
 
 
 

The Impact of Exercise on the Regulation of  

Mitochondrial Content and Function in the Brain 

by 

Eric Herbst 

 

 

A Thesis Presented to  

The University of Guelph 

 

 

In partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 

in 

Human Health and Nutritional Sciences 

 

 

 

Guelph, Ontario, Canada 

© Eric A.F. Herbst, June 2015 

 

 



Abstract 

The Impact of Exercise on the Regulation of  
Mitochondrial Content and Function in the Brain 

 

Eric A.F. Herbst      Advisor: 
University of Guelph, 2015     Dr. Graham P. Holloway 
 
 

The ability to combat mitochondrial dysfunction in neurodegenerative diseases 

with exercise is currently limited by our lack of understanding of the effects of exercise 

on brain mitochondria. Therefore, this thesis provides a series of investigations into the 

impact of acute and chronic exercise on altering mitochondrial content and function in 

the brain.  

Study one presents a method for permeabilizing small brain samples for analysis 

of mitochondrial respiration in situ. Analysis using the permeabilized brain preparation 

was characterized and compared against isolated mitochondria through assessing changes 

in respiration with acute ischemia-reperfusion injuries. Results demonstrated that the 

permeabilized brain preparation provides greater reliability while using less tissue and 

also maintaining the native mitochondrial reticulum. 

Study two of this thesis investigated the impact of acute exercise on stimulating 

traditional signalling kinases in the brain, as well as assessing changes to mitochondrial 

DNA, protein content, and respiration following chronic training. Results demonstrated 

that phosphorylation of AMPK, CAMKII, and P38 were not affected by acute exercise, 

where ERK1/2 phosphorylation was decreased versus controls. Further, no changes were 

observed in markers of mitochondrial content with chronic exercise training, suggesting 

mitochondrial biogenesis does not occur in the healthy brain with exercise. 
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In study three, substrate-specific changes in mitochondrial respiration in the brain 

were assessed following acute exercise. Where pyruvate respiration was unaltered by 

exercise, glutamate respiration was enhanced as a result of changes in the malate-

aspartate shuttle, identifying substrate-specific regulation of brain metabolism with 

exercise. 

Study four investigated the hypothesis that exercise could prevent symptoms and 

mitochondrial dysfunction in the brains of R6/1 Huntington’s disease mice. At 27 wks of 

age, mitochondrial protein content was impaired in the striatum with compensatory 

increases in mitochondrial respiration. With chronic exercise training, changes in 

mitochondrial content and respiration were prevented, identifying a beneficial effect of 

exercise in Huntington’s disease. 

 Together, this work highlights that mitochondrial glutamate oxidation is 

stimulated by acute exercise, and that chronic exercise does not enhance mitochondrial 

content in the brains of healthy mice, but is capable of preventing the loss of 

mitochondrial content in mouse models of Huntington’s disease. 
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“Perhaps a lunatic was simply a minority of one. 
At one time it had been a sign of madness to believe that the Earth goes around the Sun; 

today, to believe the past is inalterable. 
He might be alone in holding that belief, and if alone, then a lunatic. 

But the thought of being a lunatic did not greatly trouble him; the horror was that he 
might also be wrong.” 

 
- George Orwell, 1984 

 
 
 
 
 
 
 
 
 
 

This thesis is dedicated to all the first steps science 
 that stimulated the reevaluation of what was considered known
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1.1 Introduction 

Mitochondria are organelles that exist in all mammalian tissues capable of 

oxidative metabolism. In these cells, the primary role of mitochondria is to convert 

metabolic fuel sources, such as carbohydrates and lipids, into cellular energy in the form 

of adenosine triphosphate (ATP) at the expense of oxygen. As the mitochondrial capacity 

for ATP production far exceeds other ATP regenerating systems in the cell, mitochondria 

produce the vast majority of ATP needed for normal cell functions and homeostasis 

(Radda, 1996). In the resting cell, the ATP requirement to maintain homeostasis is 

considered to be relatively low, and little demand is placed on mitochondria for energy 

turnover. However, mitochondria are capable of rapidly increasing ATP production with 

acute increases in cellular activity to match changes in energy demand (Chance & 

Williams, 1955; Ernster & Lindberg, 1958), and if these demands persist chronically, the 

cell is capable of enhancing mitochondrial content to adapt to the increased energy 

requirements. 

 Due to their central role in metabolism, dysfunction within the mitochondria can 

have a detrimental impact on cell survival. To date, numerous diseases have been 

identified to affect mitochondria either as a primary cause, such as with inherited 

mutations in mitochondrial genes (Turnbull et al., 2010), or indirectly through 

perturbations such as ischemia and diabetes (Piantadosi & Zhang, 1996; Kelley et al., 

2002), which further exacerbates cell survival. As such, understanding how 

mitochondrial content and function are regulated could provide insight into why 

mitochondria are targeted in disease, as well as elucidate mechanisms for enhancing 

mitochondria to better resist metabolic dysfunction. 
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 Skeletal muscle is arguably the most commonly studied tissue for targeting 

changes in mitochondria, partially due to the ease by which muscle mitochondria may be 

manipulated (Hoppeler & Fluck, 2003). However, very few studies have demonstrated 

application of these observations to tissues such as the brain, where mitochondrial 

dysfunction is implicated in numerous neurodegenerative diseases (Lin & Beal, 2006). 

Therefore, the focus of this thesis was to determine the effects of exercise on regulating 

mitochondrial content and respiratory function in the brain. 

 

1.2 Mitochondrial Structure and Function 

Mitochondrial structure is important to the bioenergetic functions of the organelle, 

as the metabolic machinery required for oxidative phosphorylation is imbedded within 

the mitochondrial walls. Mitochondria are composed of outer and inner mitochondrial 

membranes that are separated by an intermembrane space (Palade, 1953). The inner 

membrane is folded into cristae to maximize the surface area for substrate transport and is 

considerably more selective in what it permits to be transported into the matrix (Chappell, 

1968). Mitochondria are capable of expanding the matrix volume through the fusion and 

fission of membranes with other mitochondria to create long mitochondrial reticular 

networks that serve to efficiently disperse energy demands (Bakeeva et al., 1978). As 

such, changes in mitochondrial function are reflective of the cooperative metabolic 

efforts of the entire mitochondrial reticulum. 
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1.2.1 The TCA Cycle 

All substrates that enter oxidative metabolism undergo oxidization reactions in the 

tricarboxylic acid (TCA) cycle in order to provide reducing equivalents for energy 

production (Williamson et al., 1967). In the TCA cycle, oxaloacetate is combined with 

incoming sources of acetyl-CoA to form citrate, which follows a series of eight additional 

enzymatic reactions to produce three molecules of NADH + H+ and one FADH2, leaving 

carbon dioxide and oxaloacetate as byproducts. The main sources for acetyl-CoA in the 

TCA are pyruvate produced from glycolysis in the cytosol, fatty acids broken down 

through beta-oxidation in the mitochondria, as well as ketone bodies made available from 

fat precursors in the liver that are taken-up by other tissues (Sokoloff, 1973; Ragsdale, 

1991). Changes in the availability of fatty acids and ketones can significantly alter 

metabolic regulation at the level of the mitochondria. However, fat does not appear to be 

metabolized by the brain to a significant extent (Vignais et al., 1958; Bird et al., 1985), 

which limits the translation of metabolic regulation between tissues, and ketones are 

typically only metabolized by brain mitochondria when their presence is increased with 

low carbohydrate availability (Robinson & Williamson, 1980). Therefore, the majority of 

acetyl-CoA formed in resting brain tissue is assumed to originate from the breakdown of 

pyruvate. 

Pyruvate crosses the inner mitochondrial membrane through one of two 

mammalian pyruvate carriers on the inner membrane (Herzig et al., 2012) and is 

converted in the matrix by the pyruvate dehydrogenase complex to form acetyl-CoA and 

an additional molecule of NADH + H+ (Holness & Sugden, 2003). From here, citrate is 

taken through a series of oxidation reactions to form multiple intermediates, the most 
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notable of which are α-ketogluterate, succinate, and malate, before creating oxaloacetate 

to restart the cycle. These intermediate metabolites are noteworthy as they act as 

locations where metabolic substrates may be added or removed from the TCA cycle 

(Gibala et al., 1998; Owen et al., 2002), and changes in their availability can influence 

TCA cycle flux (see Figure 1.1). As many of these intermediates are used in the counter-

transport of metabolites into and out of the mitochondria, completion of the entire TCA 

cycle should not be assumed to occur with every molecule of acetyl-CoA available. For 

example, where malate can be metabolized by malate dehydrogenase to produce both the 

oxaloacetate needed for citrate formation and a molecule of NADH + H+, malate is not 

considered a primary source of energy (Haslam & Krebs, 1968). Malate is more 

importantly essential for the counter-transport of many metabolites into and out of the 

mitochondria, as well as the transfer of reducing equivalents from the cytosol to the 

mitochondria via the malate-aspartate shuttle (Safer, 1975). Other metabolites, such as 

glutamate, α-ketogluterate, aspartate, and oxaloacetate are also important to the function 

of this shuttle, and therefore may be added to, or removed from, the mitochondria for this 

purpose (LaNoue & Williamson, 1971). Glutamate can enter the mitochondria via the 

glutamate-aspartate antiporter, as part of the malate-aspartate shuttle, or through a proton-

glutamate symporter (Sluse, 1996). Here glutamate may either be converted to α-

ketogluterate by glutamate dehydrogenase while creating NADH + H+, or can undergo a 

transamination reaction with oxaloacetate to form α-ketogluterate and aspartate, 

catalyzed by aspartate aminotransferase (also glutamate-oxaloacetate transaminase) 

