated than 

the wildtype—containing longer, more resolved and convoluted tubules—no evidence of 

mitochondrial transfer was found.  The mitochondrial segments at the periphery of the BMSC 

membrane projections change conformation within minutes, fusing and undergoing fission, but the 

purpose of this, at the distal part of these projections, is unknown. 

In summary, this series of experiments has shown very close association of mitochondrion-

containing vesicles from one cell type onto the surface of another cell type, without these 

mitochondria actually entering the potential recipient cell.  Additionally, these results clarify the 

need for axial information in determining mitochondrial transfer. The internalization of non-native 

mitochondria by a recipient cell can be falsely reported when only imaging laterally (x-y 

dimensions only). 



163 



164 

Figure 27.  EGTA treatment did not induce mitochondrial transfer between BMSC and eGFP 

astrocytes 

BMSCs expressing mito-mKO(red) were co-cultured with either ρ0 or WT eGFP astrocytes and 

treated with 0.3 mM EGTA for 2 hours.  Time-lapse, live-cell microscopy was performed to 

capture mitochondrial network dynamics at the distal tip of BMSC membrane projections. 
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5.4 3-dimensional co-culture of immortalized BMSCs and ρ0 eGFP 

astrocytes 

Cells behave differently under three-dimensional (3D) culturing conditions compared with two-

dimensional monolayer culturing conditions, as described in section 1.4.  The final set of 

experiments in this chapter investigated whether mitochondrial transfer occurs between sphere-

forming ρ0 astrocytes and BMSCs.   Again, pyruvate/uridine (p/u) auxotrophy was used to induce 

bioenergetics and biosynthetic stress for the ρ0 astrocytes.  Briefly, astrocytes and BMSCs were 

co-cultured (1:3, respectively) for 10 days in wells coated with 1.5% agarose/DMEM gel to inhibit 

substrate adherence, fostering cell-cell aggregation (Figure 28).  At 3 days of the 10-day period, 

p/u was removed, and the spheroids incubated for an additional 7 days before analysis by 

microscopy (Figure 29).   
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Figure 28.  Formation of spheroid 3-dimensional (3-D) culture in vitro 

eGFP astrocytes and BMSCs were co-cultured over a 10-day period in 96-well plates coated with 

agarose to enhance self-aggregation and spheroid formation.  Fluorescence imaging shows 

spheroids comprised of eGFP-expressing cells.  Mono-culture spheroids were derived in the same 

way.  
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Spheroid circularity (sphericity or sphere symmetry) is a morphological characteristic used to 

evaluate drug impact on tumor spheroids, particularly in high throughput drug screening 

(Friedrich, Seidel, Ebner, & Kunz-Schughart, 2009). The initial experiment involved growing 

spheroids of ρ0 and WT eGFP astrocytes and assessing the extent of blebbing of the spheroid’s 

periphery and its circularity (Figure 29a).  Spheroids were imaged with an Olympus IX51 inverted 

fluorescence microscope (equipped with a mercury lamp as the excitation source) to capture their 

structural morphology.  ρ0 eGFP astrocyte spheroids in the absence of p/u had a perceptible 

increase in the degree of blebbing when compared to WT eGFP spheroids.  Dead and dying cells 

grown in the absence of pyruvate and uridine likely contributed to the bubbled spheroid exterior.  

The WT eGFP astrocyte spheroids had a slight decrease in circularity when cultured without p/u, 

but overall maintained a more compact and circular phenotype when compared to ρ0 eGFP 

astrocyte spheroids cultured with or without p/u.  When BMSCs were co-cultured with ρ0 eGFP 

astrocytes they formed a more circular and compact heterogeneous spheroid than ρ0 spheroids 

alone.  There were negligible differences between BMSC/WT eGFP astrocyte spheroids and those 

composed of only WT eGFP astrocytes.  Additionally, the BMSC/ρ0 eGFP astrocyte spheroids 

without p/u had a smoother perimeter with no blebbing compared to the ρ0-only spheroids.  

However, from these data it was unclear if the changes to BMSC/astrocyte spheroid morphology 

were resultant of ρ0 eGFP astrocyte rescue, or a more significant contribution by BMSCs to 

spheroid architecture. 

 After a mild enzymatic digestion and mechanical dissociation, spheres transferred from a 

gelatinous to glass growth substrate began to migrate into a monolayer.  Multiple days in culture 

resulted in the appearance of an oblong “sphere”—two spheres fusing—surrounded by individual 

BMSC and eGFP astrocytes that had migrated onto the glass surface (Figure 29b). Figure 29c 

shows a BMSC/ρ0 astrocyte sphere one-week post adhesion, imaged with a laser scanning confocal 

microscopy at 20x magnification, depicting a more highly resolved heterogenous bi-culture.  EtBr 

staining highlighted the heterogeneity and outward migration/proliferation of both cell types in the 

sphere.  At a higher magnification (60x), single-cell analysis of an eGFP ρ0 astrocyte cultured in 

the absence of p/u—located on the slope of a sphere’s surface and near its base—appears devoid 

of mtDNA, indicated by the lack of EtBr staining in its cytosol (Figure 29d).   
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Figure 29.  Co-culturing ρ0 eGFP astrocytes and BMSCs in 3-D spheroids does not induce 

mitochondrial transfer  

(a) ρ0 eGFP astrocytes and the parental WT GFP astrocytes formed spheroids as a mono-

culture or in co-culture with BMSCs for 3 days.  Media was exchanged for media without

pyruvate and uridine (p/u).  After an additional 7 days, spheroid morphology was

visualized using phase contrast and GFP expression on an inverted fluorescence

microscope.

(b) ρ0 eGFP astrocyte and BMSC spheroid co-cultures were lightly dissociated, facilitating

cell migration out of the 3-D sphere into a monolayer once plated on glass coverslips.

White arrows depict ρ0 eGFP astrocytes migrating onto the glass substrate.

(c) Ethidium bromide was used to stain mtDNA (red) in a ρ0 eGFP astrocyte/BMSC spheroid

after digestion and plating on glass.  Laser scanning confocal microscopy (LSCM) at 20x

magnification shows the heterogeneity of the co-culture.  In I, the dotted line demarcates

the spheroid, the * its center, and the white arrows show the outward migration of cells

into a monolayer.

(d) A ρ0 eGFP astrocyte cultured without p/u on the slope of the spheroid’s periphery was

imaged (mtDNA/nucleoli = red) at different heights (z-plane) (I, II, III), and the

fluorescence z-stack collapsed.
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Figure 30 also shows the absence of mtDNA in eGFP ρ0 astrocytes.  Interestingly, there are 

structures inside the eGFP ρ0 astrocytes, visible as negative spaces, that resemble the tubules of 

the mitochondrial network, yet they are also devoid of mtDNA (Figure 30XX, inset).  These 

structures remain empty of mtDNA even after treatment of the spheres with cyclosporin A (CpA), 

a cyclophilin D inhibitor. CpA increases mitochondrial motility by keeping the mitochondrial 

membrane permeability transition pore (MPTP) closed (Guo et al., 2013). However, different 

concentrations of CpA, even in the absence of pyruvate and uridine, did not cause intercellular 

mitochondrial transfer (Figure 30).   

In panel XIX of Figure 30, the eGFP ρ0 astrocytes exhibit the typical striated, bipolar phenotype of 

a high cell density area in a pyruvate/uridine-containing culture. Regardless of their location, there 

is no evidence of mtDNA-containing mitochondria (originating from the BMSCs) in the ρ0 

astrocytes.  Figure 30VIII, inset eGFP, shows structures void of eGFP that appear to be swollen, 

non-fused mitochondria, evidently without mtDNA (as per the lack of EtBr staining). These are a 

typical feature of mitochondria from ρ0 cells, where biosynthetic pathways are still active in the 

absence of aerobic respiration.  Since the nuclear-encoded succinate dehydrogenase (complex II) 

is likely still imported into ρ0 mitochondria, does the TCA still function?  

CpA treatment caused an interesting change in phenotype which was independent of mitochondrial 

movement and manifested as pools of mtDNA forming nodes that concentrated at certain points 

in a tubular segment.  While this phenomenon occurred at similar levels in both the 500nM and 

1µM CpA concentrations, it seemed to be absent or much less severe when the BMSC cells were 

cultured without pyruvate and uridine (Figure 30).  

Taken together, the results in this chapter have shown that immortalized BMSCs do not transfer 

mitochondria to ρ0 astrocytes, either as a monolayer or spheroid co-culture, despite attempts to 

increase BMSC mitochondrial mobility; and, that mitochondria-containing particles from BMSCs 

appeared to be inside the cytosol of ρ0 astrocytes but were likely on its surface. 
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Figure 30.  Cyclosporin A (CpA) treatment of spheroid co-culture (BMSC and ρ0 eGFP astrocyte) 

does not induce mitochondrial transfer 

(a) Heterogenous spheroids (BMSC/ρ0 eGFP astrocytes) (1), were treated with CpA for 24

hours (2), digested with Accutase to render monolayers (3), transfected with mito-BFP

(blue) (4), stained with ethidium bromide (EtBr) (5).  This produced a monolayer culture

where all cells had EtBr-stained mtDNA and/or nucleoli, but ~ 30% expressed BFP in

mitochondria (6) to visualize mito-network.

(b) mtDNA is absent from eGFP-expressing cells.  White outlines show the eGFP boundary

in EtBr-only images.  Insets in images I-VIII show mtDNA(red) in segments of the BMSC

mitochondrial network (blue).  Insets in images VIII and XX show patterns of the void

within eGFP cells.
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5.5 Discussion 

Monomer Kusabira orange fluorophore 

Data from Figures 22 and 23 suggests that individual mitochondrial health is not impaired by the 

accumulation of exogenous fluorescent proteins inside the mitochondria.  The mitochondrial 

localization signal (MTS) from Cox8a was used to localize the fluorescent proteins.  Cox8a is a 

nuclear-encoded subunit of cytochrome c oxidase or complex IV. A fluorescent protein conjugated 

only to an MTS is preferable to that fused with a complete protein subunit.  If the complete protein 

with fluorophore attached assembles into a complex along with other subunits, but is attached to 

an extraneous molecule, steric hindrance might impair assembly and subsequently function.  This 

may lead to dysfunctional electron transport and/or citric acid cycle. The final location of the 

fluorophore, fused only to the targeting sequence is unknown.  There is no mechanism for the 

mKO/Cox8a-MTS conjugates to anchor to the mitochondrial outer membrane.  The subunit Cox8a 

sits centrally in complex IV, adjacent to the inner membrane, so the mKO/Cox8a-MTS conjugate 

perhaps accumulates in either the intermembrane space or the matrix. 

Because the mKO/Cox8a-MTS conjugate specifically localizes only to the mitochondria—

preventing fluorophore leakage—and is not anchored to the inner mitochondrial membrane—

preserving mitochondrial health—mito-mKO is an excellent method to fluoresce mitochondria for 

investigation of mitochondrial transfer.  Additionally, from an imaging perspective, it has a slightly 

lower extinction coefficient (light absorbing potential) and comparable quantum yield to eGFP, 

making it as bright, but more photostable (Day & Davidson, 2009). 

BMSC conditioned media as a source of energy metabolites 

All ρ0 cells are auxotrophic for pyruvate and uridine (p/u). The fact that BMSC-cultured medium 

sustained survival of ρ0 astrocytes in the absence of p/u, suggests that there is something in that 

medium that either removes the need for p/u (in the form of mitochondria or mtDNA) or contains 

metabolites that circumvent the necessity of adding p/u. 

The filtration experiments were conducted to understand the nature of trophic support of the 

BMSC-conditioned media. Unfiltered media contains dead cells/debris. Media filtered through 1.2 
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µM pores will retain vesicles large enough to contain mitochondria. Media filtered through 0.22 

µM pores will retain small molecules such as growth factors, metabolites, DNA, etc. Interestingly, 

there was no significant difference in cell viability or apoptosis between media filtered with these 

two pore sizes. This conditioned medium rescue effect is most likely explained by the release of 

energy metabolites by BMSCs such as pyruvate, glycolytic or TCA cycle intermediates for amino 

acid biosynthesis, replacing the need for additional pyruvate. Only if unfiltered medium and 

medium filtered through the larger pores had provided a survival benefit to ρ0 cells and medium 

filtered through small pores had not, an argument could be made for a direct role for BMSC 

mitochondria inside microvesicles (100-1000 nm diameter) or oncosomes (1-10 µm diameter) 

(Minciacchi et al., 2017) in rescuing ρ0 cells from p/u auxotrophy. 

What is the function of CaMPs and mitochondria on the cell’s 

periphery? 

Laser scanning confocal microscopy sheds light on the qualitative dynamics of the mitochondrial 

network and this leads to a discussion on quantifying network fracturing/reformation and 

movement of mitochondrial convoys that break away from and re-integrate into intact perinuclear 

networks. Throughout this thesis, whilst analyzing a battery of time-lapse movies and still images 

of cells with fluorescent mitochondria, one question persisted:   

“What is the purpose of mitochondrial convoys at the distal tip of a dendrite or packaged in an 

extracellular vesicle?”   

All the results presented so far indicate that these mitochondria are not in the process of being 

transferred from BMSCs to the ρ0 astrocytes. The chain of fused mitochondria at the distal end of 

membrane projection probing an adjacent cell—depicted in Figures 26 and 27— must provide 

some function as it shuttles back and forth, splitting and reforming, migrating and with a 

morphology resembling streptobacilli rather than a collection of cellular organelles.  Could these 

mitochondria provide surface-bound or internal soluble products that benefit the ρ0 cell they are 

closely associated with but do not actually penetrate (such as energy metabolites or biosynthetic 

precursors)?  Mitochondria inside a CaMP or at the distal end of a MP may indeed pass material 

to cells through gap junctions, for example, but movement of mitochondria between ρ0 astrocytes 

and immortalized BMSCs was never seen in any of the experiments for this thesis.  Connexin 43 
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hemichannels can electrically couple adjacent cells and play a role in calcium signaling between 

cells.  Mitochondrial projections in contact with ρ0 astrocytes in Figure 27 do not appear to share 

cytoplasm through fused plasma membranes.  This is evident by the fact that there is no eGFP in 

the membrane projection of the BMSC, although minute amounts of eGFP-containing cytosol, 

unresolved by the confocal microscope, may have passed through a gap junction channel along 

with small molecules and proteins.  The filamentous mitochondria inside the CaMP, changed 

conformation multiple times over a span of 180 seconds.  This change in shape suggests the 

autonomous tubule of mitochondria may have retained some activity, at least enough to allow 

movement and fission/fusion events. If a BMSC CaMP were attached to the fluid plasma 

membrane of a nearby ρ0 cell, it could perhaps provide this cell with metabolites or mtDNA to 

circumvent the need for additional p/u.  The CaMP would need to contain substrate such as acetyl 

CoA to fuel the TCA cycle, and subsequently provide electron carriers to the ETC.  Otherwise 

OXPHOS would stall, membrane potential would decrease, and the mitochondria in the CaMP 

would become dysfunctional.  The fate of non-native BMSC mtDNA inside a ρ0 cell is also 

interesting to consider.  If exogenous mtDNA managed to get transcribed and translated extra-

mitochondrially, would these proteins find their way inside the mitochondria? 