(Kovacevic & McGivan, 1983) (see Figure 1.1). The purpose for multiple mechanisms by 

which glutamate may be converted to α-ketogluterate is unknown, but may serve to direct 
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α-ketogluterate into TCA pools promoting either the activity of the malate-aspartate 

shuttle, or the use of α-ketogluterate for the production of reducing equivalents 

(McKenna et al., 2000). If α-ketogluterate is committed to oxidation, this metabolite can 

continue through the TCA cycle to form succinate. Succinate oxidation by succinate 

dehydrogenase creates fumarate for malate formation and also provides the only source 

of FADH2 in the TCA cycle (Wood, 1946). Therefore, each of these metabolites in the 

TCA cycle play multiple roles in the transport and oxidation of substrates to produce the 

reducing equivalents NADH + H+ and FADH2 for the electron transport chain.  

succinate 

α-ketogluterate 
malate 

citrate 

pyruvate 

acetyl-CoA 

oxaloacetate 

glutamate 

aspartate 

oxaloacetate 

NADH 

FADH2 NADH 

NADH 

NADH 

AAT#

GDH#

PDH#

NADH 

pyruvate 

glutamate 

PC#

GC#

aspartate 

α-ketogluterate 

malate 

AGC#

IMM 

malate 
MαC#

 

 
Figure 1.1 - Noteworthy Components of the Tricarboxylic Acid Cycle 
Pyruvate is transported into the matrix by PC and forms acetyl-CoA, which combines 
with oxaloacetate to form citrate to enter the TCA cycle. Glutamate can enter the TCA by 
GC or AGC and be converted to α-ketogluterate through either GDH or AAT. Enzymatic 
directions are noted in solid lines and arrows. The MαC and AGC make up the 
transporters needed for the malate-aspartate shuttle. Sources of reducing equivalents are 
shown with dashed lines. Abbreviations: TCA, tricarboxylic acid; PDH, pyruvate 
dehydrogenase complex; PC pyruvate carrier; AAT, aspartate aminotransferase; GDH, 
glutamate dehydrogenase; IMM, inner mitochondrial membrane; AGC, aspartate-
glutamate countertransporter; GC, glutamate carrier; MαC, malate-α-ketogluterate 
countertransporter. 
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1.2.2 The Electron Transport Chain 

 The TCA cycle is a key converging point within the mitochondria that serves to 

convert metabolites from different metabolic pathways into reducing equivalents that 

create a common currency for the electron transport chain (ETC). The ETC is imbedded 

in the inner mitochondrial membrane and can use the transfer of donated electrons from 

reducing equivalents to create a proton gradient between the matrix and the 

intermembrane space for energy production (Mitchell, 1961; Lehninger & Wadkins, 

1962).  

The electron transport chain is made up of four respiratory protein complexes 

labeled complex I-IV, the coenzyme ubiquinone, an electron carrier protein termed 

cytochrome c, and ATP synthase (also referred to as complex V) (Hatefi, 1985). 

Electrons are provided to the respiratory chain at both complex I and complex II, where 

NADH + H+ is oxidized to NAD+ by complex I, and FADH2 is oxidized to FAD by 

complex II. In both cases, electrons are transferred from reducing equivalents to a protein 

complex in the matrix, and then provided to reduce ubiquinone to ubiquinol within the 

inner membrane (Robertson, 1960). As such, these protein complexes serve to funnel 

electrons donated through multiple reducing equivalents to a common electron acceptor. 

From here, ubiquinol travels through the membrane to complex III and becomes 

oxidized. The electrons at complex III can then be transferred to another mobile 

intermediate, cytochrome C, which moves along the inner membrane and transfers 

electrons to complex IV. Finally, electrons are transferred from complex IV to molecular 

oxygen in the mitochondrial matrix to form water, completing the electron transport 

chain (Green et al., 1956). It is through the transfer of electrons at protein complexes I, 
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III, and IV that energy is provided to pump protons from the mitochondrial matrix to the 

intermembrane space, which serves to either enhance or sustain a proton gradient 

between these two locations  (see Figure 1.2).  

The pumping of protons from the matrix to the intermembrane space provides a 

large electrochemical gradient that is termed the proton motive force (Δpm). The Δpm is 

made up of two components, a smaller pH gradient, and a larger proton gradient referred 

to as the membrane potential (Mitchell, 1961). It is from this force promoting the return 

of protons from the intermembrane space to the matrix that energy may be harnessed for 

the formation of ATP from ADP at ATP synthase (Maloney et al., 1974; Elston et al., 

1998; Wang & Oster, 1998). Therefore, the maintenance of the proton gradient can be 

considered the most vital part of oxidative metabolism. This chemi-osmotic hypothesis of 

coupling electron transfer, proton pumping, and ATP production was originally put 

forward in 1961 and has largely remained the accepted model defining the mechanism of 

oxidative phosphorylation ever since (Mitchell, 1961; Kadenbach et al., 2010). 
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Figure 1.2 - The Electron Transport Chain 
Reducing equivalents (NADH and FADH2) created in the TCA cycle provide electrons 
for the ETC. These electrons (thick dashed lines) transfer through the protein complexes 
imbedded in the inner membrane to be donated to oxygen, forming water. This action 
promotes the pumping of protons (thin dashed lines) into the intermembrane space, which 
increases the proton motive force that allows conversion of ADP to ATP at ATP 
synthase. Abbreviations: CI-V, complex I-V; Q, ubiquinone/ubiquinol; C, cytochrome C. 
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It is noteworthy that the Δpm provides a level of respiratory control on the ETC 

that regulates the ability of mitochondria to respond to acute changes in energy demand 

(Hafner et al., 1990). Electron transfer through the ETC provides the necessary energy to 

pump protons against their concentration gradient, however continued proton pumping 

can push the proton gradient to a threshold where high Δpm inhibits further proton 

pumping and the respiratory chain, which slows mitochondrial activity (Kadenbach et al., 

2010). Since reducing equivalents are rarely limiting to oxidative metabolism, the cell 

relies on changes in energy demand, in the form of available ADP, to regulate TCA and 

ETC flux (Chance & Williams, 1955). The inhibition of electron transfer and proton 

pumping therefore prevents the unnecessary utilization of metabolic fuel sources when 

energy demands are low. Conversely, increased energy demand and ADP availability 

promote the rapid dissipation of Δpm through ATP synthase, which releases the inhibition 

on proton pumping and electron flow to promote greater ATP production (Chance & 

Williams, 1955). Therefore, reductions in Δpm through the provision of ADP provides a 

mechanism for regulating acute changes in mitochondrial respiration, which can be used 

to meet transient changes in energy demands. 

1.3 Mitochondrial Biogenesis 

The mitochondrial organelle is thought to have originated as a free-living 

bacterial species that formed a symbiotic relationship with eukaryotic cells around two to 

three billion years ago (Lang et al., 1999). Over time, mitochondria are believed to have 

transferred a majority of their genes encoded within their own DNA to the nucleus of 

their host (Andersson et al., 2003), and of the ~1500 genes encoding mitochondrial 
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proteins, only 37 of those genes remain within mitochondrial DNA (mtDNA) today. In 

retaining certain genes within mtDNA, it is believed that these genes have evolved 

separately from their nuclear counterparts, as the evolutionary speed of mitochondrial 

genes far exceeds that of the nuclear genome (Brown et al., 1979).  

Mitochondrial biogenesis is the enhancement of mitochondrial content through 

increasing mitochondrial protein abundance, mtDNA copy number, and ultimately 

mitochondrial function (Garesse & Vallejo, 2001). Biogenesis typically results from 

prolonged energetic demands stimulating energy stress pathways that trigger increased 

transcription of mitochondrial genes and replication of mtDNA. Considering that only 

select mitochondrial genes are located within the mitochondrial genome, the 

enhancement of mitochondrial content requires coordinated actions between both nuclear 

and mitochondrial genomes in order to increase mitochondrial content (Goffart & 

Wiesner, 2003). 

The mitochondrial genome is a double-stranded 16.6 kilobase (kb) closed circular 

DNA structure contained within mitochondria that codes for 37 genes, including 13 

subunits of the ETC, 22 transfer RNAs (tRNA), and 2 ribosomal RNAs (rRNA) 

(Anderson et al., 1981; Attardi & Schatz, 1988). All remaining proteins found within the 

mitochondria are encoded on the cell’s nuclear DNA, translated, and transported into the 

mitochondria for use. The mitochondrial genome consists of two strands of DNA, an 

inner light-strand (L-strand) that encodes for 8 tRNAs and 1 ETC subunit, and an outer 

heavy-strand that encodes for the remaining 2 rRNAs, 14 tRNAs, and 12 protein 

subunits, all of which are well-conserved across mammals (Fernandez-Silva et al., 2003). 

The mitochondrial genome also contains a regulatory non-coding region of ~1kb in 
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length termed the displacement loop (D-loop), which comprises the origin of H-strand 

replication (OH), the transcriptional L-strand promoter (LSP), the first transcriptional H-

strand promoter (HSP1) (HSP2 is thought to lie just exterior to the D-loop region) 

(Montoya et al., 1982), termination-associated sequences (TAS), and three highly-

conserved sequence blocks (CSB I-III) (Shadel & Clayton, 1997). A second non-coding 

region of ~30 nucleotides in length also exists that lies two-thirds down the genome from 

OH that comprises the origin of L-strand replication (OL). It is from the D-loop that the 

events initiating mitochondrial transcription and replication occur (see Figure 1.3). 
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Figure 1.3 - The Mitochondrial Genome 
A) Structure of mtDNA. Genes encoded on the H-strand appear on the exterior of the 
plasmid where genes located on the L-strand appear on the interior. Single letters 
represent an encoded tRNA for the representative amino acid. B) A close-up of the 
structure of the D-loop region of mtDNA. C) mtDNA replication initiates by synthesizing 
a new H-strand from OH along the L-strand before creating a new L-strand from OL along 
the previous H-strand. Thin dashed lines represent newly synthesizing mtDNA in the 
direction of the grey arrow. Abbreviations: tRNA, transfer RNA; OH, origin of heavy-
strand replication; OL, origin of light-strand replication; HSP1-2, heavy (H)-strand 
promoters 1-2; LSP, light (L)-strand promotor; CSB1-3, conserved sequence blocks 1-3; 
TSB, termination sequence block. 
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1.3.1 Transcription of Nuclear-Encoded Mitochondrial Genes  

 Several transcription factors have been identified to bind promoters that transcribe 

mitochondrial genes located within nuclear DNA. Of these, two nuclear respiratory 

factors (NRF-1 and NRF-2) and two peroxisome proliferator-activated receptors (PPAR-

α and PPAR-γ) are commonly studied due to the wide number of mitochondrial genes 

they activate (Scarpulla, 1997; Lehman et al., 2000). Work examining the activation of 

nuclear-encoded mitochondrial genes is complicated by the existence of multiple 

transcription factors, differences in regulatory properties, and an abundance of 

heterogeneous sites for initiating transcription. A commonly studied example of this is in 

work examining NRF-1. NRF-1 has been shown to regulate the expression of several, but 

not all, nuclear-encoded ETC subunits and mitochondrial transcription factors (Kelly & 

Scarpulla, 2004), where remaining ETC subunits are transcribed by multiple additional 

factors, some of which still remain to be identified. NRF-1 promoter sites are also located 

on genes encoding non-mitochondrial proteins (Lenka et al., 1998), suggesting that NRF-

1 activity does not specifically target mitochondrial biogenesis, but instead may be linked 

to a common cell-stress pathway. Due to this, research investigating the regulation of 

mitochondrial biogenesis at the level of the nuclear genome is slow when examining the 

individual roles of these transcription factors, and therefore studies tend to target broader 

coactivators that are capable of stimulating multiple transcription factors involved in 

mitochondrial biogenesis (Hood, 2001). Two PPAR-γ coactivators (PGC-1α and PGC-

1β) have been shown to activate genes in both nuclear and mitochondrial genomes, and 

as such, are often regarded as the master regulators of mitochondrial biogenesis. In 

support of this, overexpression (Wu et al., 1999) or ablation (Leick et al., 2010b) of 



	   13	  

PGC-1α results in increases or decreases in mitochondrial content, respectively. This 

strongly suggests that these coactivators are central to the coordinated stimulation of both 

nuclear and mitochondrial transcription factors to enhance mitochondrial biogenesis.  

1.3.2 Transcription of Mitochondrial DNA 

The transcription of mitochondrial genes located in mtDNA is relatively better 

understood than their nuclear-encoded counterparts. The mitochondrial helicase, 

Twinkle, and the mitochondrial single-stranded DNA-binding protein (mtSSBP) are 

required for separation of the light and heavy strands (Korhonen et al., 2003) so that 

transcription factors, such as mitochondrial transcription factor A (mtTFA, or TFAM), 

B1 (mtTFB1, or TFB1M), and B2 (mtTFB2, or TFB2M), may interact with the 

mitochondrial D-loop. Although roles for TFB1M and TFB2M in mitochondrial 

transcription are only beginning to be elucidated (Falkenberg et al., 2002), the association 

of TFAM with mtDNA has been well studied and has been shown to wrap, bend, and 

unwind mtDNA in vitro (Fisher et al., 1992). TFAM is also believed to be necessary for 

the initiation of transcription, with specific binding sites having been discovered 

upstream of both D-loop transcription promoter sites (Chang & Clayton, 1986; Fisher et 

al., 1987). Binding of one or several of these transcription factors is required for 

mitochondrial polymerase (polymerase gamma, Polγ) to begin transcription of the 

mitochondrial genome, which occurs from either the LSP for L-strand transcription, or 

either HSP1 or HSP2 for H-strand transcription (Montoya et al., 1983; Bogenhagen et al., 

1984). HSP1 and HSP2 differ in that transcription initiated from HSP1 occurs ~20x more 

frequently than HSP2 and synthesizes two tRNAs and the two mitochondrial rRNAs only, 

whereas transcription beginning at HSP2 may either terminate immediately at TAS or 
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proceed for the entire H-strand (Montoya et al., 1983). Unlike nuclear DNA, 

mitochondrial DNA does not contain introns, and transcription of either strand gives rise 

to a single polycistron of messenger RNA (mRNA) before termination of transcription 

(Attardi & Schatz, 1988). As mtDNA lacks non-coding regions between each gene, the 

location and endonucleolytic cleavage of each tRNA located between ETC-encoding 

genes is believed to play an important part in post-transcriptional processing of the 

mature mRNAs (Fernandez-Silva et al., 2003). 

1.3.3 Replication of Mitochondrial DNA 

 Mitochondrial DNA replication begins in a manner similar to transcription of the 

L-strand, with DNA access permitted through the bending of the D-loop region by 

TFAM, and Polγ commencing transcription from LSP. However, transcription in this 

case is believed to terminate at the CSBs to yield a small strand of RNA that serves as a 

primer for mtDNA replication (Chang & Clayton, 1985). If not terminated immediately at 

TAS, replication by Polγ then commences from these primers at OH in a clockwise 3’ to 

5’ direction along the L-strand to begin the formation of a nascent H-strand (Clayton, 

1982; Brown & Clayton, 2002). This process proceeds along the genome to OL where 

replication begins counter-clockwise along the H-strand to yield a nascent L-strand 

(Fernandez-Silva et al., 2003) (see Figure 1.3, panel C). Although this asynchronous 

replication is the currently accepted model for mtDNA replication (Clayton, 1982), it has 

also been proposed that replication may also occur synchronously through the 

unidirectional leading and lagging-strand mechanisms employed by nuclear DNA (Holt 

et al., 2000), however the details of this have not been elucidated. 
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1.3.4 Signals That Induce Mitochondrial Biogenesis 

 The majority of studies examining mechanisms that stimulate mitochondrial 

biogenesis have been performed in exercising skeletal muscle. In muscle, exercise creates 

a strong intensity-dependent energetic perturbation that results in reproducible 

enhancements in mitochondrial content and function (Hood, 2001). This is attributed to 

signalling events resulting from changes in cellular energy status, mitogen activation, cell 

stress, and cytosolic calcium concentrations that occur during the exercise bout.  

The impact of continued high ATP turnover required of exercising muscle is 

perhaps one of the most studied mechanisms for promoting changes in mitochondrial 

content. ATP breakdown increases the ADP:ATP and AMP:ATP ratios in the cell, which 

stimulates AMP-activated protein kinase (AMPK) activity in an intensity-dependent 

manner (Fujii et al., 2000). Chronic activation of AMPK has been associated with 

mitochondrial biogenesis in the cell, and in support of this, continual pharmacological 

stimulation of AMPK results in enhanced mitochondrial protein content and PGC-1α 

activity (Leick et al., 2010a). Further, this effect is not observed in mice with genetic 

inactivation of AMPK (Zong et al., 2002), identifying a role for AMPK and energy 

turnover in stimulating mitochondrial biogenesis.  

AMPK may serve as a prominent mechanism for stimulating biogenesis, however 

many growth factors and cytokines are released during exercise that are also capable of 

triggering a diverse set of signalling cascades known as the mitogen-activated protein 

kinase (MAPK) pathways. MAPK signalling is often linked with promoting cell survival 

mechanisms, which impacts multiple organelles in addition to mitochondria (Wortzel & 

Seger, 2011). Extracellular signal-regulated kinase (ERK) (Widegren et al., 1998) and the 
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stress-activated P38 MAPK (Akimoto et al., 2005) are two kinases in the MAPK 

pathway that are stimulated by exercise that can lead to mitochondrial biogenesis. 