CaMP deposition may also have no intended purpose 

It has already been shown in this chapter that mitochondria contained in an extracellular particle 

are not necessarily inside a cell but may be on the outer leaflet of the lipid bilayer. Debris in the 

extracellular space (ES) can result from a multitude of membrane perturbances.  It can be a 

detached remnant of a retracting pseudopodia too energy expensive to return.  Programmed cell 

death causes cell shrinkage, chromatin condensation, mitochondrial network, nuclear and 

ultimately membrane fragmentation as apoptotic bodies containing still functional organelles.  

These, along with the large blebs appearing to be stochastically expelled from viable cells, are 

additional sources of extracellular debris.  Regardless of the source, these debris particles are 

constantly investigated by cells in vitro, shuttled across the fluid membrane by ever-rearranging 

hydrophilic heads and other membrane proteins, sometimes passed to other cells or cast onto the 

growth substrate.  If not examined in the x,y and z planes, this debris can be a false positive for 

mitochondrial transfer.   
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Limitations of LSCM in investigating intercellular mitochondrial 

transfer 

Figure 25 accentuated the importance of high resolution microscopy, evaluation of fluorescence 

in the x,y and z planes, and 3D deconvolution when exploring mitochondrial transfer.  The most 

important goal is to accurately determine where in space points of fluorescence exist. 

The ultimate validation of mitochondrial transfer using microscopy is to show a mitochondrial 

convoy leave one cell, enter a recipient and incorporate into the recipient’s mitochondrial network. 

An examination of the two-dimensional 52-minute panel in Figure 26 would suggest that 

mitochondrial transfer has occurred. It would lead one to suggest two things 1) the BMSC extended 

a TNT with mitochondria-containing cargo to the ρ0 astrocyte, and 2) these mitochondria have 

been donated and internalized into the cytosol of the ρ0 astrocyte. However, Figure 26b depicts the 

3D rendering of a highly sampled z-stack, deconvolved and zoomed into the particles associated 

with the GFP astrocyte membrane.  Now it is very clear that what can be seen as evidence of 

intercellular mitochondrial transfer in microscopy images in 2D is debunked when incorporating 

noise reduction techniques and z-plane 3D analysis. In this photograph, the mitochondrial convoys 

are in close association with the GFP astrocyte membrane, but outside it.  These results show that 

mitochondrial transfer in the conventional sense—foreign mitochondria entering a recipient’s 

cytosol—has not occurred. However, there must have been some sort of exchange of bioenergetics 

or biosynthetic intermediates, mtDNA, or secondary messengers (such as ROS, Ca2+) that played 

a role in the rescue of ρ0 astrocytes in the absence of p/u (Figure 21). 

The mitochondria-containing membrane projection segment on the eGFP astrocyte membrane in 

Figure 26 depicted CaMP deposition, with the task complete when the BMSC migrated away from 

the astrocyte. It is possible that focal adhesion points responsible for cell mobility in Figure 25 and 

26, are driven by actin filaments and integrins and have facilitated attachment of the dendrite tip 

to the recipient cell surface. Other areas might be free-floating, causing the extension to be pulled 

taut when the cell moves away from the attachment point. Figure 25b depicts the complete story: 

the distal MP attaches to a recipient cell; the projection snaps and a CaMP is deposited on the 

recipient’s cell membrane.  Antanaviciute et al. described membrane processes between laryngeal 

carcinoma cells as unadhered and floating at certain points. This phenomenon is a major 

contributor to the creation of CaMPs in the extracellular space (Antanaviciute et al., 2014).  It is 
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unknown whether these actions are deliberate or if they serve a purpose, and therefore warrants 

further investigation. 

Can mtDNA or free mitochondria travel between cells in situ? 

Extending the idea of CaMPs as agents of mitochondrial transfer, can free mitochondria, not bound 

by a vesicle’s membrane, enter a cell’s cytoplasm and enact change? Furthermore, can foreign 

mtDNA alone, free-floating or vesicle-membrane-bound, also move into cells and be 

transcribed/translated?  Expelled vesicles like exosomes have been shown to contain a myriad of 

cargoes that can impact nearby cells.  mtDNA and mitochondrial proteins have been found inside 

exosomes secreted by astrocytes and glioblastoma cells post-ultracentrifugation and with real-time 

PCR/proteomics (Guescini, Genedani, Stocchi, & Agnati, 2010).  Microvesicles have also been 

shown to contain pro-survival microRNAs from MSCs that provide cardioprotection, (Yingjie 

Wang et al., 2015). 

 Tfam and mtDNA position in the mitochondrial network 

mtDNA is contained in the mitochondrial matrix and is packaged into nucleoids by transcription 

factor A (TFAM).  Although the position of mtDNA nucleoids throughout the network is 

unknown, the continuous matrix in tubules of fused mitochondria permits mtDNA 

complementation and a varying number of mtDNA molecules per mitochondrion.  Conventionally, 

CpA is known as an inhibitor of cyclophilin D and concomitant MPTP formation.   Kim, et al., 

suggest that CpA upregulates mitochondrial transcription factor A (Tfam), a molecule with dual 

roles as a transcriptional activator and packager of mtDNA into nucleoid structures (Kim et al., 

2014).  A 2011 review in Nature by Hallberg and Larsson reveals that Tfam exists in a punctate 

distribution pattern, is present in every nucleoid and creates the nucleoid by shaping mtDNA into 

a U-turn, accreting it into this compact shape (Hallberg & Larsson, 2011).  This punctate mtDNA 

localization is pronounced in Figure 30b VI & XIV, as shown by the insets.  Therefore, the data in 

Figure 30 suggest that elevated levels of Tfam may be hyper-packaging mtDNA into these 

punctate nodes in CpA treated cells.   
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6 Primary bone-derived stromal cells (Bd-SCs) transfer 

mitochondria to ρ0 eGFP astrocytes in co-culture 

6.1 Background 

The previous chapter was unable to demonstrate mitochondrial transfer with an immortalized bone 

marrow mesenchymal stem cell line.  It became apparent that a new potential donor cell needed to 

be found.  Results in this chapter were derived from an ex vivo approach that sourced cells from 

the long bone niche.  The objective was to isolate a donor pool that contained more stromal cells 

with stem-like (less differentiated), mesenchymal cell characteristics. 

6.2 Bd-SCs populate ρ0 astrocytes with mitochondria 

For these experiments, the long bones of mito-DsRed2 mice (supplied by the Neuzil lab at the 

Institute of Biotechnology, Czech Academy of Sciences, Prague, Czech Republic) were used.  

Okabe et al., describe the generation of these mice.  Briefly, the mitochondrial targeting signal 

(MTS) from mouse Atp5g1 (subunit 9, or su9, of the ATP synthase FO complex) was amplified by 

PCR and cloned in frame into the multiple cloning site of pDsRed22-N1. A fragment of DNA 

containing su9 MTS linked to DsRed22 was excised and cloned into a pUC-CAGGSneo vector, 

which uses the CAG promoter to drive transgene expression.  The resultant CAG/su9-DsRed22 

transgene was injected into B6D2 F1 x B6D2 F1 fertilized eggs; thus, creating transgenic mice 

ubiquitously expressing DsRed22 from the CAG promoter and targeted to the mitochondria with 

an Atg5g1 MTS (Hasuwa et al., 2010). 

The femur and tibia of mito-DsRed2 mice were dissected, drained of bone marrow, enzymatically 

treated, cut into ~500 µm fragments, plated directly in glass-bottomed confocal wells, and cells 

allowed to migrate out from bone compartments.  After 3 days, cell types were apparent.  Mito-

DsRed2 Bd-SCs were identified morphologically as having a fibroblast phenotype with multiple 

membrane processes of diverse size.   Although the protocol is meant to enrich for stromal cells, 

smaller cells that appear to be hematopoietic progenitor cells do exist in the culture.  Therefore, a 

designation of bone-derived cells (BdCs) is a better-suited term for the cell culture as a whole.   
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These were used for co-culture experiments once colonies had reached sizes of approximately 500 

µm (Figure 31).  The potential recipients eGFP ρ0 astrocytes were then co-cultured (40,000 cells 

per well) with the adherent mito-DsRed22 SC colonies.  
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Figure 31.  Isolation of mito-DsRed2 primary bone-derived stromal cells (BdCs) 

In (a), the workflow for BDC isolation is described: 6-8-week-old mito-DsRed mice were killed 

by cervical dislocation, the body sterilized with 70% ethanol, the hindlimbs detached and kept on 

ice in complete media with penicillin/streptomycin.  The femur and tibiae were minced into 

approximately 1 mm sections prior to digestion and, after a 3-day purge of hematopoietic cells, 

cut into smaller shards of bone.  These bone shards were then plated on glass; after ~3 days stromal-

like cells migrated onto the glass out of the bone (b, 4X).  Bd-Cs fluoresce maximally at 582 nm 

(red) (c, 60X).  
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The plating medium for seeding the ρ0 eGFP astrocytes contained pyruvate and uridine to establish 

initial adherence and growth of cells lacking mtDNA.  After 3 days in co-culture, the medium was 

exchanged for media without pyruvate and uridine.  After 8 days in co-culture, 5 days after the 

removal of pyruvate and uridine (-p/u), the cells were imaged using LSCM.  In a co-culture of ρ0

eGFP astrocytes and mito-DsRed22 primary BDCs, 20% of the green ρ0 cells were repopulated 

with what appeared to be a full complement of red mitochondria (Figure 32a & b).  Repopulation 

did not occur in the presence of pyruvate and uridine although, under these conditions, there were 

mitochondria-containing particles visible in the extracellular space, both on the glass substrate and 

associated with GFP ρ0 astrocyte membranes.  This experiment was repeated three times, the final 

repeat part of a time-course to be discussed with Figure 33.  Although the initial experiment yielded 

a 20% incorporation of Bd-SC mitochondria by ρ0 eGFP astrocytes, the repeats demonstrated a 

~5-fold reduction in the number of mitochondrial repopulation events (data not shown).  It is 

unknown why the magnitude of mitochondrial transplantation could not be recapitulated, but it is 

possible that the ex vivo nature of the experiment leads to variation not seen with immortalized 

cell lines.  

The ρ0 cell morphology changed when pyruvate and uridine were removed. The bipolar fibroblast 

phenotype, clustering side-by-side as density increases, changed to a planar, multipolar cell. Cell-

cell contact was made by distinct processes rather than large swaths of soma.  Staining the -p/u bi-

culture with EtBr after 6 weeks of coexistence (Figure 32c) showed that mtDNA was present in ρ0

eGFP astrocytes, further confirming the presence of exogenous mitochondria. 
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Figure 32.  In the absence of pyruvate and uridine, primary mito-DsRed2 Bd-SCs supply ρ0 eGFP 

astrocytes with mitochondria in co-culture  

(a) After 10 days in co-culture, 7 days without p/u, mito-DsRed2 Bd-SCs (red) transfer

mitochondria to ρ0 eGFP astrocytes.  The same co-culture with p/u does not exhibit the

large-scale reestablishment of branching Bd-SC mito-networks.

(b) In the co-culture without p/u in (a), 30 cells were double positive (DsRed+, eGFP+) of the

157 eGFP+ cells counted (20%) (n=2 biological replicates and n=6 technical replicates or

number of images analyzed).  With p/u, 450 eGFP+ cells were analyzed, and none were

found to contain a DsRed2+ Bd-SC mito-network.

(c) Ethidium bromide (red) staining was performed on a 6-week co-culture of Mito-DsRed2

Bd-SCs and ρ0 eGFP astrocytes.
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Multiple nuclei were observed in ρ0 eGFP astrocytes with a full complement of DsRed2 

mitochondria. In Figure 33a, cells were co-cultured without pyruvate and uridine, and the nuclei 

per cell counted.  DsRed2+ eGFP+ cells, 24 hours after p/u removal, had an average of 2.5 

nuclei/cell (n/c), peaking on day 4 at 3 n/c.  This was followed by a drop to mononucleated cells 

from days 6 to 9 (Figure 33a).  Representative images of DsRed2+ eGFP+ cells at various days post 

p/u removal show cells in the early timepoints that are larger, with multiple nuclei that have defined 

borders (Figure 33b).  

The DsRed2 BDCs contained both mesenchymal and hematopoietic cells, which were identified 

by expression of CD105, a mesenchymal stem cell marker and the hematopoietic cell marker CD45 

respectively.  The decreased cell size of the CD45+ BDCs, when compared to the CD45- stromal 

cells, was consistent with morphology of a hematopoietic cell.  Astrocyte monocultures were 

negative for both CD45 and CD105.  Long-term co-cultures of BDCs and ρ0 eGFP astrocytes were 

stained to elucidate if the mitochondrial transfer event could be the result of cell fusion. CD45, a 

hematopoietic cell marker, was not present on eGFP-expressing ρ0 eGFP astrocytes. In the bottom 

row of Figure 33cX, CD45 positivity was confined to a Bd-HPC as it interacted in a separate-but-

intimate manner with a CD45-/eGFP astrocyte (Figure 33c).   

In 33cXII, a large cell ~150 µm across shows expression of cytosolic eGFP and cell membrane-

bound CD105 while surrounding cells express one or the other.  Additionally, this double positive 

cell was bi-nucleated, whereas the ρ0 eGFP astrocyte in co-culture with a CD45+ bone-derived 

hematopoietic progenitor cell (Bd-HPC) had only one nucleus.  Positive (bottom left cell—red 

only) and negative controls (top left cell—green only) for CD105 staining in the same image 

support cell fusion: a large cell expressing eGFP (unique to ρ0 astrocyte) and CD105 (unique to 

Bd-SCs), containing two nuclei, and existing in a culturing dynamic that fosters the transfer of 

entire mitochondrial networks.  
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Figure 33.  Cell fusion is a possible mechanism of mitochondrial transfer between Bd-SCs and 

ρ0 eGFP astrocytes 

(a) The number of nuclei per double positive DsRed2+/eGFP+ cell. The standard error is

representative of technical replicates (n), or number of images in each group (day), and

each group had x number of double positive cells (DsRed2+, eGFP+) analyzed: Day 1 (n

= 2, x = 2), Day 4 (n = 2, x = 2), Day 4 (n = 4, x = 4), Day 6 (n = 2, x = 8), Day 7 (n = 7,

x = 34), Day 9 (n = 4, x = 6).