Interestingly, where previously it has been shown that large Ca2+ fluxes can result in 

PGC-1α stimulation through activating calcium/calmodulin-dependent protein kinase 

(CAMK) (Wu et al., 2002; Ojuka et al., 2003), this effect is now known to be dependent 

on the MAPK pathway (Wright et al., 2007a), suggesting that several pathways may 

merge to induce mitochondrial biogenesis through a common final mechanism.  

Although multiple mechanisms have been elucidated to stimulate PGC-1α 

activity, less is known in regards to how this results in transcription of both nuclear and 

mitochondrial genomes. It was previously believed that exercise promotes increases in 

PGC-1α content and that this progressively results in increases in TFAM protein and the 

transcription of the mitochondrial genome (Akimoto et al., 2005). Support for this 

hypothesis came from observations of enhanced PGC-1α mRNA and protein content with 

endurance training (Baar et al., 2002; Terada et al., 2005). However, more recently it was 

demonstrated that exercise activates mitochondrial genes targeted by multiple 

transcription factors prior to the increase in PGC-1α protein content (Wright et al., 

2007b). Thus it became clear that PGC-1α stimulation is responsible for initiating the 

transcription of mitochondrial genes during initial exercise bouts, while concomitantly 

increasing its own expression for future stability. This study, as well as others (Little et 

al., 2010a; Little et al., 2010b), additionally observed increased PGC-1α content in the 

nucleus with an acute exercise bout, suggesting that PGC-1α is capable of translocating 

to the nucleus when stimulated. As such, it became possible that changes in PGC-1α 

activity and location may be primarily responsible for coordinating transcription between 
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genomes. In support of this, follow-up work demonstrated the presence of PGC-1α in the 

mitochondria (Aquilano et al., 2010) and a strong association of PGC-1α with TFAM in 

the D-loop region of mtDNA with acute exercise (Safdar et al., 2011b). Later it was 

shown that this effect is dependent on the activation of AMPK (Smith et al., 2013), 

further supporting the role of AMPK in regulating mitochondrial biogenesis. Together, 

these combined studies led to the identification of PGC-1α as a coregulator that is 

capable of stimulating transcription of both nuclear and mitochondrial genomes 

simultaneously, making PGC-1α a potentially valuable target for enhancing 

mitochondrial content and function in situations where mitochondrial dysfunction is 

present. 
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Figure 1.4 - Signals That Stimulate Transcription of Mitochondrial Proteins  
Activation of AMPK, CAMK, or P38 results in activation of PGC-1α, which 
subsequently translocates to both the nucleus and mitochondria to trigger the coordinated 
transcription of both genomes. ERK1/2 stimulation leads to activation of transcription 
factors in the nucleus directly, increasing PGC-1α content. 
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1.4 The Brain 

 The regulation of mitochondrial content and function is of considerable interest to 

understanding the development and prevention of brain disease. Dysfunction of the 

mitochondria is thought to either cause or exacerbate more common neurological 

conditions such as Huntington’s, Parkinson’s, and Alzheimer’s diseases (Lin & Beal, 

2006). Further, mutations in the mitochondrial genome have been implicated in the 

primary development of numerous hereditary diseases that result in a neurological 

phenotype (Turnbull et al., 2010). As such, identifying mechanisms for enhancing brain 

mitochondrial content and function is central to approaching the treatment of many 

neurodegenerative diseases.  

With the identification of multiple mechanisms that can stimulate mitochondrial 

biogenesis in skeletal muscle, it has often been assumed that findings in exercising 

muscle could easily be applied to other tissues (Boveris & Navarro, 2008; Cheng et al., 

2010; Onyango et al., 2010; Marques-Aleixo et al., 2012). This translation would initially 

seem reasonable in the brain, given the presence of similar transcription factors, 

signalling kinases, and enhanced activity with exercise. However, it may be 

presumptuous to assume that cells in the brain experience similar stresses with exercise, 

or that mitochondrial biogenesis is required to meet chronic metabolic demands in neural 

tissue. Therefore, differences in the structure and function of these tissues should be 

reconsidered when assessing the application of biogenesis-inducing mechanisms. 
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1.4.1 Structure-Function Considerations 

Skeletal muscle fibres are typically classified based on their contractile twitch 

properties, and mitochondrial content tends to follow the myosin heavy chain isoform 

determining the contraction speed and metabolic needs of the fibre (Shafiq et al., 1966; 

Barnard et al., 1971; Baldwin et al., 1972). Within a given muscle fibre, mitochondria are 

located along the sarcolemmal membrane and in high concentration between contractile 

proteins to provide ATP for maintaining ion homeostasis and contractile activity (Palmer 

et al., 1977). Brain tissue differs from this in that the cells of the brain can initially be 

divided into three broader classes, which include neurons, astrocytes, and microglia, with 

the latter representing the immune cells of the central nervous system. Each cell category 

can then be divided into many specific cell types that differ in their physical shape, 

expressed proteins, mitochondrial content, location in the brain, and synthesized 

neurotransmitters, properties which summate to determine the function of a given cell. To 

comment further on these cell types would be difficult, as their variability in the brain is 

extremely vast and our knowledge of their structure and function is still expanding. A 

study in early 2015 (Zeisel et al., 2015) examined the cell populations present in only the 

somatosensory cortex and the CA1 region of the hippocampus of mouse brains using 

RNA-sequencing technology, and revealed 47 molecularly distinct subclasses of cells, 

some of which had not yet been identified.  

When examining mitochondrial location within a given neuron, mitochondria can 

be found in the soma, dendrites, along the axon, and at the synapse. It is well known that 

neural cells differ in their abundance of mitochondria at each location, where for 

example, mitochondrial content can be higher in axons or dendrites, depending on the 



	   20	  

cell type (Wong-Riley, 1989; Dubinsky, 2009). This heterogeneity of mitochondrial 

location and abundance complicates the application of findings from one neural 

population to another. Differences in the enzyme expression and oxygen consumption 

between cells of the same type appear to follow the firing frequency of the cell rather 

than the classification or neurotransmitter phenotype (Sokoloff, 1993; Laake et al., 1999), 

indicating that findings with a specific area of the brain may only be applicable to that 

region. Therefore, it appears important to concentrate on the broader metabolic 

collaboration between cells within a select brain region when examining changes in 

mitochondrial regulation.  

1.4.2 Collaborative Regulation of Metabolism 

In the central nervous system, the majority of cell-to-cell communication occurs 

between neurons through the summation and propagation of action potentials, and the 

release and binding of neurotransmitters at synapses. Although many neurotransmitters 

exist in the brain, glutamate acts as the major excitatory neurotransmitter in the central 

nervous system and is estimated to be involved with 80-90% of all synapses (Danbolt, 

2001). Glutamate is stored and released from glutaminergic neurons into the synaptic 

cleft, where clearance of glutamate is thought to be performed partially by the 

presynaptic neuron, but more dominantly by neighboring astrocytes (Danbolt, 2001). 

Astrocytes (or glia) were traditionally viewed as the cellular glue of the brain, however 

the importance of astrocytes in aiding neural function continues to be elucidated. Neurons 

co-cultured with astrocytes develop a greater number of synapses (Ullian et al., 2001) 

and greater synaptic efficacy (Pfrieger & Barres, 1997) than neurons cultured alone, and 

higher order species such as humans tend to have a higher ratio of astrocytes per neuron 
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than rodents and other mammals (Bass et al., 1971; Nedergaard et al., 2003). Astrocytes 

contribute to the recirculation of glutamate through converting glutamate to glutamine 

and exporting glutamine to neurons, where they can be converted back to glutamate for 

future neurotransmission or metabolism (Hertz, 1979) (see Figure 1.4). In addition to 

their role in neurotransmitter recycling, astrocytes also serve as the bridge between the 

circulation and neural cells, and therefore provide the substrates necessary for neural 

function, often as a necessary intermediate. For example, glucose that enters the central 

nervous system is first metabolized to pyruvate in astrocytes and converted to lactate for 

export to neurons before mitochondrial oxidation (Tsacopoulos & Magistretti, 1996). As 

such, it has become apparent that neuron-astrocyte cooperation makes up a central 

component of metabolic regulation.  