(b) Fluorescent images of 4 timepoints in (a) show multi- and mono-nucleated double positive

cells (DsRed2+, eGFP+).

(c) Immunocytochemistry on ρ0 eGFP astrocytes and bone-derived stromal cells alone and in

co-culture. CD45.2- and CD105 Alexa Fluor 647 (red) on hematopoietic (V, VI),

mesenchymal stem cells (VII, VIII), and ρ0 GFP astrocytes (I-IV).  A co-culture of ρ0

eGFP astrocytes and CD45+ cells (X).  In XII, a cell expressing both eGFP and CD105,

and containing 2 nuclei.
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6.3 Tactile interactions with ρ0 eGFP astrocytes differ between Bd-

HPC and SCs in co-culture  

Hematopoietic progenitor cells (Bd-HPC) and stromal cells (SC), both originating in the bone 

tissue, interacted with ρ0 eGFP astrocytes in starkly different ways in a 2-D co-culture.  Multiple 

mito-DsRed2 Bd-HPC, ~1/15th the size of p/u-deprived ρ0 eGFP astrocytes, gravitated towards and 

interweaved through the ρ0GFP astrocyte membranes, yet remained distinct. Cell fusion was not 

observed between the Bd-HPC and ρ0 eGFP astrocytes.   

Separating each optical slice of a z-stack acquisition, Figure 34a shows a ρ0 eGFP astrocyte 

surrounding 5 Bd-HPCs without intra-cytosol incorporation or cell fusion.  The Bd-HPCs seemed 

to puncture the astrocyte soma; holes appear as if they are lined with membrane, holding cytosolic 

eGFP inside the cell.  Bd-HPCs remained distinct and with intact plasma membranes.  The 

displacement of cytosolic GFP in the ρ0 eGFP astrocyte made the cellular holes visible.  When 

examining Z1 and Z6, it was evident that the astrocyte never closes around the Bd-HPCs, 

confirming that they are separate entities with defined borders.  Figure 34b shows another example 

of Bd-HPCs being sequestered by ρ0 eGFP astrocytes yet appearing to retain their Bd-HPC plasma 

membrane.  If not inside the astrocyte, the Bd-HPCs could have gap junctions across the entire 

section in contact with the astrocyte, exchanging ions, proteins, DNA, microRNAs, etc.   This 

phenomenon occurred in about 7% of the astrocytes and usually in an environment where the cell 

density was low, the Bd-HPC outnumbered the SC, and when the SC appeared large and quiescent 

(Figure 34c, white arrows).   

Conversely, the ρ0 eGFP astrocytes clustered around colonies of compact, proliferative SC when 

the overall cell density was higher, but the ratio of SC to Bd-HPC was below 1 (Figure 34dI).  

When the ratio of SC to Bd-HPC was higher, the ρ0GFP astrocytes were more evenly dispersed 

and clustered less (Figure 34dII & III). 

The results in this chapter demonstrate that mitochondrial transfer occurs from primary bone-

derived cells to ρ0 eGFP astrocytes in an ex vivo environ and suggests that cell fusion from a 

CD105+ cell is the mechanism. 
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Figure 34.  ρ0 eGFP astrocytes engulf hematopoietic progenitor cells (Bd-HPCs) but aggregate 

onto stromal cells (SCs) 

(a) 6-slice Z-stack (Z1-Z6), of Bd-HPC (red) and ρ0 eGFP astrocyte, it (Z1, cartoon inset 1),

(Z1, cartoon inset 2).  In all circumstances, eGFP was displaced by Bd-HPC and created

a void.  The collapsed z-stack shows that the Bd-HPCs are DsRed2+.

(b) Two Bd-HPCs flanking the nucleus of a ρ0 eGFP astrocyte also displaced eGFP.

(c) Large SCs (white arrows) did not appear to interact as closely with ρ0 eGFP astrocytes.

(d) ρ0 eGFP astrocytes clustered on a colony of compact SC (I), or more dispersed (II & III).
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6.4 Discussion 

Paracrine support and mitochondrial transfer 

Cells in a long bone-derived culture include mesenchymal stem cells (stromal cells), hematopoietic 

progenitors and, likely, osteocytes, osteoblasts and osteoprogenitors.  Paracrine support from 

primary bone-derived stromal cells (BDCs) could prolong viability of ρ0 eGFP astrocytes in the 

absence of pyruvate and uridine.  Preliminary data (n =1) in Figure 35 depict a 4-day co-culture 

composed of 12% BDCs and 88% ρ0 eGFP astrocytes (among other ratios) in the absence of 

pyruvate and uridine; the 12% BDCs provided significant support to the ρ0 eGFP astrocytes and 

kept a majority alive compared to ρ0 eGFP astrocytes cultured alone with pyruvate and uridine.  

As seen in Figure 19, eGFP is lost when ρ0 eGFP astrocytes die; therefore, the length of time 

required to populate a eGFP+ gate with the same number of cells will vary dependent on the 

presence of GFP in the sample.  As the number of BDCs goes down in the co-culture, their ability 

to keep ρ0 eGFP astrocytes alive also goes down.  So, the lower the number of living eGFP 

astrocytes, the less GFP and the longer it will take to populate the eGFP+ gate (Figure 35).  To 

exclude paracrine support and promote mitochondrial transfer, the ratio of bone cells to ρ0 cells 

likely needs to be kept below 10%.  A higher proportion of BDCs may render the transfer of 

mitochondria unnecessary, as constituents released from an abundance of BDCs may suffice in 

keeping ρ0 cells alive.  The distribution of long bone fragments, throughout the wells of the custom-

made confocal cell culture plates, is important in achieving this sub-trophic environment 

conducive to mitochondrial transport.  The size of the bone fragments directly relates to the number 

of potential donor cells that migrate out of the bone. 

As indicated in chapter 4, a constituent(s)(x) of conditioned BMSC medium allows ρ0 eGFP 

astrocytes to survive for 4 days without added pyruvate.  Hypothesizing that BDC medium does 

the same, and considering mitochondrial transfer into ρ0 eGFP astrocytes only occurred in the 

absence of pyruvate/uridine, it is possible that the signal from ρ0 cells prompting fusion/mito-

transfer is only emitted in co-culture conditions low in x.  An initial supply of x may prop up the 

TCA and glucose oxidation, but at some point, a mito-acquisition signal was released, which 

resulted in cell fusion.  This signal could conceivably be intermediate metabolites of a stalled TCA 

or similar.   
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A plausible example of a signal emitted from ρ0 cells is α-ketoglutarate, a substrate for conversion 

to succinyl-CoA by α-ketoglutarate dehydrogenase, requiring NAD+ and Coenzyme A.  In the 

absence of NAD+, α-ketoglutarate would accumulate and, unlike the impermeable NAD+/NADH, 

descend the concentration gradient through the malate/α-ketoglutarate antiporter out of the 

mitochondrial matrix and into the cytosol.  Elevated cytosolic α-ketoglutarate could lead to 

increased glutamate production.  In this scenario, could extracellular glutamate released from ρ0 

eGFP astrocytes act as an attractant of BDCs willing to donate themselves, or their mitochondria?  

An experimental set up to test this could involve inhibition of ρ0 eGFP astrocyte α-ketoglutarate 

dehydrogenase using arsenite in the presence of pyruvate and uridine and subsequent co-culturing 

with BDCs. 
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Figure 35.  ρ0 eGFP astrocytes increase as the percentage of BdCs increase in the co-culture 

Viability and GFP level of eGFP positive ρ0 astrocytes changes when co-cultured with DsRed 

bone-derived cells [Preliminary data (n=1)]. 
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Cell fusion, a more plausible mechanism for mitochondrial transfer 

Results in this chapter challenge the notion of discrete packages of mitochondria immigrating 

through TNTs into a new cell.  Figures 32 and 33 evidently suggest that cell fusion is a plausible 

explanation for the colonization of eGFP ρ0 astrocytes with non-native MSC mitochondria.  The 

rapidity with which non-native mitochondria so expansively populated eGFP cells raises questions 

on the timeline of mitochondrial biogenesis.  Rat cardiomyocytes have a network comprised of 

~10,000 mitochondria, each with a half-life of 14 days, with new ones being synthesized every 4 

minutes (Gottlieb & Stotland, 2015). Under these conditions, a convoy of 10 mitochondria, for 

example, purposefully jettisoned from a donor’s network, entering a ρ0 cardiomyocyte, would take 

over 60 hours to restore a complete network.  This estimate makes numerous assumptions, 

however.  Mitochondrial biogenesis is a coordinated event between the nucleus and mitochondria.  

Crosstalk between non-native mitochondria and recipient nucleus needs to be well established 

prior to large scale mito-complementation.  Thousands of nuclear-encoded proteins, including 

those for mtDNA replication and gene expression (i.e. TFAM, mtSSB and polymerase-γ) are 

transcribed and translated on cytosolic ribosomes and imported into mitochondria during 

mitogenesis (Jornayvaz & Shulman, 2010).  A ρ0 human bone osteocarcinoma cell (143BTK-) 

microinjected with a single HeLa mitochondrion has been shown to regain a full complement of 

donor mitochondria in approximately 35 doubles.  These reversed ρ0 cells also showed a restored 

respiratory capacity with normal oxygen consumption rates and cytochrome C oxidase (COX) 

activity (King & Attardi, 1989).  In summary, this evidence suggests that the extensive 

mitochondrial network in the eGFP-expressing cells, after 8 days in co-culture with BDCs, is not 

resultant of the transfer of a few mitochondria, and that the reversal of pyruvate/uridine auxotrophy 

is due to restored respiratory capacity. 

Mitochondrial biogenesis, and hetero-mitochondrial fusion requires significant adaptations for 

both mitochondria and nucleus.  Cell fusion, particularly that involving MSCs, is an established 

process in multiple biological systems.  The fate of the nuclei in a heterokaryon—one cell housing 

two nuclei from the fusion of two cells with different lineages—can follow a multitude of paths.  

A synkaryon (2N) can form by the expulsion of an entire, intact nucleus; posing the question of 

which nucleus will ultimately control the fate of the cell. The nuclear membranes can fuse and 

create a tetraploid (4N) or two nuclei can co-exist, stably (2N+2N) (Weimann et al., 2003).  
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Chromosomal loss or resorting might occur with a similar mechanism to reduction division in 

somatic meiosis or multi-polar spindle formation in mitosis (Ogle, Cascalho, & Platt, 2005). 

Whether or not selection and recombination of chromosomal DNA is tightly controlled, or a 

stochastic event is currently unknown. However, evaluating literature on fusion and data in Figure 

33, it’s clear nuclear reprogramming can lead to gene expression of proteins unique to each cell 

within the fused cell.  In the bottom, right panel of Figure 33cXII, the cell expressing both CD105 

and cytosolic GFP is a pseudo heterokaryon with a bi-lobed nucleus, possibly undergoing nuclear 

fusion at the time of fixation.  Although reprogramming might have been completed, allowing 

transcription and translation of CD105 and GFP, it’s possible that their presence precedes fusion.  

It’s plausible to infer that nuclear/mitochondrial reprogramming and concomitant mito-nuclear 

crosstalk has allowed BDC/ρ0 eGFP astrocytes to exist stably as hetero- and synkaryons.  Although 

nuclear/mitochondrial reprogramming seems successful, the MSC mitochondrial network would 

have to co-exist with ρ0 mitochondria devoid of mtDNA unless new and old mitochondria would 

fuse, sharing mtDNA or ρ0 mitochondria would be degraded by mitophagy.  

Forced cell fusion using ρ0 cells has been used in the literature to determine the correlation between 

aging and mtDNA mutations, as pertains to changes in respiratory function, providing insight into 

the fate of ρ0 and wt mitochondria in one cytosol (Ono, Isobe, Nakada, & Hayashi, 2001).  ρ0 cells 

unambiguously provide evidence of whether mutated mtDNA in patients with mitochondrial 

disease contributes to disease pathology.  The proximity of mtDNA to ROS-generating respiratory 

chains makes it vulnerable to spontaneous damage over time.  Mitochondrial complementation is 

a cellular defense mechanism to suppress expression of mutated mtDNA in a network-linked 

mitochondrion.  Mitochondria fuse inner and outer membranes, exchanging matrix contents.  A 

mitochondrion incorporated into a mito network segment will preferentially express mtDNA 

shared with it, over its own mutated DNA.  This strengthens the idea that the mitochondrial 

network as a whole is a single respiring entity, the mitochondrion as a unit pruned if beyond help, 

or supported to add oxidative power to the cell (Sato, Nakada, & Hayashi, 2009).  Mitochondrial 

complementation occurs in cells fused with polyethylene glycol (PEG).  Two populations of HeLa 

cells, one labelled with mito-RFP and the other with mito-GFP, were fused together with PEG.  

Four hours after cell fusion, RFP/GFP co-localization in some mito-network segments was present, 

mito-fusion events found to be mitochondrial membrane dependent (Legros, 2002).  Human ρ0 

cells fused to synaptosomes—isolated neuronal synapses containing mitochondria—had a restored 
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presence of mitochondrially synthesized proteins and were able to grow on selective media without 

pyruvate and uridine (Inoue et al., 1997).  To investigate complementation on specific mtDNA 

mutations Ono et al. made two different cybrids.  One cybrid was made by the fusion of ρ0  HeLa 

cells with an enucleated fibroblast carrying a pathogenic mutation in tRNAIle (A4269G), the other 

a product of ρ0 143BTK cells fused with enucleated fibroblasts with a tRNALeu(UUR) pathogenic 

mutation (A3243G).  Both tRNA’s are encoded in mtDNA.  Mitochondrial translation is impaired 

in both cybrids and they are both completely respiratory-deficient.  When these cybrids were fused 

together, creating ρ0 HeLa-A4269G / ρ0 143BTK-(A3243G) hybrid clones, they became 

respiratory-competent.  This indicates that mitochondrial fusion, and subsequent 

complementation, acted as a compensatory mechanism to express tRNALeu(UUR) and tRNAIle in a 

single mitochondrion (Ono et al., 2001).  In summary, the rescue of respiratory-deficient 

mitochondria by acquisition of non-native mtDNA is plausible.  This suggests that ρ0 eGFP 

astrocyte mitochondria may have fused with BDC mitochondria and restored their respiratory 

capacity. 