Glut 

Gln 
CHO 

Pyr Lac Lac 

Pyr Glut 

Glut Gln 

CHO 

CHO 

CHO 

glial cell glial cell 

capillary neuron 

neuron  
Figure 1.5 - Neuron-Astrocyte Metabolic Cooperation 
Glucose enters the central nervous system from the circulation through glial cells and 
forms pyruvate through glycolysis (left). Pyruvate can be metabolized in glial cells, but is 
often converted to lactate for export to neurons for mitochondrial oxidation (bottom). 
When glutamate enters the synaptic cleft (center), it can be taken up by glial cells and 
converted to glutamine (right). Although astrocytes can metabolize both glutamate and 
glutamine in the mitochondria, glutamine is often exported to neurons (top) for either 
metabolism or future neurotransmission. It is noteworthy that other factors exist, not 
depicted here, that also contribute to brain metabolism. Abbreviations: CHO, glucose; 
Pyr, pyruvate; Lac, lactate; Glut, glutamate; Gln, glutamine. 
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The codependence of neuron-astrocyte metabolism adds an additional level of 

complexity to understanding metabolic regulation in the brain. This is particularly true 

when considering the need for glutamate as both a mitochondrial substrate as well as a 

neurotransmitter. The TCA cycle in astrocytes plays a central role in regulating glutamate 

availability, where evidence supports glutamate metabolism is compartmentalized and 

dependent on the concentration of glutamate available (McKenna et al., 2000; 

Waagepetersen et al., 2003). Tracer studies have demonstrated low glutamate availability 

results in high conversion of glutamate to glutamine in astrocytes, with subsequent 

metabolism in neurons (Farinelli & Nicklas, 1992; McKenna et al., 1996a), where high 

glutamate availability promotes increased oxidation of glutamate in the TCA cycle of 

astrocytes and low glutamine formation (Sonnewald et al., 1993; McKenna et al., 1996a) 

(see Figure 1.4). This may be regulated, in part, by the different enzymes predominantly 

responsible for entry of exogenous glutamate into the TCA cycle between cell types 

(McKenna et al., 2000). In neurons, exogenous glutamate is converted to α-ketogluterate 

by the freely reversible aspartate aminotransferase enzyme, where conversion of 

glutamate to α-ketogluterate in astrocytes proceeds through glutamate dehydrogenase 

activity (McKenna et al., 1993; McKenna et al., 1996b; McKenna et al., 2000). 

Considering that glutamate dehydrogenase activity is enhanced in the presence of ADP, 

this difference in enzyme function may be a mechanism for regulating the availability of 

glutamate for neurotransmission versus ATP production. 
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1.4.3 Mitochondrial Motility as a Regulator of Function  

 Mitochondria in all tissues are theoretically capable of fission, transport, and 

fusion to restructure existing mitochondrial reticuli. The length of neural cells can be over 

a meter, and mitochondrial movement through an axon has been shown to occur rapidly 

(MacAskill & Kittler, 2010). In developing neurons, mitochondria have been shown to 

congregate at developing processes, and this event is necessary for axogenesis, dendrite 

outgrowth, and in establishing the polarity of the cell (Mattson & Partin, 1999; Dedov et 

al., 2000; Ruthel & Hollenbeck, 2003; Mattson, 2007). As such, mitochondrial transport 

represents a unique mechanism of metabolic control in brain tissue that is not often 

considered when discussing the need for biogenesis. Although the regulation of 

mitochondrial motility is still under investigation, mitochondria with high and low 

membrane potential have been observed to move in an anterograde and reterograde 

direction, respectively (Miller & Sheetz, 2004). As this represents regulation based on 

changes in the mitochondrial capacity to respond to energy demands, changes in 

membrane potential may provide an additional level of metabolic regulation that 

determines the optimal mitochondrial content of the cell. 

1.4.4 Exercise and the Brain 

  The vast majority of research examining exercise in the brain has been 

predominantly focused towards understanding mechanisms for stimulating neurogenesis 

as well as enhancing neural plasticity in an attempt to improve cognition (Cotman & 

Berchtold, 2002; Mattson, 2012). As such, the hippocampus is of considerable focus in 

these studies as it is believed to be crucial to memory formation, and the ability to 

stimulate neurogenesis appears to be unique to this region of the brain (Eriksson et al., 
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1998). Although few studies have examined changes in brain mitochondrial content or 

function following exercise training, work examining mitochondrial adaptations have 

correspondingly focused their measurements on changes within the hippocampus as well. 

Evidence supporting mitochondrial biogenesis in the hippocampus of exercising rats is 

limited to two studies, with one study demonstrating increased mitochondrial number 

through manually counting mitochondria on electron micrographs (Dietrich et al., 2008), 

and a second study that found an upregulation of several mitochondrial proteins through 

proteomic analysis (Kirchner et al., 2008). In considering these results, it is noteworthy 

that findings of enhanced mitochondrial content or function in this region of the brain 

may be misleading due to the increased mitochondrial demand in developing neurons 

stimulated through neurogenesis, suggesting that findings in the hippocampus may not be 

relatable to other brain regions. Unfortunately, experiments examining mitochondrial 

biogenesis in regions external to the hippocampus are also limited. In exercising mice, 

one study observed enhanced enzyme activity of ETC respiratory complexes in whole 

brain homogenate with exercise at 52 weeks of age, but not at 78 weeks (Navarro et al., 

2004). This study provides evidence for potentially enhanced mitochondrial activity 

following exercise training in aging mice, but does not support changes in mitochondrial 

content. However, a more recent study examined mitochondrial-associated changes in 

multiple brain regions following 8 weeks of exercise training in mice and found enhanced 

mtDNA content in several brain regions as well as an increased abundance of PGC-1α 

mRNA (Steiner et al., 2011). It is not clear why mRNA was assessed after prolonged 

exercise and not mitochondrial protein content, however these increases in mtDNA copy 
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number in non-hippocampal regions of the brain provides the only evidence to date that 

exercise enhances mitochondrial content in non-neurogenic regions of the brain. 

Finally, although little evidence exists to support a direct effect of exercise on 

brain mitochondrial biogenesis, it is often assumed that chronic stimulation of traditional 

exercise signalling kinases would lead to enhanced mitochondrial content in the brain 

(Onyango et al., 2010). To date, no evidence exists to support this hypothesis, and despite 

the confirmation of similar regulation of these protein kinases between tissues, the 

additional roles of these kinases in the brain have only been assumed when considering 

the impact of exercise. For example, AMPK is highly enriched in neurons and is 

responsive to increased concentrations of AMP (Culmsee et al., 2001), however AMPK 

also promotes axogenesis in neurons (Williams et al., 2011) and over-activation of 

AMPK during key growth phases inhibits neuronal polarization (Amato et al., 2011). 

Therefore, under principles established in skeletal muscle, high exercise-induced 

activation of AMPK would theoretically result in stunted neural development, which 

contradicts observations of improved cognition with exercise (van Praag, 2009). This is 

not the only kinase to have additional functions in the brain. ERK1/2 is known as an 

important neurotrophin signalling intermediate in brain tissue and has been suggested to 

play a role in establishing the neuronal network (Boulton et al., 1991). ERK1/2 has also 

been shown to migrate away from the mitochondria towards the nucleus during brain 

development (Alonso et al., 2004), suggesting that signalling kinases may undergo 

functional remodeling in the mature nervous system. Finally, reduction or enhancement 

of PGC-1α expression in hippocampal neuronal cell culture has demonstrated 

proportional changes to dendritic spine formation and the number of synapses formed 
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(Cheng et al., 2012), suggesting that changes in PGC-1α expression are capable of 

altering nervous system structure. Although the roles of signalling kinases in exercising 

muscle are often assumed to directly translate to the brain, this hypothesis has not yet 

been addressed. Therefore additional work is required before implying application of 

exercise principles from muscle to the brain. 

1.4.5 Mitochondria and Neurodegenerative Diseases 

 Improving mitochondrial content and function with exercise becomes particularly 

appealing when considering the abundance of neurological diseases that are thought to be 

caused or exacerbated by dysfunctional mitochondria (Kwong et al., 2006). Where 

several of these diseases originate from inherited mutations within the mitochondrial 

genome, neurodegenerative disorders such as Alzheimer’s, Parkinson’s, and 

Huntington’s disease arise from mutations in nuclear-encoded genes that can negatively 

impact mitochondria and reduce cell survival.  

 The role of mitochondrial dysfunction in neurodegeneration is particularly evident 

in Huntington’s disease (HD), which results in a progressive decline in motor and 

cognitive abilities, followed by death 10-20 years after the onset of symptoms (Folstein et 

al., 1983). HD is caused by an autosomal dominant mutation in the native Huntingtin 

protein, where the Huntingtin polyglutamine repeat sequence is expanded from <35 

repeats in healthy humans, to >40 in HD patients (Andrew et al., 1993; Shelbourne et al., 

2007). This causes abnormal folding of the Huntingtin protein and results in the 

formation of cell aggregates. Although aggregates have been found in many cell types 

throughout the body (Strong et al., 1993; Panov et al., 2002), the caudate nucleus of the 

striatum appears to be most susceptible to cell death. The exact reason for this is 
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unknown, however mitochondrial dysfunction is often hypothesized to promote the 

disease phenotype. Mutant Huntingtin has been shown to interact directly with 

mitochondria (Yu et al., 2003), which reduces mitochondrial ATP production (Milakovic 

& Johnson, 2005; Mochel et al., 2012) and increases the mitochondrial sensitivity to 

calcium-induced apoptosis (Panov et al., 2002). Loss of the abundance of mtDNA has 

also been reported (Horton et al., 1995), along with decreases in the protein content of 

complexes II and III and concomitant decreases in complex II/III and IV activity (Mann 

et al., 1990; Gu et al., 1996; Browne et al., 1997). As such, strong evidence exists to 

demonstrate loss of both mitochondrial content and function in HD, warranting the 

applications of strategies, such as exercise, to prevent declines in mitochondrial health.  