Overall, data in this chapter indicate that ρ0 eGFP astrocytes may have fused with mito-DsRed2 

expressing BDCs on their own volition to overcome a mortal inability to make ATP, nucleotides 

or biosynthetic precursors, and that this cell fusion provides at least the same support as exogenous 

pyruvate and uridine, based on hybrid cell growth in their absence.  However, the physiological 

importance of fusion between an astrocyte and bone derived cell is obscure: in what context would 

a cell originating in the bone marrow niche ever encounter an astrocyte of the brain in vivo? As 

described in chapter 1, there are circumstances where this does happen, particularly in Purkinje 

cells of the cerebellum. 

MSCs preferentially fuse with astrocytes in vitro 

The data presented in Figure 33 suggests that CD105+ cells in the bone-culture milieu are superior 

for fusing with ρ0 eGFP astrocytes to the BMSC line used in previous chapters.  CD105 expression 

is one of three required markers to characterize a cell as a mesenchymal stem cell (MSC).  

Therefore, Figure 33 suggests that ρ0 eGFP astrocytes fuse with mito-DsRed2 MSCs (derived from 

bone), and that the resultant hybrid cell has a full complement of functional BDC mitochondria.  

The heterotypic double positive cells (DsRed2+/GFP+) in Figure 32a, are healthy as evidenced by 
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their planar morphology, branching membrane, retention of GFP and reticulated, tubular 

mitochondrial network. Collectively, these data suggest that, in the absence of pyruvate/uridine, 

fused Bd-SC/ρ0 eGFP astrocyte syncytia survive and proliferate in medium devoid of uridine and 

pyruvate, suggesting these syncytia can fulfil all their bioenergetics and biosynthetic requirements.  

Fusion of astrocytes and stromal cells seems to reach equilibrium with a single nucleus over time.  

Whether this occurs by an amalgamation of reshuffled chromosomes from each nucleus or by 

retention of the dominant nucleus is currently unknown and needs further investigation.   

Factors for Bd-HPC maintenance 

When preparing stem cell cultures specifically from compact long bone, the compact cortical bone 

must be thoroughly flushed and washed to remove most of the Bd-HPCs and enrich for osteogenic 

MSCs.  The red (cells of hematopoietic origin) and yellow (rich in adipocytes) marrow and 

vasculature is removed and the bone chips are considered fit for culturing when visibly whitened. 

This protocol followed the protocol by Zhou et al. on the isolation of MSCs from compact bone 

(H. Zhu et al., 2010).  However, some Bd-HPCs can remain attached to the endosteal surface of 

the bone chips as Bd-HPCs were continually present throughout culturing.  Over time these Bd-

HPCs would aggregate on stromal cells and render the stromal cells quiescent with fractured and 

dull mitochondrial networks, which became exacerbated with each passage.  It’s possible that Bd-

HPCs are auxotrophs to the collective bone niche and require factors secreted by nearby cells, such 

as IL-3 and/or SCF, for their survival (Morrison & Scadden, 2014).  Once bone-derived stromal-

enriched cell populations were sub-cultured, the paracrine support in such high concentration was 

removed.  Therefore, in Figure 34 due to the low abundance of these supportive factors, Bd-HPCs 

had to migrate to the source of these factors (stromal cells) for their survival.  

Although this Bd-HPC behavior is peculiar, it might have its origins in the endosteal niche where 

80% of Bd-HPCs reside.  This is a region in the marrow proximal to the inner bone surface and is 

rich in fenestrated vasculature, allowing cells to migrate between vessels.  Endothelial cells that 

make up the inner lining of arterioles and sinusoids, as well as a multitude of other cells in 

perivascular space, regulate Bd-HPC self-renewal, hibernation and multipotency based on the 

body’s requirements.  Factors that regulate Bd-HPC maintenance in the perivascular niche include 

the chemokine CXCL12, stem cell factor (SCF) and angiopoietin, secreted by endothelial cells 
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(EC), CXCL12-expressing mesenchymal progenitors (CEMP) and MSCs (Anthony & Link, 2014; 

Morrison & Scadden, 2014).  Of particularly interesting note, axons of the parasympathetic 

nervous system ensheathed by GFAP+ non-myelinating Schwann cells are also present in the Bd-

HPC perivascular niche.  These Schwann cells activate latent transforming growth factor beta 

(TGF-β) to maintain Bd-HPC dormancy, a state of hibernation out of which Bd-HPCs are roused 

into the cell cycle to proliferate as their demand increases.  TGF-β activation incites the Smad 

signaling cascade and, in another pathway, inhibits cytokine-induced lipid raft clustering, both of 

which retain Bd-HPCs in a state of dormancy (Yamazaki & Nakauchi, 2014).  The battery of 

auxiliary cells in the endosteal/perivascular Bd-HPC niche, a hypoxic environment with reduced 

Bd-HPC metabolic activity, are tasked with governing this critical balance of proliferation vs. 

quiescence (Anthony & Link, 2014).  Megakaryocytes and Bd-HPCs themselves produce TGF-β 

in latent form, complexed with latency-associated complex (LAP) and latent TGF-β binding 

protein-1 (LTBP-1) in the extracellular space.  TGF-β must be dissociated from LAP to become 

active (Yamazaki & Nakauchi, 2014).  Tran et al., have shown that latent and active TGF-β are 

present in the media of primary astrocyte monocultures—cells isolated from murine neonatal 

brains—and that astrocyte TGF-β regulates brain capillary endothelial cell function (Tran, 

Correale, Schreiber, & Fisher, 1999).  Integrin-β8 on the cell surface of astrocytes can bind latent 

TGF-β, releasing active TGF-β through proteolytic activity of membrane type 1 metalloproteinases 

(MT1-MMP)(Cambier et al., 2005).  It’s possible that the dual function of latent TGF-β release 

and local activation by astrocytes creates a high concentration of active TGF-β in the immediate 

vicinity surrounding an astrocyte’s cell membrane, serving as a chemoattractant to Bd-HPCs in 

co-culture.  Furthermore, Yi et al., show that hepatocellular carcinoma ρ0 cells (Hep3B/ρ0)—made 

by EtBr-induced mtDNA ablation—have double the c-Jun/AP-1 activity due to mitochondrial 

dysfunction compared to the parental line, elevating TGF-β expression (E.-Y. Yi, Park, Jung, Jang, 

& Kim, 2015).  It is possible that any of these required factors for Bd-HPC maintenance is secreted 

by ρ0 eGFP astrocytes in the absence of pyruvate and uridine, but a gradient of active TGF-β 

concentration is most plausible as glia reside in the endosteal niche.  Whether the increased TGF-

β phenomenon would have its roots in de novo pyrimidine biosynthesis or pyruvate metabolism is 

uncertain.  The question that arises from the aforementioned theory is why, if increased active 

TGF-β levels incite Bd-HPC recruitment due to dysfunctional mitochondria, does this recruitment 

not occur when pyruvate and uridine are present in the media?  
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Identifying the cells in a bone-derived culture 

Primary stromal cultures growing out of the bone fragments prior to passage displayed healthy, 

spindly fibroblast morphologies, ~24-hour doubling times and bright, tubular mitochondrial 

networks (DsRed2).  Although these stromal-like cells were dominant, pockets of cuboidal and 

polygonal cells of various sizes and mito-DsRed2 intensities were also evident.  Included in these 

cultures were Bd-HPCs, as per CD45 staining, but they didn’t display the parasitic behavior of 

subcultured cells.  Bone fragmentation for growth in vitro releases diverse cell types and creates 

an ex vivo microcosm that changes over time due to dilution of original growth factors, different 

growth rates and growth requirements of the various cell types. The mincing of bone fractures 

lacunae and releases osteocytes.  Bone lining cells and osteoblasts/osteoclasts of all differentiation 

stages, lining Haversion canals and spongiosa, can migrate outward from bone chip centers.   

Independent isolation protocols for osteoclasts and osteoblasts call for a similar practice of 

fragmenting the bone and rendering it clear of marrow and blood vessels, but they differ in the use 

of induction media for long term cultures.  For osteoclasts, Tevlin et al., include RANKL, among 

other constituents, to stimulate osteoclast generation (Tevlin et al., 2014).  The gold standard for 

osteoblast induction is the addition of dexamethasone (induces expression of Runx2), β-

glycerophosphate (phosphate source for hydroxylapatite production), and ascorbic acid (increase 

collagen type 1 production)(Czekanska, Stoddart, Richards, & Hayes, 2012).  In osteocyte 

isolation, Stern et al. describes a protocol using a 7-step serial bone digestion with collagenase and 

EDTA, followed by culturing them on type-1 rat tail collagen (Stern et al., 2012).  The goal of 

these protocols, however, is to have an enriched culture that is optimally uniform.  If bone chip 

outgrowth cultures are left to cultivate naturally with standard cell culture constituents, cell 

signaling in the heterotypic milieu will also commit stem cells down certain lineages. 

The bone niche microenvironment is plastic and makes identifying the mitochondrial donor more 

complicated versus using an immortalized cell line or uniform primary culture.  Bone-trapped 

osteocytes, released by bone-eating osteoclasts, can regain proliferative capacity, regress back up 

their lineage and possibly reenter the MSC population.   Perivascular cells share many of the same 

markers as MSCs, including CD105, CD73 and CD90 and are thought to be MSC ancestors 

(Caplan, 2008).  They are osteo- and myogenic which speaks to their multipotency.  It is this 

plasticity in the compact bone niche that raises the question about possible in vitro 
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dedifferentiation.  It seems logical that, what we assume are multipotent MSCs might, in fact, be 

preosteoblasts at various stages on the spectrum of osteogenic differentiation.  The same can be 

thought of the preosteoclast population as relates to parental Bd-HPCs/monocytes/macrophages.  

Torreggiani et al., identified that ~95% of cells expressing Dmp1GFP—osteocyte-specific 

protein—were confined within bone chips in vitro.  When they crossed Dmp1Cre and Ai9 mice—

Cre recombinase expression governed by the Dmp1 promoter and tdTomato downstream of a 

floxed stop cassette, respectively—there were a plethora of tdTomato-expressing cells that 

migrated out of the bone and onto the cell culture substrate.  These data indicates that these cells 

are of osteocyte lineage but are uncharacteristically mobile and/or proliferative for an osteocyte.  

They also show that Dmp1Cre/Ai9+ (tdTomato+) cells are CD45-, have a CD105+/CD90+ 

subpopulation, and are capable of mineralization (Torreggiani et al., 2013).  Collectively, these 

data suggest that osteocytes can dedifferentiate into osteoblasts and even MSCs themselves.   

In addition to osteogenic lineages, MSCs are precursors to adipogenic, myogenic, and 

chondrogenic cells.  When bone is broken, hypertrophic chondrocytes deposit cartilage matrix as 

a scaffold for osteoblasts to replace with bone, like endochondral ossification during growth.  Zhou 

et al., have crossed Osxflox/flox transgenic mice with multiple mouse lines containing Cre 

recombinase expression governed by promoters specific to hypertrophic chondrocytes and 

chondrocytes. This osterix gene contains a stop cassette flanked by loxp sites upstream of an EGFP 

sequence.  When crossed with one of the Cre mouse lines, only hyperchondrocytes/chondrocytes 

will produce Cre, and only a cell actively transcribing osterix will produce EGFP.  Because osterix 

(Osx) is only expressed in mature osteoblasts, the authors suggest that chondrocytes can revert to 

osteoblasts for bone formation once the cartilage template is complete; and, they have further 

confirmed this notion by showing colocalization of osteocalcin and EGFP throughout trabecular 

and cortical bone (Zhou et al., 2014).  Therefore, because of the bidirectional swing between 

terminally differentiated and the multipotent it is difficult to identify what specific cell type(s) are 

prone to fusing with ρ0 astrocytes, whereby donating themselves and their mitochondria. 
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7 Challenges of light microscopy in visualizing 

mitochondrial transfer 

7.1 Background 

As more papers reported images of discrete mitochondrial convoys travelling along TNTs into the 

cytosol of another cell, the following question became critical to answer:  

 Is the resolving power of the Olympus FV1000 laser scanning confocal microscope sufficient to 

capture intercellular mitochondrial transfer?  

An ovoid mitochondrion ranges in size from 0.5 to 2 µm (Freya & Mannellab, 2000).  The best 

spatial resolution in an optimally functioning single photon LSCM with aligned optics is 

approximately 600 nm in the optical axis and 250 nm in the specimen plane, achieved by using a 

100x objective with a numerical aperture of 1.3 and bright, stable and non-phototoxic 

fluorophores. The small size and the limited resolving power of the LSCM made accurate 

visualization of an individual mitochondrion challenging.  In an ideal situation, to demonstrate the 

resolving power, microspheres—uniform, sub-resolution point sources—would have been used to 

calibrate the instrument’s optics for 3-dimensional image reconstruction. This was not the case for 

the Olympus FV1000 used to capture the micrographs in this work. 

For the work in this thesis, the major concern was fluorescence fading and phototoxicity (see 

section 1.5.1) when using the 100x objective; this made Nyquist sampling impossible at that 

magnification.  A 60x magnification accompanied by optical zooming was very effective at 

acquiring images of the mitochondrial network but could not accurately supply data on a single 

fluorescent mitochondrion.  The high resolving power of super-resolution microscopy, such as 

stimulated emission depletion (STED) or Stochastic optical reconstruction microscopy (STORM), 

would be optimal for investigating intercellular mitochondrial transfer.  

Without access to a super-resolution microscope, the research focused on optimizing sample 

preparation to capture mitochondrial transfer in real time with live-cell imaging.  In conjunction 

with optimizing the appropriate cell growth substrate for imaging, the microscope control 

parameters—i.e. laser intensity, pattern of excitation, pixel dwell time—are also vital.  Olympus 
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FluoView software controls operation of the Olympus FV100 LSCM.  To accurately represent the 

structure of mitochondria, informed adjustment of settings in this software must be done; 

particularly to reduce autofluorescence, a potential source of false positive signals.   

The sections below describe various aspects of optimizing the visualization of mitochondria and 

mitochondrial networks using the Olympus FV100 LSCM. 