It is noteworthy that not all neurological disorders are progressive and chronic. 

Ischemia-reperfusion (IR) injuries represent acutely acquired neuropathies where 

decreased mitochondrial function has been observed. IR injuries result from an initial 

acute episode of anoxia that is caused by vascular blockage or cardiac arrest, followed by 

the return of blood flow to the affected region (Sanderson et al., 2013). The absence of 

oxygen in ischemia impairs the mitochondrial capacity for oxidative phosphorylation and 

lowers membrane potential (Abramov et al., 2007), where reperfusion is known to 

promote restoration of membrane potential and bursts of damaging reactive oxygen 

species (Liu & Murphy, 2009). As a result, impaired mitochondrial respiration has been 

observed early in ischemia and following reperfusion (Sims, 1991), where stimulating 

mitochondrial uncoupling has been shown to reduce cell damage from the mitochondria 

(Mattiasson et al., 2003). Therefore, considering that impaired mitochondrial content and 

function have been observed in several neurological diseases, strategies aimed at 
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preventing mitochondrial dysfunction would prove to be beneficial in reducing the 

severity of degenerative symptoms and the rate of mortality. 

 

1.5 Summary 

Our knowledge of the regulation of mitochondrial content and function has been 

significantly expanded in recent decades by work in exercising skeletal muscle. Although 

it is often assumed that results from work in muscle can be directly translated to brain 

tissue, the application of these principles in the prevention of mitochondrial dysfunction 

in neurodegenerative diseases has not been determined. It is clear that neural tissue 

possesses unique levels of regulation that are not present in skeletal muscle that may alter 

the application of these findings. This is particularly evident in the cooperative 

metabolism that exists between neural and glial cells, and therefore future studies are 

warranted to determine the impact of exercise on altering mitochondrial content and 

function in the brain.  
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Chapter 2 

Aims of the Thesis 
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2.1 Specific Objectives  

 The purpose of this thesis was to determine the effects of acute and chronic 

exercise training on improving markers of mitochondrial content and function in the 

brain. The present work outlines a novel method of assessing mitochondrial respiration in 

the brain and investigates the effects of exercise on brain mitochondrial biogenesis and 

respiratory function, as well as the application of exercise training on preventing 

mitochondrial dysfunction in neurodegenerative disease. 

 

Study 1: 

Previous methods for assessing mitochondrial respiration in the brain have 

required a significant amount of tissue, time, and mechanical disruption of the 

mitochondria. Therefore the aim of this first study was to outline a method for rapidly 

assessing mitochondrial respiration through permeabilizing small brain samples in situ, 

while also keeping the native mitochondrial morphology intact. 

 

Study 2:  

The regulation of mitochondrial biogenesis is typically studied in skeletal muscle, 

but rarely assessed in tissues such as the brain. Therefore, the aim of study 2 was to 

investigate the effect of exercise on the brain through assessing the activation of exercise 

signalling kinases with acute exercise, as well as analyzing changes in mitochondrial 

content and respiratory function with chronic exercise. It was hypothesized that similar 

mechanisms would be activated between skeletal muscle and the brain. 
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Study 3: 

The effect of acute exercise on mitochondrial respiration in the brain has not been 

assessed. Therefore, the aim of this study was to investigate changes in substrate-specific 

respiration in the brain with acute exercise. 

 

Study 4: 

 Observations of decreased mitochondrial content and function in Huntington’s 

disease makes it a prime candidate for the application of exercise in preventing 

neurodegeneration. The aim of this final study was to determine if exercise training is 

capable of preventing mitochondrial dysfunction in the R6/1 mouse model of 

Huntington’s disease. 
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Chapter 3 

Permeabilization of brain tissue in situ enables multi-region analysis of 

mitochondrial function in a single mouse brain 

 
 
 
Presented as published: 
 
Eric A.F. Herbst and Graham P. Holloway. Permeabilization of brain tissue in situ 

enables multiregion analysis of mitochondrial function in a single mouse brain. J Physiol, 

593 (4): 787-801, 2015. 
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3.1 Abstract 

Mitochondria function as the core energy providers in the brain and symptoms of 

neurodegenerative diseases are often attributed to their dysregulation. Assessing 

mitochondrial function is classically performed in isolated mitochondria, however this 

process requires significant isolation time, the demand for abundant tissue, and the 

disruption of the cooperative mitochondrial reticulum, all of which reduce reliability 

when attempting to assess in vivo mitochondrial bioenergetics. Here we introduce a 

method that advances the assessment of mitochondrial respiration in the brain by 

permeabilizing existing brain tissue to grant direct access to the mitochondrial reticulum 

in situ. The permeabilized brain preparation allows for instant analysis of mitochondrial 

function with unaltered mitochondrial morphology using significantly small sample sizes 

(~2 mg), which permits the analysis of mitochondrial function in multiple subregions 

within a single mouse brain. This technique was applied to assess regional variation in 

brain mitochondrial function with acute ischemia-reperfusion injuries and to determine 

the role of reactive oxygen species in exacerbating dysfunction through the application of 

a transgenic mouse model overexpressing catalase within mitochondria. Through creating 

accessibility to small regions for the investigation of mitochondrial function, the 

permeabilized brain preparation enhances the capacity for examining regional differences 

in mitochondrial regulation within the brain, as the majority of genetic models used for 

unique approaches exist in the mouse model. 
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3.2 Introduction 

In the brain, mitochondria regulate the provision of energy for maintaining 

electrochemical homeostasis and synaptic function, while additionally influencing 

calcium sequestration, neurite outgrowth, and the polar establishment and development of 

neural cells (Mattson & Partin, 1999; Li et al., 2004; MacAskill et al., 2010). 

Dysregulation of the mitochondria has been implicated in contributing to many 

neurological and psychiatric disorders, decreased neural plasticity, and to the poor 

prognosis resulting from ischemia-reperfusion injuries (Fiskum et al., 1999; Manji et al., 

2012; Sanderson et al., 2013). As such, the establishment of a methodology to rapidly 

assess mitochondrial function in the brain is necessary to determine potential mechanistic 

links between alterations in mitochondrial physiology and neurological disorders. 

Most of our knowledge on the function of brain mitochondria stems from studies 

using isolated non-synaptosomal mitochondria, which are occasionally pooled with 

treated synaptosomal mitochondria for functional analysis. This approach offers several 

drawbacks, as in addition to the significant amount of time needed to isolate 

mitochondria (Sims & Anderson, 2008), this technique also possesses substantial tissue 

requirements that often demand the use of an entire rodent brain to obtain sufficient yield, 

or the pooling of multiple brains when assessing regional variation. Further, the 

properties of mitochondria differ between brain regions, neural and glial mitochondrial 

populations, as well as between subpopulations of mitochondria within synaptosomes and 

axons (Dubinsky, 2009). As many mitochondria are damaged and lost during mechanical 

disruption, the proportions of the varying recovered mitochondrial populations from 

neurons and glia contributing to function are unknown. Therefore, it is possible that in 
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cases of a cell-type specific bias in the progression of a pathology, analyzing function in 

isolated mitochondria may result in the preferential yield of one mitochondrial population 

over another, altering the interpretation of the dysfunctional phenotype. Finally, 

mitochondria work cooperatively as dynamic reticular networks that are capable of 

fission, translocation, and fusion for the purpose of sharing substrates, proteins (Liu et al., 

2009), DNA (Legros et al., 2004), and membrane potential (Amchenkova et al., 1988), 

all which influence mitochondrial function (Picard et al., 2011). Therefore, assessing 

function following isolation is also limited in that mechanical disruption distorts the 

reticular structure (Picard et al., 2011), which not only alters the cooperative nature by 

which mitochondria interact, but likely either selects mitochondria with similar properties 

following differential centrifugation, or fails to maintain those properties altogether after 

considerable isolation time. Due to these limitations, the interpretation of the results 

obtained through the analysis of isolated mitochondria may not accurately reflect the 

metabolic environment in vivo. 

Considering changes in mitochondrial behavior occur rapidly, the ability to 

analyze mitochondrial function immediately following removal from the brain is ideal for 

determining acute changes in bioenergetic regulation. These collective considerations 

prompted us to establish an in situ mitochondrial preparation for the brain that forgoes the 

need to disrupt the native mitochondrial environment. In permeabilizing freshly extracted 

brain tissue, we have removed the time requirement for isolation and minimized sample 

size to create the opportunity to rapidly analyze substrate-specific changes in multiple 

regions within a single mouse brain. Here we validated the efficacy of this preparation 

through assessing the functional responses to the presence of mitochondrial substrates 
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and inhibitors and confirmed the morphological integrity of the mitochondrial reticulum 

through transmission electron microscopy. We then applied this technique to investigate 

the effects of acute ischemia-reperfusion injuries on mitochondrial function in multiple 

brain regions within the mouse and validated the improved reliability of the permeablized 

method against the existing method of isolated mitochondria. Finally, we then applied 

this method to investigate a protective strategy in preventing metabolic dysfunction 

following ischemia-reperfusion injuries through employing the use of a transgenic mouse 

line. These experiments demonstrate a technique that advances the applicability of 

assessing mitochondrial function in small brain regions when examining disease and 

treatment.  