7.2 The Nyquist Theorem 

The Nyquist theorem (sampling theorem) provides the criteria for converting an analog signal to 

a digital one.  With respect to laser scanning confocal microscopy, it states that the analog signal, 

or emitted photons from cells or tissue, must be sampled at a rate greater than twice the highest 

spatial frequency of the input signal.  The spatial frequency, related to image reconstruction, is the 

number of objects per spatial unit.  Highly resolved objects and those with intricate detail, such as 

a mitochondrion, contribute high frequency features to the signal.  These objects, converted into 

pixels, exist as point spread functions (PSF), the image of a single point object, and are the building 

blocks of the complete image. The PSF is a measure of the quality of an optical system and is 

characterized by the degree of outward spreading of a signal emanating from a single point, like 

the pattern a rock creates when dropped perpendicularly in water.  The water’s ripples are 

mimicked by the digitization of photons from an excited fluorophore.  In this analogy, the rock’s 

point of entry is the position of the fluorescent molecule excited by the laser and the propagated 

sinuous waves are the noise.  The summation of these PSFs is the recreation of a specimen’s 

fluorescent morphology as an image.  But, to accurately represent the analog signal, the specimen 

must be sampled appropriately to match these summed PSFs.  If oversampled, the PSF will be 

spread across too many pixels and the signal-to-noise ratio per pixel will be too low to identify the 

PSF’s center.  If undersampled, the PSF will emanate across too few pixels and the spatial 

resolution will be too low to determine the PSF center.  The optimal pixel size to choose (Nyquist) 

is approximately equal to the standard deviation of the PSF.   

Variables that contribute to identifying the ideal sampling density are numerical aperture, 

excitation wavelength and refractive index of the immersion oil (RI).  The numerical aperture (NA) 

of an objective represents the amount of light it can collect.  The RI describes the angle of light 
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rays coming from the specimen and is dependent on the medium the objective is immersed in.  Oil 

has a higher RI than air, providing a lower angle of refraction, and allows an increased number of 

light rays entering the objective lens.  Both the NA and RI will change dependent on the resolving 

power required to capture the region of interest.  A 100x objective will have a lower NA but will 

be coupled with oil as the immersion liquid to counter the reduction in light the objective lens can 

gather.  If taking Z stacks with the intention of deconvolving and creating a 3D reconstruction, the 

sampling must be high enough to satisfy the Nyquist theorem.  The mathematical derivation to 

attain optimal axial and spatial sampling is represented by the following equations where n is the 

refractive index of the immersion liquid.  

𝛼 = arcsin(𝑁𝐴 𝑛⁄ ) 

∆𝑥 =
𝜆𝑒𝑥

8𝑛 sin(𝛼)
 

∆𝑧 =
𝜆𝑒𝑥

4𝑛 (1 − cos(𝛼)

As an example, a single photon LSCM using a 60x objective with an NA of 1.2, fluorophore 

excitation/emission of 488/520 nm and an oil immersion refractive index of 1.5 requires a pixel to 

cover a lateral (x-y) area of 50 nm x 50 nm and an axial (z) thickness of 200 nm (Goodman, 1996; 

Heintzmann & Sheppard, 2007; Rottenfusser, Rudi, Wilson, Erin E., Davidson, http://zeiss-

campus.magnet.fsu.edu/articles/basics/psf.html; Shannon, 1984; “The Nyquist Rate,” 

https://svi.nl/NyquistRate).  

7.3 Kalman Filtering 

Kalman filter provides a means for inferring the missing information from an indirect and noisy 

measurement. It is a mathematical tool that estimates the data of principal interest, the signal, 

amidst electronic noise (Wu, Agarwal, Hess, Khargonekar, & Tseng, 2010).  This is achieved, in 

confocal microscopy, by repeatedly scanning a field, averaging the scans and omitting what the 

Kalman filter estimates is photonic noise.  Although this method reduces the signal-to-noise ratio 

and allows for higher photomultiplier voltages and/or laser intensities whereby contributing to a 

brighter signal, it comes at a cost.  Repeated rasterization of the sample by the laser contributes to 
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both photo bleaching and photo toxicity.  It also increases the total time it takes to scan a frame 

which can be detrimental in live cell imaging where a phenomenon of interest is short-lived.  

Generally, 3 to 4 scans per frame is an optimal balance between noise reduction, fluorophore 

stability and cell health (if applicable). 

Additionally, the pixel dwell time (µs/pixel) is an important metric to consider.  The longer the 

laser bombards a sample, the more photons are emitted, providing more information about the 

structure.  However, this comes at a cost.  There is more photobleaching and phototoxicity as dwell 

time increases. This is especially true when supplemented with Kalman filtering techniques.  

Optimal dwell-times across a broad range of imaging applications are 2 and 4 µ-second/pixel, live 

viewing and acquisition, respectively.  

When multiple fluorophores are used in one sample, each with a different exitation/emission 

profile, line sequential scanning is optimal. Ticking the Sequential box in Olympus FluoView 

causes the specimen to be scanned in their grouped order—i.e. 488 laser first, followed by the 559 

laser—and allows the choice between Line or Frame.  Sequentially scanning reduces bleed-

through when emission profiles overlap, and bandpass emission filters must include parts of the 

spectra of another fluorophore. The Line option scans the specimen one line at a time, alternating 

between each laser at each line.  This allows simultaneous visualization of all channels and is 

crucial when imaging fluorophores of low abundance or live cells where the most minute 

subcellular movement can distort the image.  Both scenarios are represented when either imaging 

punctate mitochondrial fluorescence in a recipient cell—assuming you are searching for discreet 

packages of mitochondria and not large network segments—or tracking mitochondria in living 

cells. 

7.4 Differential Interference Contrast (DIC) 

Adjustment of the light path to the specimen can be done with the polarizer or DIC prism 

(Nomarski prism).  The polarizer can block waves of photons at various degrees while the prism 

splits the polarized light, bisecting the specimen along the optical axis.  Shifting either the prism 

or the polarizer changes the angle that light paths take to the specimen.  This creates light and dark 

edges on micro features, particles associated with cell membranes or mitochondria, for example.  
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Similar to the way a light bulb in the center of a stucco ceiling illuminates the topography, this 

lightening of one edge and darkening of the opposite edge of a cell’s features creates a relief 

appearance, a pseudo 3-dimensional affect from shadow-casting. When imaging in DIC, closing 

the condenser aperture to ~12%, fine-tuning the polarizer angle and adjusting the HV and offset 

can provide this 3-D effect.  

7.5 Cell culture substrate optimal for imaging 

Discrete bundles of 10 or more mitochondria could be visualized if (1) the substrate on which the 

cells grew had the highest light transmission possible; (2) the cell adhesion was strong and 

heightened plasma membrane outreach and planarity; and (3) the fluorophore was bright, 

photostable and not phototoxic. 

Exploiting the inherent planarity and thin membranes of the astrocytes and BMSC/BDCs, a single 

optical plane can capture the entire mitochondrial network in focus if the second criteria is satisfied 

– strong cell adhesion and planar, out-stretched cells.  Because of this narrow axial focal range, a

sharp differential interference contrast (DIC) can also be achieved.  Polarized light imparts contrast 

onto cells, giving them a 3-dimensional appearance and is useful in tracking membrane projections 

containing mitochondria.   

The vessel on which the cells are grown had to satisfy the first two criteria and be logistically 

sound—cheap, quick and effective.  The optimal substrate is a coverslip 0.17 mm thick, producing 

low spherical aberration with high numerical aperture objectives—i.e. 1.2 NA 60x oil immersion.  

Below this thickness, glass distortion occurs due to pressure from the objective front lens, causing 

the optical plane in a field of view not to be uniformly in-focus.  The optimal coverslip is treated 

with HistoGrip which permanently modifies the glass surface to enhance cell attachment.  

HistoGrip from ThermoFisher—factoring in cost, ease-of-application, cell impact and duration-

of-effect—was superior to all the conventional methods of enhancing cell attachment such as poly-

lysine, laminin and nitric-acid etching.  The major disadvantage of using HistoGrip was that it can 

only be dissolved in acetone.  This made coating commercial glass-bottom confocal dishes 

impossible because, aside from the culture area, they were made of polystyrene.  Acetone will 

dissolve polystyrene.  The gold standard for culturing cells on cover glass is to either use a confocal 
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dish or place loose coverslips at the bottom of a 12 or 6-well plate.  Due to the acetone, however, 

only the latter technique was possible.   

The issue then became: what vessel, capable of holding media, can the cover glass be transferred 

into? This vessel must hold media to sustain the cell’s growth and offer unobstructed contact 

between the objective front lens and cover glass.  The initial solution was to use a live-cell imaging 

chamber from Aireka Cells to house the modified coverslips.  As in Figure 36a, threaded upper 

and lower parts screw together to secure a coverslip above an orifice for imaging.  A rubber O-

ring attached to the upper threaded insert provides a seal, so liquid can be suspended above the 

living cells on the glass.  There are drawbacks to using this metal chamber.   

Firstly, the cover glass is very susceptible to breaking and cell damage during the transfer from 

plate to chamber.  The coverslip sitting in media on the well bottom, and under surface tension, is 

difficult to remove with forceps.  Breaking of the cover glass and scraping of the cell-containing 

surface are potential problems.  Secondly, the live cells must be out of media for the time it takes 

to do the transfer.  If the transfer is too slow, this can be damaging to the cells.  Thirdly, media 

will leak if the O-ring/coverslip seal isn’t perfect.  The leak can be from a gap between metal and 

glass due to movement of the coverslip as the insert is screwed in.  This can go unnoticed and leak 

over time as it sits on the microscope stage. Fourth, it is epically low-throughput.  Each sample in 

the experiment must be individually loaded into the chambers. If there is only one chamber, this 

can be very time-consuming.  

The second method was to make custom confocal plates in-house.  As in Figure 36b, Step 1, they 

were composed of (1.1) HistoGrip-treated coverglass (0.17 mm thick, 25mm diameter), (1.2) laser-

cut polystyrene 12-well plates, and (1.3) a paraffin wax/petroleum jelly composite (paraline) as 

the mordant.  Eighteen mm diameter holes (1.1, α) were laser cut into the center of each well 

leaving a 7mm lip of polystyrene (1.2, α + β) as an attachment point for the cover glass.  The 

coverslips were prepared, as per section 2.2, in a HistoGrip/acetone solution, followed by multiple 

washes in acetone alone, EtOH then stored in 100% EtOH.  Paraffin wax pellets and petroleum 

jelly (Vaseline®) were mixed in a 3:1 ratio, respectively, and melted on a hot plate at 73ºC (1.3).  

In Figure 36c, a paintbrush was used to coat the 7mm lip with paraline (Step 2, δ). It is necessary 

to apply an ample amount to completely cover the plastic, reducing the chance for bubble 

formation when heating; but, it should be applied evenly to prevent only partially sealing the cover 
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glass to plastic.  Also, If the cover glass is sealed but not flat, the field of view on the microscope 

will yield differential focus in one optical plane.  After applying the paraline, the coverslips were 

removed from 100% EtOH and positioned using forceps over each paraline-fringed hole.  Because 

the paraline hardens within seconds, the entire plate must be baked in a dry oven at 95ºC for 1-2 

hours.  The paraline will become clear, coverslips flat and fastened to the plate bottom.  It was 

important to inspect the plate for gaps where liquid can drain out of the well.   

The complete confocal plate now has a HistoGrip-treated coverslip at the bottom of the plate bound 

to a 7mm lip (c, δ) with a layer of paraline between glass and polystyrene. The orifice (1.1, α) has 

a smaller diameter than the well itself (1.1, β).  This makes the glass cell-growth area (c, γ) an inset 

with a shallow depression.  In addition to the entire well holding culture media to sustain growth 

during imaging, this depression allows a ~250 µL bubble to remain intact under surface tension 

during rocking incubations—i.e. primary/secondary antibodies.   

Although the disadvantages to this custom confocal plate are far outweighed by the advantages, it 

is important to be aware them.  Firstly, the paraline compound gets soft at 37ºC.  The coverslips 

can slide because of the softened state of the paraline.  Therefore, they cannot be stacked on other 

plates, or the bottom touched immediately after removal from the incubator.  Although this is a 

concern, the paraline hardens in about 10 seconds after exposure to room temperature.  Secondly, 

the cover glass is very thin and susceptible to breaking. 
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Figure 36.  Cell culture plates for live-cell imaging on the LSCM were custom-made to 

accommodate optimal cell adhesion and light transmissivity 

(a) The company Aireka Cells manufactures metal chambers that house glass coverslips.

These chambers can be filled with cell culture media to perform live-cell imaging, and fit

into the LSCM stage adaptor for circular dishes ~ 60 mm.

(b) Greiner Bio-One 12-well cell culture plates were laser-cut to create 18 mm diameter holes

in the center of each well(α).  The 7-mm lip (β) provides an attachment point for glass

coverslips (Step 1.1).  In parallel, glass coverslips (0.17 mm thick, 25mm diameter –

preferably Menzel Glaser cover glass) were treated with HistoGrip dissolved in acetone

(1:50) for ~ 2 minutes.  This was followed by multiple washes in acetone alone and storage

in 100% Ethanol (EtOH) (Step 1.2).  Petroleum jelly and paraffin wax were melted together

at 73˚C and kept liquid on a hot plate while working (Step 1.3).

(c) Using a paintbrush, paraline is administered to the lip of plastic (β) described in (b).

HistoGrip-treated coverslips were removed from 100% EtOH with forceps and placed on

top of the paraline, covering the 18-mm hole.  A slight depression in the center of the well

on the coverglass (γ), created by the paraline-coated lip (δ), is the glass adhesion area for

cells(γ).  Exploiting surface tension, this area was used to incubate cells with a small

volume of probe-containing solution, and subsequently flooded with culture media for

maintenance and imaging.
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7.6 The need for 3D super-resolution to image mitochondrial 

transfer 

The colocalization of eGFP and mito-BFP (red), manifesting as an orange-yellow, is an artifact of 

diffracted light emitted from two or more convergent point sources (Airy disks) (Figure 12).  This 

convergence of the Airy disks exaggerates the proximity of the structures housing the 

fluorochromes.  Expanding this thinking, fluorophores of different colors would logically overlap 

their Airy disks as well, creating an artifact of co-localization (Figure 37b).  The size of these rings 

of diffracted light is governed largely by the numerical aperture and the subsequent degree of 

sampling.  Higher resolving power translates to a smaller Airy disk (Figure 37a, I vs III).  The 

higher the numerical aperture, however, the more laser light that hits the sample, exacerbating any 

phototoxicity or bleaching.  There is a constant battle between brightness/contrast and resolution, 

a balance difficult to strike with an instrument working at its absolute limits.  Images in Figures 

11 and 12 were taken with a 60x objective, maintaining fluorescence intensity across 16 optical 

slice acquisitions in composition of a z-stack, but clearly lacking in resolving power. 

In a fluorescent 2-D image, punctate red mitochondria within the perimeter of a green cell body, 

visualized in the x-y planes only, might exist on the cell surface when reconstructed in 3-D.  In 

Figures 25c, this is the case; the 3-D-rendering of the red points of fluorescence appear to be 

partially inside and outside the green cell soma.  The PSF can take on a spire shape, a column of 

fluorescence when examined in the x-y plane that contributes to a faux colocalization with 

fluorescence of another emission wavelength.  This speaks to the caveats of limited resolving 

power and can be remedied by using super-resolution (STED, STORM) that can more accurately 

identify the centroid of a PSF—the image-forming unit, the point light source and its diffraction 

radius.  Viewed in the x-z plane, the PSF takes on a spire shape, a column of fluorescence, and, in 

Figure 37c&d, the advantages of using STED for identifying the position of punctate fluorescence 

are clear.  Comparing standard confocal with the same structure imaged with STED, and 

subsequently deconvolved, the noise grossly misrepresents spatial position (Figure 37c). The flare 

of errant pixels (α) in the confocal counterpart to particle x is more than twice its height.  In Figure 

37d there are no defined borders between the outer green circle and inner red one, creating a yellow 

zone of overlap, a pseudo co-localization that is erroneous when compared to the Leica 
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HyVolution super-resolution microscope and, more dramatically, STED nanoscopy.  This is a 

“Simulation of red and green entities organized in two rings as seen at different levels of 

resolution.”  It is therefore paramount to consider these technical hurdles when trying to capture 

legitimate intercellular transfer of mitochondria (Borlinghaus, Rolf T., Kappel, Constantin, 2016; 

Fouquet, 2016; Rottenfusser, Rudi, Wilson, Erin E., Davidson, http://zeiss-

campus.magnet.fsu.edu/articles/basics/resolution.html; Wallace, Wes, Schaefer, Lutz H., 

Swedlow, http://bit.ly/2ydomjy).   
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Figure 37.  The accuracy in identifying a fluorescent molecule’s position in 3 dimensions 

increases as the microscope’s resolving power gets higher 

(a) The point spread function (PSF) is impacted by the numerical aperture (NA) and shrinks

as the NA increases.  Centroid fluorescence intensity diminishes, but the ability to resolve

two fluorescent particles goes up (I-III).  The Rayleigh Criterion is the minimum distance

separating two points of light, so both can be resolved as two distinct objects (V).

(b) Fluorescent points of light of different emission spectra can also overlap and may appear

as colocalization.

(c) Three images of the same object from Leica Microsystems show successive noise reduction

going from confocal microscopy to super-resolution to super-resolution with

deconvolution.

(d) The differences in resolving power between standard confocal microscopy, confocal

microscopy with Leica’s HyVolution technology, and STED super-resolution microscopy.

Areas of perceived colocalization with the standard confocal microscope are separated in

the other imaging techniques.



b

adapted from http://zeiss-campus.magnet.fsu.edu

d

α

 (from left to right): 
Confocal; STED; 
STED deconvolved

images from www.leica-microsystems.com

Particle x
α

x

x

y

z

x

c

I

IV

III

V

II

a



224 

7.7 Autofluorescence 

Laster intensity, photomultiplier voltage (PMV) and gain are adjustments on an Olympus FV1000 

LCSM that can accentuate autofluorescence and background, if not controlled for.  A vital step in 

reducing false positives due to autofluoresence is to determine the maximum laser intensity and 

PMV that can be used before unstained/fluorochrome-absent samples start to give a signal.  False 

positives were a particular concern in this project due to the punctate nature of both potential 

transferred mitochondria, and of autofluorescence.   

In Figure 38, autofluorescence from the 405 nm and 559 nm lasers mimicked protein or organelle 

distribution, with a perinuclear phenotype.  These cells have not been stained nor have they 

translated any fluorescent proteins other than eGFP.  Published images of cells with “transferred 

mitochondria” often have the same visual characteristics as the last two panels in Figure 38.  It is 

common to find a punctate autofluorescent signal localizing to a plasma membrane perturbation 

or bleb, perhaps a budding vesicle.  In Figure 13, the ImageJ script that analyzed isolated 

mitochondrial particles shows an increase in particle number in the EtBr-treated samples.   The 

PMV value was higher on these samples, however, when compared to the untreated control.  If 

autofluorescence is not controlled for, the validity of the experiment is negated.  The white arrows 

in Figure 13a point to possible autofluorescent particles.  At this stage of image evaluation, it was 

impossible to distinguish between autofluorescence and a fluorophore within a mitochondrion.  To 

address this issue, unstained cells were exposed to an excitation laser in percent increments starting 

at 1% laser power until 20%.  At each percent, the PMV was increased until autofluorescence was 

detected.  This method was repeated at different gain values and with each excitation wavelength 

laser (405, 488, 559, 633 nm).  These combinations were recorded and used as a guide to 

understand the threshold before autofluorescent particles are visualized.   
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Figure 38.  Uncontrolled use of the LSCM can produce autofluorescence that mimics punctate 

mitochondria 

 eGFP astrocytes were excited with the 405 and 559 nm lasers despite not containing specifically 

excitable molecules at those wavelengths. 
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8 Discussion 

A majority of the “mitochondrial transfer” literature published to date has proposed that 

intercellular mitochondrial transfer is an explanation for an observed reversal of a disease 

phenotype, or rescue of the deleterious effects of an injury.  As such, mitochondrial transfer 

provided a potential mechanism for the observed consequences of co-culturing damaged and 

healthy cells.  The novelty of the phenomenon of mitochondrial transfer had dampened the need 

to be exhaustive in proving the veracity of mitochondrial transfer.  This project represents a shift 

in perspective.  The primary focus of this work was to investigate intercellular mitochondrial 

transfer itself, not as the rationale for disease correction; and to begin to understand its role in basic 

developmental biology and disease.  However, the technical challenges of investigating 

intercellular mitochondrial transfer are a profoundly limiting factor in this field and need to be 

overcome to strengthen the field.   

Discrete mitochondrial transfer from astrocytes to neurons was not identified in this project, but 

mitochondrial uptake was observed from bone-derived stromal cells to mitochondrial-deficient 

astrocytes, albeit unconventionally.  Unlike much of the literature published to date, mitochondrial 

transfer was not found to occur as small network fragments migrating down TNTs into the cytosol 

of a recipient cell.  However, there is convincing evidence to support that cell fusion between 

astrocytes and bone-derived stromal cells is the mechanism by which mitochondria are transferred 

from one cell to another, at least in the ρ0 setting.   

The work in this thesis, and data in the literature, suggest that the dogma of discrete transfer or 

movement of only mitochondrial organelles between cells is false.  Much of the published data 

purporting transfer of discrete mitochondrial cargo can be explained by cell fusion.  One example 

of many is from Moschoi et al., where murine mRNA, transcribed from nDNA, was found in sorted 

human AML cells after co-culture with mouse stromal cells (Moschoi et al., 2016).  However, 

mechanics of cell fusion, subsequent nuclear/mitochondrial reprogramming and recovery of 

mitochondrial oxidative capacity in mtDNA-depleted cells could well explain the observed data 

and is worth investigating further.  The mechanism by which stem cells impart a benefit to injured 

cells, particularly in vivo, is largely unknown.   
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8.1 How would the content of a CaMP escape degradation in the 

recipient cell? 

A major hurdle for foreign mitochondria or mitochondria-containing vesicles endocytosed by a 

recipient cell is to escape from the endosomal/lysosomal degradation pathway of the recipient cell. 

To understand how this may be possible, it is necessary to examine the mechanisms already 

established for evading destruction. Biodegradable nanoparticles are used as drug delivery 

systems, the copolymers self-assembling as a coat around drug molecules in the lumen.  Once 

endocytosed, the nanoparticles rapidly escape maturing endosomes by undergoing a charge 

reversal (from anionic to cationic).  This is triggered by a reduction in pH as the endosome 

undergoes maturation.  Now positively charged, the NPs can interact with the endo-lysosomal 

membrane compartment and be expelled into the cytosol.  Once in the cytosol, the anionic state 

returns and the drug is released (Panyam, Zhou, Prabha, Sahoo, & Labhasetwar, 2002)(Figure 

39a).   

Virus particles, for example, vesicular stomatitis virus (VSV) can also escape degradation by 

endosomal acidification through a mechanism called back-fusion.  Back-fusion is a deviation of 

the endosomal pathway.  The standard trajectory ends in lysosomal degradation or endosomal 

recycling back to the plasma membrane.  Back-fusion is fusion of the membrane of intralumenal 

vesicles with the membrane of the endosomal compartment.  Once internalized and progressing 

through the endosomal/lysosomal pathway, VSV particles in multi-vesicular bodies (MVB) fuse 

with an internal vesicle.  Specifically, it is the viral coat that fuses with the vesicle, triggered, as 

before, by the acidic pH.  The vesicle lumen now contains viral coat-less ribonucleoprotein (RNP).  

The virion-containing vesicle then back-fuses with the MVB membrane and releases the virion 

ribonucleoprotein (RNP) into the cytosol for replication.  An alternate mechanism is the direct 

fusion of the viral coat with the outer membrane of the less acidic early endosome, releasing the 

RNP (Xiangjie Sun, Roth, Bialecki, & Whittaker, 2010)(Figure 39b).    

Back-fusion may be the pathway employed by incoming mitochondria to facilitate cytosolic 

integration. Analogous to the VSV escape pathway, the outer membrane of the intercellular cargo 

vesicle containing mitochondria (CaMP, in this example), represents the viral coat.  Once in the 

MVB the CaMP’s outer membrane fuses with an internal vesicle, expelling the mitochondria into 
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the lumen.  Through back-fusion, the mitochondria are trafficked into the cytosol, to join the 

existing mitochondrial network or to remain free.  Direct fusion of the CaMP with the membrane 

of early maturing endosomes may also occur (Figure 39c).  Questions remain, however: can the 

transferred mitochondria withstand the acidic pH (~5.5) of the endosomal lumens, would the pH 

itself initiate the CaMP fusion with MVB internal vesicle; could the CaMP, while in the MVB, not 

just fuse directly to the outer MVB membrane and excrete the mitochondria into the cytosol?   

The answer to these questions may depend on whether “transferred” mitochondria, via TNT or 

CaMP endocytosis, are seen as “pathogens” or as “self”.  Babenko et al., (1999) reported that 

neurons were more effectively rescued from the effects of middle cerebral artery occlusion 

(MCAO), an in vivo rat model of stroke, when co-cultured with human mesenchymal multipotent 

stromal cells (MMSC).  These neurons were primed by mitochondrial transfer from hMMSC. 

There is also evidence demonstrating human and mouse mitochondrial network fusion, as a result 

of PEG-assisted forced cell fusion.  These data suggest a tolerance, a conservation among 

mammalian cells in recognizing usable organelles, even when originating from cells belonging to 

a different species.   

There are many questions that remain to be answered. How does mitochondrial transfer between 

cells of different species compare to, for instance, organ rejection by the immune system in 

humans? Mitochondria degraded by proteolysis, or naked mtDNA, once endocytosed, might 

trigger transmembrane toll-like receptors in the endosome to trigger interferon production.  When 

isolated mitochondria, mtDNA, or CaMP’s from one cell type are introduced into the media of 

another cell type, does interferon production increase? 
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Figure 39.  Proposed mechanism of entry for CaMPs into the cell and mitochondrial release into 

the cytosol 

(a) Negatively charged nanoparticles, used for drug delivery, enter the cell, reverse their

charge in the endosome and are released into the cytosol.

(b) Vesicular stomatitis virus (VSV) enter the cell through clathrin-coated pits and can escape

the early endosome or multi-vesicular bodies through back-fusion.

(c) Back-fusion as a proposed mechanism of CaMP endocytosis and release of mitochondria

into recipient cell cytosol.
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8.2 Cytosolic calcium and mitochondrial transfer 

In Chapter 5, enhancing the mobility of mitochondria was chosen as a means to induce 

mitochondrial transfer. There are other mechanisms that have been demonstrated previously to 

increase the number of MPs, such as oxidative stress through H202 stress and overexpression of 

the myosin-associated protein m-sec  (Sisakhtnezhad & Khosravi, 2015).  Mitochondrial 

movement can also be enhanced by reducing intracellular calcium.  Miro1, the calcium-binding 

adaptor protein involved in mitochondrial dynamics (described in section 1.3.2.1), has a reduced 

capacity to bind the Kinesin (KIF5)/Trak motor complex at elevated cytosolic calcium levels. 

When bound to calcium, the EF-hand motifs on Miro1 inhibit mitochondrial movement in three 

separate ways.  First, the C-terminal cargo-binding domain of KIF5 can detach from the 

microtubules.  Second, the N-terminal domain of KIF5 can detach from the mitochondrial adaptor 

protein Trak.  Third, syntaphilin, an anchoring protein, can inhibit motor ATPase activity by 

binding KIF5 and immobilizing mitochondria on the microtubules.   At the synapses in neuronal 

axons, this mitochondria-stabilizing function, however, aids in electrochemical signal transduction 

by creating a stationary hub of ATP production (Sheng, 2014).  

In this study, chelating calcium by EGTA treatment was intended to increase binding of the 

Kinesin motor complex with mitochondria and thus mitochondrial mobility. The hypothesis was 

that the increased mitochondrial mobility would result in healthy cells more likely to donate 

mitochondria to nearby injured cells. However, this appeared not to be the case since no genuine 

mitochondrial transfer was seen even after EGTA treatment; although the branching and 

reticulation of the mitochondrial network appeared to increase with EDTA treatment.  While 

EGTA sequesters extracellular calcium, thereby limiting a cell’s access to it, it does not directly 

affect intracellular calcium levels.  In hindsight, a cell permeable inhibitor of calcium such as 

BAPTA-AM, a known effector of mitochondrial motility (Iqbal & Hood, 2014; Kolikova et al., 

2006; Liao, Tandarich, & Hollenbeck, 2017), may induce mitochondrial transfer. 
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8.3 Relevance of stem-ness to mitochondrial transfer 

Neither transfer nor fusion were ever observed from a stromal cell line derived from bone marrow, 

the BMSC cell.  To find a cell capable of transferring mitochondria, bone fragments were used to 

isolate primary stromal or mesenchymal stem cells. The isolation method is meant to enrich for 

MSCs, which are generally believed to be the best “mitochondrial donors”. Maintenance of   stem-

ness, and the potential for differentiation from prolonged in vitro culturing and extensive 

passaging, hampered attempts to purify and immortalize an MSC population.  These experiments 

were haunted by a persistent question: what cell types really migrate out of bone fragments? 