 

3.3 Methods 

3.3.1 Ethical approval 

 C57BL/6 mice were bred on site at the University of Guelph. All procedures in 

this study were approved by the University of Guelph Animal Care Committee. 

3.3.2 Permeabilizing brain tissue for respiration 

High-resolution respirometry was performed on obtained brain samples using an 

Oroboros Oxygraph-2K (Oroboros Instruments). Experiments were run at 37oC in MiR05 

respiration medium (0.5mM EGTA, 3mM MgCl2, 60mM K-lactobionate, 10mM 

KH2PO4, 20mM HEPES, 110mM sucrose, 1g/L BSA) with constant stirring at 750rpm.  

All experiments were initially performed in the cortex and confirmed in other 

brain regions. Following removal from the brain, samples were quickly dissected, 
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weighed, and placed into the respirometer. Optimal sample size was determined through 

varying sample size and examining consistency of respiration values and examining for 

the presence of diffusion limitations (delay reaching steady state). Samples were allowed 

~10min for residual substrates to deplete prior to permeabilization or substrate addition to 

avoid drift during experiments, where periods >10min were not additionally beneficial.  

In determining the optimal saponin concentration for permeabilization of the 

plasma membrane, saponin treatment prior to respirometry resulted in insufficient 

permeabilization, determined by increased respiration from subsequent saponin additions 

during analysis. Therefore we tested saponin concentrations within the respirometer at 

concentrations of 0, 20, 40, 50, 60, and 80µg/mL in the presence of 10mM glutamate, 

5mM malate, and 5mM ADP, and ran additional saponin titrations in the presence of 

10mM succinate, 5mM ADP, and 0.5µM rotenone, to approach permeabilization with 

multiple substrates with different membrane transport properties. Finally, mitochondrial 

membrane integrity was tested as performed conventionally by adding 0.01mM 

cytochrome c following respiration stimulated by 0.5µM rotenone, 10mM succinate, and 

5mM ADP under multiple saponin concentrations. Results from these experiments 

demonstrated that a saponin concentration of 50µg/ml was optimal for experiments, 

which is similar to that used in permeabilized fibres from contractile tissues (Veksler et 

al., 1987; Anderson & Neufer, 2006; Perry et al., 2011).  

3.3.3 Optimizing respiration 

Saturating substrate concentrations were confirmed through performing multiple 

overlapping titrations for pyruvate (30, 75, 250, 1000, 2000µM; in the presence of 5mM 

ADP and 5mM malate), glutamate (100, 250, 500, 2000, 4000, 6000µM; in the presence 
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of 5mM ADP and 5mM malate), and ADP (25, 50, 100, 175, 500, 2000, 6000µM; in the 

presence of 10mM pyruvate and 5mM malate). Respiration values for maximal substrate 

concentrations were confirmed through bolus additions and the additive effect of 

substrates was confirmed by the serial addition of 10mM pyruvate, 5mM malate, 5mM 

ADP, 10mM glutamate, and 10mM succinate. 

Changes in oxygen consumption were confirmed to originate from mitochondria 

through coupling substrate-specific changes in respiration with corresponding inhibitors. 

Therefore complex I-stimulated respiration through 10mM glutamate, 5mM malate, and 

5mM ADP was followed by the addition of either 0.5µM rotenone (complex I inhibitor), 

0.5µM myxothiazol (downstream complex III inhibitor), or 2µg/ml oligomycin 

(downstream complex V inhibitor). Complex II-specific respiration was stimulated by 

10mM succinate in the presence of 5mM ADP and 0.5µM rotenone (to prevent electron 

backflow), and was inhibited by the addition of 20mM oxaloacetate (TCA substrate and 

potent inhibitor of succinate dehydrogenase at complex II).  

3.3.4 Imaging 

Transmission electron microscopy was performed as previously described 

(Holloway et al., 2010) to qualitatively determine mitochondrial morphology. This was 

conducted on freshly fixed untreated cortex, cortex from the same rodent after a full-

length permeabilized respiration protocol, and on freshly isolated mitochondria (see 

below) without prior respiratory analysis.  

Images of sample sizes were taken on fresh untreated mouse cortex (Infinity 2 

attached to Zeiss Stemi 2000, Oberkocken, Germany). 
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3.3.5 Assessing mitochondrial function in ischemia and reperfusion injuries 

 Mice were kept under anesthetic with 1.5% isoflurane on a heating pad either for 

the duration of the surgical procedure (ischemia or ischemia + reperfusion) or for 60min 

in control mice (n=6). We determined that length of time under anesthetic does not affect 

respiration results through testing the affects of prolonged anesthesia on mitochondrial 

respiration. Ischemic injury was induced through occluding the common carotid arteries 

for 15min through bilateral ligation with a 5-0 surgical thread. After ischemia, mice were 

either sacrificed (n=6) or the suture was removed to allow for 30min of reperfusion (n=6) 

under anesthetic. Following sacrifice, two samples of the cerebral cortex, striatum, and 

hippocampus were quickly dissected out under a microscope, weighed on a 

microbalance, and placed into the respiratory chamber for analysis of either pyruvate- or 

glutamate-stimulated respiration. After the addition of saponin, pyruvate-stimulated state 

IV respiration was initiated through the addition of 10mM pyruvate and 5mM malate, and 

state III was stimulated by 5mM ADP. Max complex-I stimulated respiration was 

produced with the addition of 10mM glutamate, and maximal mitochondrial respiration 

was stimulated through complex-II by adding 10mM succinate. Glutamate-stimulated 

respiration was produced similarly, however through adding glutamate and malate, ADP, 

pyruvate, and succinate in succession, respectively. All respiration experiments were 

performed in the same time-frame (<40min following saponin addition). For all 

treatments, a piece of frontal cortex was also flash-frozen for analysis of protein content 

and oxidation products (see below). Following respiration, the samples and respiration 

medium were collected, centrifuged for 1min at 10,000G, the supernatant was discarded, 

and the remaining pellet was frozen for analysis of protein content by Western blotting. 
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Mitochondrial catalase transgenic (MCAT) mice (n=5 per condition) were 

purchased from Jackson Laboratories and treated as described above to investigate the 

role of oxidative stress in contributing to ischemia-reperfusion injuries. 

3.3.6 Experiments in isolated mitochondria 

Non-synaptosomal mitochondria were isolated by the method described by Sims 

(Sims, 1990) and modified by Panov et al. (Panov et al., 2004) with the exception that the 

final mitochondrial pellets were resuspended in Mg2+-absent MiR05. Respiration in 

isolated mitochondria was performed in Mg2+-absent MiR05 at 25 oC under the substrate 

conditions listed above. Maximal respiration for comparison with permeabilized brain 

was generated in the presence of 10mM pyruvate, 5mM malate, 5mM ADP, 10mM 

glutamate, and 10mM succinate, where substrates-specific differences in respiration were 

created through altering pyruvate and glutamate as the initial substrate introduced. 

Succinate-stimulated (complex II-specific) respiration was generated with 10mM 

succinate, 5mM ADP, and 0.5µM rotenone. Substrate control ratios were made relative to 

maximum respiration generated by either pyruvate or glutamate. Experiments in isolated 

mitochondria were performed on control (n=5) and ischemic (n=5) cortex pooled from 

two mice to obtain sufficient tissue yield. The ADP/O ratio was assessed during 

pyruvate-stimulated respiration with a 50µM addition of ADP in the presence of 10mM 

pyruvate and 5mM malate, prior to the addition of 5mM ADP. Glutamate respiration was 

performed by stimulating state IV respiration with 10mM glutamate and 5mM malate 

followed by state III respiration with 5mM ADP.  

 The inability of isolated mitochondria to reliably detect dysfunction with 

ischemia, was tested through examining respiration in the presence of 5mM ADP and 
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5mM malate prior to the addition of 10mM glutamate. This was compared to repeated 

experiments (n=4-5) in control and ischemic cortex using the permeabilized brain 

preparation under both glutamate-stimulated conditions to validate the efficacy of the 

current preparation. 

3.3.7 Western Blotting  

Western blotting was performed on recovered cortex, striatum, and hippocampus 

in control, ischemia, and reperfusion conditions using methods described previously 

(Herbst et al., 2014) to determine changes in mitochondrial protein content. For this, 

subunits of each electron transport chain complex (complexes I-V) were analyzed using 

an OXPHOS antibody cocktail (Mitosciences). The efficacy of analyzing retrieved 

samples was confirmed through consistent results in cortex homogenate from the same 

animals. The presence of lipid peroxidation products (4HNE, Alpha Diagnostics) and 

protein carbonlyation (Oxyblot protein oxidation detection kit, Millipore) were analyzed 

as markers of oxidative stress in cortex homogenates from WT and MCAT mice in all 

conditions. All gels were loaded with 20ug of protein. 