Therefore, heterogeneity was the price to be paid for stemness.  This question, of course, became 

more poignant when intercellular mitochondrial transfer from the “MSCs” to the ρ0 astrocytes was 

demonstrated.  The lack of mitochondrial transfer from the BMSC line to ρ0 astrocytes and the 

inability to maintain viable mito-DsRed2 stromal cells post bone dissection, also drove the impetus 

to do, essentially, an ex vivo bone niche co-culture with ρ0 astrocytes.  This proved to be technically 

difficult to replicate and confounding due to the cell heterogeneity; but, at the same time, the 

minimal amount of adulteration most closely mimicked the in vivo environ, and, ultimately, was 

the only setting in which mitochondrial transfer was confirmed.  If MSCs are the 

fusers/mitochondrial donors, this experiment shows the importance of multipotency.   The BMSC 

line likely lost its stemness after 10 passages (Bonab et al., 2006; Jiang et al., 2017).  Multipotency 

might very well be the underlying factor, the basal criteria for the altruistic action of cell fusion, 

and by extension, mitochondrial transfer—a self-sacrifice from an entity of tractable nascency for 

the good of the whole.  In the end, however, the identity of the mitochondrial donor has not been 

confirmed, and, returning to the cost of stemness, the cell heterogeneity might turn out to be 

serendipitous (perhaps the mito-donating fuser is an osteocyte!). 

8.4 Flow cytometry and fluorescence-activated cell sorting (FACS): 

chasing complete separation 

Fluorescent labelling techniques can capture intercellular transfer of a mitochondrion or cluster of 

mitochondria using confocal microscopy or super-resolution microscopy.  Understanding the 

magnitude of transfer across an entire cell population, however, should always accompany the 
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subcellular scrutiny of a few cells.  In large cell populations, the single major caveat to evaluation 

of mitochondrial transfer after co-culture is complete separation of donor from recipient.  Flow 

cytometry can then be used to identify non-native fluorescence in a recipient cell and either 

physically separate the cell populations or capture characteristics unique to each population (such 

as number of mito-transfer events, or changes in the health of recipient cells).   

The prominent method to separate two cell populations is fluorescence-assisted cell sorting 

(FACS).  In general, two cell populations are fluorescently labelled prior to co-culture when setting 

up a platform to investigate mitochondrial transfer.  In in vivo experiments, the hypothetical donor 

cell often has its mitochondria labelled and a ubiquitous labelling method is used for the recipient, 

often a dye such as CFSE, which stains proteins in the cytosol, or DiD which is a lipophilic dye 

that incorporates into lipid bilayers, has a very high extinction co-efficient (or light-absorbing 

potential), is non-toxic, and does not leak from stained cells.  In in vivo experiments, the 

microenvironment where potential mitochondrial donors are introduced is populated with cells 

that have unique cell surface markers.  The bone marrow niche is a primary example where 

alloantigens of CD45, a leukocyte marker, can be used to distinguish donor and recipient.  A mouse 

having CD45.1+ leukocytes can be inoculated with bone marrow from a CD45.2+ mouse.  Cells 

separated by FACS can be analyzed for the presence of non-native mitochondria and 

cell/mitochondrial function be assayed. 

Sinclair et al. performed two sets of experiments investigating material transfer between cells, 

using confocal microscopy in support of flow cytometry.  They use Calcein AM and DiD to 

broadly label their co-cultured cell populations.  Calcein AM is a hydrophobic dye that readily 

enters cells. In the presence of active esterases, the AM group is cleaved, allowing fluorescence 

and sequestration inside the cell.  

In one experiment, they stained MSCs with calcein AM and BEAS2B cells with the lipophilic 

tracer dye DiD (maximum emission wavelength of ~700 nm) that has a high affinity for 

phospholipid bilayer membranes.  The intention of this experiment was to discover if cytoplasm 

is exchanged between MSCs and BEAS2B cells.  The 45% DiD+ BEAS2B cells with MSC 

cytoplasm contradicts the accompanying micrographs that show nearly 100% colocalization 

between calcein AM and DiD in BEAS2B cells.  In the second experiment, they stained MSCs 

with MitoTracker® green FM (MTG) and BEAS2B cells with DiD to assay for mitochondrial 
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transfer.  They show that 93.7% of the DiD+ BEAS2B cells have MSC mitochondria, but the 

accompanying confocal images do not reflect this level of transfer— the data show one cell among 

~5 with a single small speck of mitochondrial fluorescence.  Because cytoplasm will be transferred 

along with mitochondria, the large disparity between 45% cytoplasmic transfer and 93.7% 

mitochondrial transfer, BEAS2B to MSCs, is also puzzling (Sinclair et al., 2016). 

Cell types likely differ in the number of extracellular membranous particles they produce.  These 

can be in the form of apoptotic bodies or extracellular vesicles.  Cells can accumulate these foreign 

particles on their membrane or in their cytosol, and these are visibly identifiable when unlabeled 

cells are co-cultured with fluorescently-labelled ones.  In Figure 40, mito-BFP(red)-expressing 

astrocytes were co-cultured with astrocytes stained with the lipophilic tracer dye DiO (an analog 

of DiD with a maximal emission wavelength of ~500nm).  After 24 hours, the co-culture was 

imaged live over ~7 hours.  DiO-labelled astrocytes expelled membrane vesicles which were 

picked up by adjacent BFP(red)-expressing cells (Figure 40). 

In the work of Sinclair et al., if a single MTG-fluorescent point (~1um) in an entire DiD+ cell can 

be partitioned into a double positive gate via flow cytometry, the outlined cell in Figure 40 would 

also certainly appear double positive.  Therefore, if BEAB2B cells are more inclined than MSCs 

to send out these bright DiD-labelled particles, MSCs will pick them up and be included in the 

DiD+ gate, supposedly only BEAB2B cells. Additionally, when gangly, projection-rich cells are 

lifted into suspension for flow cytometric analysis, their irregular surface can capture fluorescent 

particles not necessarily inside the cell and mimic the phenotype in Figure 40.  These scenarios 

might allow for the MTG signals observed by Sinclair et al.  However, when the labelling strategy 

is reversed—MSCs with DiD, BEAB2B with MTG—because MSCs may not expel as many lipid-

rich particles, BEABS2B cells are not falsely incorporated in the DiD+ gate.  The multitude of 

punctae will coalesce to give a strong signal when the cell is circularized.  The percentage of laser 

power exciting DiD in the microscopy shown in Figure 40 was only 1%, quite low to capture even 

this strong green signal, so the low-resolution images in Sinclair et al’s paper might not even show 

the MSC-DiD signal in the BEAB2B cells (Sinclair et al., 2016). 



236 



237 

Figure 40.  DiD particles attach to unlabeled plasma membrane in co-culture and remain over time 

Mito BFP(red)-expressing astrocytes co-cultured with DiO-labelled astrocytes for 24 hours were 

imaged live over a ~7-hour period.  Cohorts of DiO-fluorescent particles are associated with the 

plasma membrane of a red cell (white outline, DiO).  They appear on the cell surface and not 

inside, as per the DIC, and remain bound over the imaging time-course (white arrows). 
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In multiple circumstances, the literature investigates if mitochondrial transfer is contact-

dependent.  A transwell system is often incorporated for this purpose.  An insert with a porous 

membrane sits in the wells of a cell culture plate.  This allows cells to be grown on two substrates 

in one well, sharing media.  Moschoi et al., culture MS-5 stromal cells labelled with MTR and 

eGFP AML cells in transwells, or directly in a monolayer.  The AML cells in the direct co-culture 

are separated based on EGFP expression and checked for MTR fluorescence.   AML cells had 

reduced MTR fluorescence in contact-independent (transwell) versus contact-dependent co-

culture and therefore demonstrated that mitochondrial transfer happens and requires membranous 

contact. There are two confounding factors that make these data dubious.  Firstly, membrane-

associated MTR vesicles will likely latch on to spindle-rich cells when lifted into suspension or be 

already membrane-bound before trypsinization.  Secondly, when comparing a mono vs. a co-

cultured population, there is, by default, some level of contamination in the co-culture.  MS-5 

MTR cells spiked into the eGFP AML right before the sort as a control for false positives would 

have addressed these concerns.  Additionally, performing and including purity check data after 

eGFP AML sorting would have strengthened the claim of identifying mitochondrial transfer 

through FACS analysis (Moschoi et al., 2016).   

An additional method for confirmation of mito-transfer is exploiting single nucleotide 

polymorphisms (SNP)—i.e. an A to a T—between donor and recipient cell mtDNA.  Liu et al. 

suggest mitochondrial transfer based on unique SNPs between donor and recipient cell.  They 

performed oxygen glucose deprivation and reoxygenation (OGD/RO) on human umbilical vein 

endothelial cells (HUVECs), co-cultured them with mesenchymal stem cells (MSCs) and showed 

data suggesting MSC-to-HUVEC mitochondrial transfer via tunneling nanotubes (TNTs).  Their 

workflow begins with separating the donor (eGFP+ MSCs) from the recipient (eGFP- HUVECs) 

by FACS.  Subsequently, the SNP gene locus is PCR-amplified, and the PCR product is sequenced.  

In general, this yields a hetero- or monoplasmic sequencing chromatogram at the SNP locus.  If 

there is heteroplasmy at this locus in the sorted, recipient cell population, it would constitute mito-

transfer (Liu et al., 2014).   

However, an mtDNA polymorphism unique to the donor measured in the recipient after co-culture, 

is abound in the donor, and would dramatically affect the results if a donor cell was sorted into the 

recipient population.  Therefore, the limiting factor with this technique is the difficulty of obtaining 
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a 100% pure sort.  A cell averages 103 to 104 copies of the mitochondrial genome and 2 of the 

nuclear genome (Rooney et al., 2015).  If, for example, 105 recipient cells were sorted at a purity 

of 95%, that would leave between 5 x 106 and 50 x 106 contaminating mitochondrial genomes.  

This contamination is sufficient to be amplified in a PCR, have an appreciable CT value in qPCR, 

or alter a sequencing chromatogram profile.  The disparity in the number of possible DNA 

contaminants, nDNA vs mtDNA, is exponential.  Due to this disparity, even a low abundance 

contaminant has a higher chance to amplify mtDNA than it does nDNA, although, theoretically, 

one molecule of DNA would suffice.  Liu et al. attempts to discount cell fusion as the basis for 

mito-transfer by nuclear genotyping sorted HUVECs, post co-culture with MSCs.  Using 

GeneScan analysis based on short tandem repeat sequences they showed these HUVECs do not 

have any MSC nuclear DNA, at least not at the spinocerebellar ataxia Type 1 & 3 locus (Liu et al., 

2014).   

There is a common itinerary of techniques throughout the literature: co-culture, cell sort and 

perform PCR for unique genetic differences - species or polymorphic.  As another example, 

Moschoi et al., injected human AML cells into immunocompromised mice and sorted based on 

human surface markers.  Subsequently, either a standard PCR (gDNA) or RT qPCR (mRNA 

expression) was performed on the sorted AML cells.  Separate human and mouse nuclear and 

mitochondrially encoded amplicons were used to nullify the possibility of contamination and prove 

that mouse mtDNA is inside a human AML cell.  We are asked to rely on ImageJ 

contrast/brightness adjustment in a PCR gel to determine whether murine nDNA is present in 

human sorted cells.  Why were qPCR (to quantify gDNA) and RT qPCR (to quantify mRNA 

expression) not done for every co-culture experiment?  Specifically, RT qPCR on sorted CD34+ 

human primary AML, post co-culture with murine MS-5 cells, revealed a ~10-fold increase of 

murine ribosome transcript—nuclear DNA encoded—above negative control.  The transcript level 

of mouse cytochrome c oxidase subunit II was ~256-fold higher that the negative control.  These 

data are evidence that sorting techniques should be scrutinized.  Mouse nDNA-derived transcripts 

should not exist in sorted human cells if discrete mitochondrial transfer did occur.  Mitochondria 

should be the sole source of non-native DNA (Moschoi et al., 2016).  

Cell fusion, cell-sort contamination, transcript transfer via TNTs or gap junctions, DNA or 

transcript-containing extracellular vesicles are all plausible mechanisms that can produce such 
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data.  The idea that the genetic evaluation is additive, solidifying the MTR-generated data, 

collapses if both methods to prove transfer lack substance.  More robust scrutiny of imaging 

techniques and cessation of flow cytometry, used to either physically separate cells or analyze co-

cultures directly, is essential to identifying valid transfer events.   

8.5 Transfer of damaged mitochondria 

This project has focused on non-native mitochondria as a benefactor to respiratory-deficient cells, 

providing them with life-saving metabolites.  However, it is noteworthy to consider that, just as 

mitochondria can bring life, they can also bring death.  Harmful molecules, such as high levels of 

reactive oxygen species (ROS) or pro-apoptotic proteins, could be passed onto to a healthy cell, 

potentially causing apoptosis or even necrosis.  

Dysfunctional mitochondria open their MPT pores and release pro-apoptotic proteins that activate 

the intrinsic apoptotic pathway. The apoptotic signal in mitochondria is resultant of stress-induced 

changes to signaling cascades such as the PI3K/AKT pathway.  A major effect is the 

oligomerization of the pro-apoptotic protein bcl-2-associated X (BAX), forming pores on the outer 

mitochondrial membrane surface.  When released from the intermembrane space, cytochrome c 

forms a complex with araf1 to create the apoptosome, leading to caspase 9 and 3 activation and 

the apoptotic cascade.  Or, release of smac reverses the inhibition of caspase 3 and 9 by inhibitor 

of apoptosis proteins (IAPs).  Apoptosis-inducing factor (AIF) and ROS are released as well, 

directly leading to DNA fragmentation/condensation (Shiozaki & Shi, 2004) and oxidation of 

biomolecules, respectively. 

Additionally, mitochondria can harbor pathogenic proteins.  Amyloid β peptide—a hallmark 

molecule in Alzheimer’s Disease pathogenicity—has been found in the mitochondrial matrix and 

cristae, imported by the mitochondrial membrane translocase TOM, impairing respiratory complex 

function (III and IV) (Caspersen, 2005).  Human α-synuclein is also imported into the 

mitochondria, associating with the inner membrane and impairing complex I function (Devi, 

Raghavendran, Prabhu, Avadhani, & Anandatheerthavarada, 2008). Agnati et al., suggest that 

mitochondrial transfer of diseased mitochondria to healthy cells could be a conduit for spreading 

a disease phenotype (L.F. Agnati et al., 2010). In neurodegeneration, because the disease 
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progression often worsens over time, it is plausible that travelling apoptosis-inducing mitochondria 

could contribute to furthering disease pathology. 

The detrimental effects of non-native dysfunctional mitochondria have not been investigated in 

this thesis but remain an interesting research area yet unexplored. 

8.6 Mitochondrial position in microscopy images 

Due to low-resolution microscopy and lack of deconvolution, the position of fluorescent 

mitochondria in 3-dimensional space is often inadvertently misrepresented in literature 

investigating mitochondrial transfer.  Hayakawa et al. purport that vesicles containing 

mitochondria (Cell-associated mitochondria-containing particles, or CaMPs) are exocytozed by 

astrocytes in a calcium-dependent manner, taken up by neurons and mitochondrial contents 

released into the cytoplasm, offering a benefit to the recipient neuron.  Their data showed that 

upregulation of CD38–cADPR–calcium signaling in astrocytes increased formation of CaMPs, 

astrocyte mitochondrial function—increasing ATP levels and oxygen consumption— and 

astrocyte-neuron mitochondrial transfer.  Subsequently, the effects of focal cerebral ischemia—

stunted dendrites, reduced neuroplasticity and neuron death—were reversed (Hayakawa et al., 

2016).  However, the connection between intercellular mitochondrial transfer and these functional 

rescues is contingent upon confirmation of astrocyte mitochondria actually inside neurons.  

Otherwise, modulation of calcium mobility and reversal of stroke symptoms are related indirectly, 

and loosely, by the presence of astrocyte mitochondria in culture media or at infarct sites. 

In the publication from Moschoi et al., an eGFP-AML cell line was co-cultured with MS-5 cells 

transfected with the OMI-mCherry plasmid.  These fluorescent proteins are used as a proxy for 

identification of functional mitochondria, and the authors suggest that their confocal images show 

functional MS-5 mitochondria inside AML cells.  The axial/lateral position is too ambiguous, 

however, and even appears as if mCherry mitochondria are sitting on the outer surface of the AML 

cell plasma membrane.  Parsing apart signal and noise has been discussed in detail in chapter 6.  

This distinction requires more exhaustive analysis than has occurred in much of the confocal work 

throughout the literature on intercellular mitochondrial transfer (Moschoi et al., 2016).        
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There are convincing 2-dimensional imaging data (x,y) where the sample preparation preserves 

subcellular structural biology, particularly the mitochondrial network.  As described in section 

1.3.2, Ahmad et al. show mitochondrial transfer from MSCs to lung epithelial cells in vitro, and to 

cells in the bronchial epithelium in vivo.  The transfer was heightened after injury and enhanced 

by miro1 overexpression.  The lung epithelial cells (LA-4) and MSCs in the micrographs of this 

publication are transfected with mito-localizing GFP and RFP, respectively.  The MSC red 

mitochondrial network appears healthy, but the GFP expressing LA-4 mitochondria is punctate.  

Nevertheless, there are globular and torus-shaped mito-network tubules inside an LA-4 cell that 

express both GFP and RFP and indicate hybrid LA-4/MSC mitochondrial segments.  There are 

also co-localized signals appearing yellow in the image.  This is a possible effect of inner and outer 

mitochondrial membrane fusion, fluorescent proteins now intermingling in an elongated and 

singular matrix/intermembrane space (Ahmad et al., 2014).   

There are also convincing 3-Dimensional imaging data (x,y,z) in the MitoCeption paper by 

Caicedo et al.  In this paper, MSC mitochondria are labelled with MTRX, isolated and co-cultured 

with breast cancer cells.  Once in co-culture, the flask is centrifuged at 1,500 x g for 15 minutes at 

4ºC to encourage the free mitochondria to penetrate the plasma membrane of the breast cancer 

cells.  They report that MSC mitochondria increase mitochondrial function in recipient cells—

specifically, elevated oxygen consumption, ATP production, respiration and reduced acidification, 

indicating reduced glycolysis.  Despite the potential for identifying false positives of mito-transfer 

due to MTRX leakage, 3D images and reconstruction using multiphoton microscopy convincingly 

show red fluorescent mitochondria inside MDA cells (Caicedo et al., 2015).  The changes to 

recipient cell metabolic function are not surprising, though, because an increased overall 

mitochondrial mass translates to an increase in the products of their function.  It would be 

interesting to see if the positive effects of MitoCeption were diminished, or held constant compared 

to non-ception, if damaged mitochondria were introduced instead.  

8.7 Future Directions 

The data presented here raise the following experiments.  First, cell fusion should be confirmed.  

The interaction of wildtype and ρ0 mitochondria after cell fusion should then be investigated.  Do 

the two species of mitochondria fuse and create a mega mitochondrial network, or are the ρ0 
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mitochondria degraded?  Centrifugation of a heterotypic cell culture in the presence of 

polyethylene glycol (PEG) forces cell fusion.  The collision of two mitochondrial networks can be 

studied in this way.  The state of a hybrid entity composed of one injured cell and one healthy cell 

can also be queried with a PEG experiment: with the hybrid viewed as a single entity, and each 

cell a part, does the injured part convey its damage to the healthy one, or does the healthy one 

rescue its damaged counterpart?   Also, rather than a heterogenous population of bone-derived 

primary cells, the ability of isolated MSC to transfer mitochondria to neurons through fusion 

should be investigated.  It should also be determined if neural cells themselves fuse.  These are 

experiments that begin a transition into interrogating the therapeutic use of stem cells against 

neurodegenerative disease.  The primary technical challenge that would require immediate 

attention is the isolation of recipient and donor cells, or signals from these cells, after co-existence 

in any environ, in vitro or in vivo, ensuring no cross contamination. 

If there is evidence that MSC fuse with neurons, can equivalent multipotent cells residing in the 

brain also fuse with neurons and rescue effects of mitochondrial dysfunction?  Cell fusion may be 

a fundamental mechanism to maintain homeostasis in the brain, one outcome being the alleviation 

of mitochondrial dysfunction.  To test this, a more physiologically relevant model would be used.  

Although BMSC have been shown to migrate out of the bone marrow to the brain, as described 

earlier, neural progenitor cells (NPCs) from the subventricular zone (SVZ) of the lateral ventricles 

or the dentate gyrus (DG) of the hippocampus are the stem cells of the brain.  In the adult brain, 

the SVG and the DG are sites of neurogenesis (Ming & Song, 2011).  NPCs would be co-cultured 

with ρ0 astrocytes or damaged neurons in vitro.   In parallel, ρ0 astrocytes can be injected into the 

SVZ and DG of live wildtype or mito-DsRed2 mice.  eGFP expression in the ρ0 astrocytes would 

allow immunohistochemistry techniques to track their viability in these neurogenic regions.  eGFP, 

as described earlier, vacates dead and dying cells quickly.  The presence of fluorescence after a 

week, for example, would indicate that ρ0 eGFP astrocytes were alive and either being provided 

pyruvate from their hippocampal/ventricular microenvironment, or have taken up mitochondria to 

restart aerobic respiration.  Isolated ρ0 eGFP astrocytes from resected SVZ/DG tissue would be 

reinitiated into in vitro culture, grown directly in media without pyruvate and uridine.  If eGFP 

positive cells survived ~5 days in culture, they would be stained with MTR to check for 

mitochondrial network morphology; and, independently, EtBr would be used to assess mtDNA 
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content.  If cell fusion retained the section of the nuclear genome that encodes for the DsRed2 

protein, RFP/GFP double labelled cells would also exist in the reinstated cultures.  

Confirmation of fusion is an important next step regarding the ρ0 astrocyte/BdC model described 

in this dissertation, or future neural progenitor co-culture experiments.  Alvarez-Dolado et al., 

describe a method to identify cell fusion by employing the Cre-lox system (Alvarez-Dolado et al., 

2003).  An experimental setup to validate NPC fusion with neurons or astrocytes could also use 

this system.  The first step would be to isolate NPC cells from transgenic mice containing a stop 

cassette, flanked by loxP sites, upstream of a LacZ transgene (NPC-LacZ).  Secondly, NPC-LacZ 

cells would be plated on top of primary neuron cultures, established from postnatal transgenic mice 

ubiquitously expressing Cre recombinase.  Alternatively, NPC-LacZ cells could be plated on top 

of Cre ρ0 astrocytes.  If an NPC-LacZ cell fused with a Cre astrocyte or neuron, loxP would be 

excised by Cre recombinase causing expression of β-Gal.  EdU (5-ethynyl-2’-deoxyuridine) is a 

nucleoside analog of thymidine and can be used to label the nucleus of one cell type in a co-culture.  

Cre ρ0 astrocytes or neurons are loaded with EdU prior to co-culture.  When the co-culture time 

course is complete, two metrics can be used to detect fusion.  Catalyzed by copper, an alkyne on 

EdU reacts with an azide conjugated to Alexa Fluor® 647(AF647), for example, rendering DNA 

covalently bound to a fluorescent molecule.  This reaction occurs on the co-culture but will 

fluoresce only the cells that have incorporated EdU.  Immediately prior to imaging, DAPI would 

be administered to the co-culture, staining all nuclei blue.  If cell fusion has occurred, there will 

be X-Gal-stained cells containing two nuclei, one DAPI only and one DAPI/EdU (AF647).  This 

methodology, however, can be circumvented if the co-cultured cells each have unique nuclear 

markers that can be fluorescently probed.  

The isolation of donor from recipient would not be done with FACS due to donor cell 

contamination.  At this time, there are two alternative methods to FACS for cell isolation that may 

prove more appropriate for investigation of intercellular mitochondrial transfer.  The first uses a 

biotinylated primary antibody against a cell surface protein present on one cell population, but not 

the other—i.e. the glutamate transporter GLAST on the surface of astrocytes, but not on bone 

marrow stem cells (Schildge et al., 2013).  Prior to their exposure to cells, biotinylated antibodies 

are incubated with streptavidin-conjugated magnetic beads.  Due to the high affinity of streptavidin 

for biotin, the magnetic beads are indirectly bound to the cell-surface antibody.  This step is 
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of this process sequentially purify the cell population of interest, and/or the cells magnetically 

stationary can be thoroughly washed.   
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Figure 41.  Cell isolation via antibody-conjugated magnetic beads as an alternate technique 

to FACS for the separation of donor from recipient cell in a co-culture 

A mixed cell population from a co-culture experiment is incubated with a biotinylated antibody 

specific for the donor cell, followed by incubation with a streptavidin-conjugated magnetic bead.  

A magnet is then used to secure bead-bound cells to the vessel wall, while the non-beaded cell is 

free to be decanted into a fresh vessel.  
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The second method is serial dilution of the heterogeneous cell population to generate colonies of 

clones from a single cell.  As an alternative to single-cell FACS, the cell dilution technique will 

yield a poly- or monoclonal population of recipients.  The isolated single cell may not have 

received any foreign mitochondria.  Also, the number of exogenous mitochondria a cell receives 

may be linked to the severity of injury and the ability of cells in a population to differentially cope 

with the stress.  Therefore, isolation of a polyclonal population of recipient cells is preferable.   

Although more time-consuming, this method is optimal to ensure the absence of contaminating 

donor cells.  Once isolated and expanded in culture, bioenergetics properties and mtDNA content 

and transcriptional activity can be measured, particularly in ρ0 astrocyte/NPC fused cells. Oxygen 

consumption rate (OCR), mtDNA-derived mRNA expression, acidification rate (lactate 

production), ETC complex function, ATP production, mitochondrial ROS, cytosolic ROS and 

mitochondrial membrane potential are metrics that would confirm if aerobic respiration is restored 

in a fused cell. 

8.8 Conclusion 

The key issues that require attention in the mitochondrial transfer field are MitoTracker® probe 

leakage and toxicity, accurate identification of fluorescent mitochondria’s spatial position, 

elimination of auto-fluorescent false positives and complete separation of donor from recipient 

cells for genetic analyses.  Fluorescently tagged mito-localized proteins are clearly superior for 

tracking mitochondria, both for the health of the cell and retention of fluorescent properties in the 

labeled cell.  An additional tool more suitable are Quantum dots (QDots); they remain confined to 

the cell, are bright and photo-stable, although toxicity has been shown in vitro.  Therefore, 

optimization would be critical to find a usable concentration, size, excitation/emission spectra and 

shell/core composition.  CFSE for cytoplasmic labelling of a cell has all the aforementioned 

qualities, and is non-toxic.  In terms of imaging, super-resolution microscopy like Stochastic 

Optical Resolution Microscopy (STORM), sampling according to the Nyquist theorem, 

deconvolution with advanced software like Huygens (SVI), and stringent control for 

autofluorescence are critical to identify mitochondrial transfer events.     

In this thesis, attention was given to the key issues mentioned above.  As a result, it has been 

conclusively demonstrated that cell fusion can act as a repair mechanism in neural cells, is 
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mediated, in part, through a supply of functional mitochondria, and that cell fusion as a form of 

intercellular mitochondrial transfer is plausible as a fundamental repair mechanism in the brain.  

The implications include and extend past this phenomenon being a natural occurrence to maintain 

homeostasis of the brain niche.  If a neural progenitor cell can differentiate into an astrocyte or 

neuron upon demand, it may assimilate and differentiate into the neural cell it fused with.  This 

may bring with it a form of fusogenic therapy for degenerating neurons or diseased glia where a 

categorical fuser is used as treatment.  Conversely, a tumor cell might fuse with an infiltrating 

cell— a vascular endothelial cell perhaps, or a healthy cell at the tumor’s periphery—and impart 

resistance to radiation and/or chemotherapy.   

It is fascinating to imagine the chaos of two mitochondrial populations colliding: rampant 

reprogramming of signaling cascades and protein trafficking; mitochondrial networks frantically 

reorganizing, disassembling and reannealing to form bi-species segments; respiratory complex 

subunits suffusing into ρ0 mitochondria, self-assembling, embedding in the inner membrane and 

gradually respiring as the TCA begins to churn; and mitophagy accelerating, making room for 

new, functional occupants.  In situ, is the effort worth it?  That remains to be seen, but I think it is. 
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