3.3.8 Statistics 

 A one-way analysis of variance was used to detect differences between control, 

ischemia, and reperfusion time-points for a single substrate condition within a brain 

region. If significance was detected, a Fischer LSD post-hoc test was applied. A 

Student’s t-test (two-way) was used to detect differences as percent-control between 

wild-type and MCAT data for a single substrate and time-point, as well as between 

control and ischemic conditions in isolated mitochondria and repeated permeabilized 
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brain experiments. Statistics for MCAT respiration were performed on respiration values 

prior to transformation into percent control. Significance was determined at p<0.05 with 

confidence intervals ≥95%. 

 

3.4 Results 

3.4.1 An in situ mitochondrial preparation 

We aimed to establish a methodology that minimized tissue and time 

requirements for the assessment of mitochondrial function in the brain. Permeabilized 

preparations have previously been successfully employed to analyze in situ mitochondrial 

function in contractile tissues (Veksler et al., 1987; Kunz et al., 1993; Kuznetsov et al., 

2008) using remarkably small sample sizes (often 0.8mg wet weight) to assess the impact 

of disease on metabolic dysfunction. When establishing an in situ method in the brain, we 

optimized the dimensions of the tissue to <1mm in depth and <2mm in width and length 

(Figure 3.1a), and the required amount of tissue to ~1.5-3.0mg wet weight (Figure 3.1b), 

where smaller weights were unable to detect subtle changes in respiration, and larger 

sample weights demonstrated prominent diffusion limitations evidenced through a 

delayed ability to reach steady state and significantly enhanced respiration in divided 

samples. To create a permeabilized preparation we applied a mild cholesterol-binding 

agent, saponin, to the sample within the respirometers. As the content of cholesterol is 

abundant in plasma membranes and extremely low in mitochondria (Colbeau et al., 

1971), saponin creates an in situ system through forming small pores to remove 

limitations on substrate and oxygen diffusion. We optimized the amount of saponin 
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required for this preparation to 50µg/mL (Figure 3.2a-b), as alternative concentrations 

either were insufficient in achieving maximal respiration (<50µg/mL) or became 

detrimental to function (>50µg/mL). It is noteworthy that in situ muscle preparations are 

also optimized to 50µg/mL (Kunz et al., 1993), suggesting an optimal saponin 

concentration when permeabilizing plasma membranes. We note that this preparation 

requires saponin treatment to be performed within the respirometers and therefore a short 

incubation period (~10min) in the respirometers prior to the addition of saponin is needed 

to stabilize the system and improve consistency of the data between samples (Figure 

3.1c). Due to this, however, respiration begins to become compromised ~40min post-

permeabilization and therefore the experimental duration should not exceed this time-

frame. As such, state III, max complex I, and maximal respiration were stimulated at 

10±1.3min, 18.5±0.8min, and 27.5±1.4min, respectively. Finally, the independent 

addition of exogenous ADP following the addition of saponin increased respiration only 

~3pmol/sec/mg wet weight, highlighting the minimal effects of residual endogenous 

substrates in this preparation. 
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Figure 3.1 - Optimizing Sample Size 
(a) Dimensions of an ~2mg sample of cortex. (b) Sample sizes <1mg show an impaired 
ability to detect changes in respiration, where samples larger than 4mg show prominent 
diffusion limitations (Appendix C). (c) A typical glutamate trace for a 1.7mg sample 
followed by complex I inhibition with rotenone; oxygen concentration nmol/ml (top thick 
line) and oxygen consumption (pmol/(sec*ml) (bottom thin line).  

 

To evaluate the efficacy of the preparation, we confirmed that mitochondrial 

integrity is maintained following saponin addition through the addition of cytochrome c 

with several saponin concentrations (Figure 3.2c). We then performed a series of classical 

respirometry experiments to validate the responsiveness of the system. We first 

determined the submaximal and maximal responses to the prominent mitochondrial 

substrates pyruvate (Figure 3.2e) and glutamate (Figure 3.2f) using multiple overlapping 

substrate titrations. We further confirmed maximal saturating respiration values using 

bolus substrate additions of either pyruvate or glutamate (Figure 3.2d), as maximal 

respiration can be affected by the manner in which substrates are made available. Where 
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traditional experiments in isolated mitochondria display lower respiration values 

stimulated with glutamate than pyruvate (Lai et al., 1977), these experiments demonstrate 

similar fluxes with both substrates in the permeabilized preparation, which may be due to 

the absence of mechanical disruption and centrifugation in our in situ preparation. We 

next investigated the response to changes in substrate availability through stimulating 

complex I respiration with a single substrate, or two substrates combined to maximize 

electron entry through a single complex, and additionally stimulated electron entry 

through complex II to determine rates of maximal mitochondrial respiration (Figure 3.2d) 

and confirm the classical additive responses to substrates. Finally, we performed 

mitochondrial complex-specific inhibition to individually interrupt multiple locations 

within the electron transport chain and confirm fluxes in respiration are of mitochondrial 

origin. Specifically, we complimented glutamate-stimulated complex I state III 

respiration with rotenone-induced complex I inhibition to impede the point of electron 

entry, myxothiazole-induced complex III inhibition to interrupt the midpoint of electron 

transport, or oligomycin-induced complex V inhibition to impede electron flow through 

proton build-up (Figure 3.2d). These experiments demonstrate the presence of coupled 

electron transfer in our preparation. To separately target an additional site of electron 

entry, complex II-specific respiration was stimulated with succinate in the presence of 

rotenone to prevent backflow of electrons through complex I, and was subsequently 

inhibited with the addition of oxaloacetate (Figure 3.2d). As build-up of oxaloacetate is a 

natural inhibitor of complex II activity, these results also demonstrate that residual TCA 

intermediates are depleted following the incubation period. As the inhibitors used here 

are specific to targeting mitochondrial complexes essential for respiration, these findings 
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are evidence that data acquired through the permeabilized brain method are reflective of 

changes in mitochondrial respiratory function resulting from flux through the electron 

transport chain. 

To compare flux rates between our preparation and the traditional method of 

isolated mitochondria, we compared maximal respiration stimulated initially through 

either pyruvate, glutamate, or by succinate alone in both preparations. In isolated 

mitochondria, maximal respiration varied considerably when stimulated by each substrate 

(Figure 3.2g), whereas in permeabilized brain, maximal flux was similar among all 

conditions (Figure 3.2h). While in contrast to permeabilized tissue protocols, work in 

isolated mitochondria is almost universally conducted at 25 0C. Therefore, although the 

discrepancies observed between protocols could reflect a temperature-dependency, 

maximal respiration was not altered in the permeabilized preparation at 25 0C (Appendix 

C), indicating temperature is not an explanation for the observed methodological 

differences. In addition, as the flux control ratios were similar between preparations 

regardless of the initial substrate, this suggests that glutamate appears to only stimulate a 

fraction of its maximal potential in isolated mitochondria, identifying substrate-specific 

discrepancies that are not present in permeabilized brain.  
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Figure 3.2 - Creation and Validation of an In Situ Mitochondrial Preparation 
(a) Optimizing saponin concentrations for respiration stimulated with glutamate, malate, 
and ADP or (b) succinate, rotenone, and ADP. (c) Verification of maintained membrane 
integrity performed through the addition of cytochrome c following succinate-stimulated 
respiration at several concentrations of saponin. (d) Confirmation of mitochondrial-
stimulated respiration through complementing glutamate, malate, and ADP with 
rotenone, myxothiazole, or oligomyocin as complex I-, III-, and V-specific inhibitors, 
respectively. Succinate-stimulated complex II respiration was performed in the presence 
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of rotenone + ADP and inhibited with oxaloacetate. Maximal mitochondrial respiration 
was stimulated with serial additions of pyruvate, malate, ADP, glutamate, and succinate 
in succession. (e) Pyruvate and (f) glutamate titrations demonstrate a system responsive 
to changes in substrate availability and confirm saturating substrate concentrations for 
respiration. In both (g) isolated mitochondria and (h) permeabilized brain, substrate 
responses to maximum respiration initially stimulated by pyruvate (white bars), 
glutamate (dark bars), or succinate alone (grey bars) show substrate-specific differences 
between mitochondrial preparations. n=3-5 for all experiments. Abbreviations: G, 
glutamate; M, malate; D, ADP; P, pyruvate; S, succinate; rot, rotenone; myx, 
myxothiazole; oligo, oligomyocin; oxalo, oxaloacetate. 
 

3.4.2 Imaging 

Analysis of mitochondrial respiration typically requires high-speed stirring to 

prevent oxygen and substrate stratification, which may endanger the reticular integrity of 

samples within the respirometer. We therefore used transmission electron microscopy to 

confirm the maintained morphology of the mitochondria in our preparation. As our 

control we imaged untreated cortex and observed clear evidence of intact tubular 

mitochondria (Figure 3.3a), supporting the conservation of the mitochondrial 

environment in freshly extracted brain tissue. In tissue from the same brains, we retrieved 

samples from the respirometers following a full-length permeabilized protocol, 

encompassing an ~60min period from sample acquisition to fixation, and show that the 

elongated nature of the mitochondria was fully conserved (Figure 3.3b). In contrast, we 

compared these images with the traditional preparation of isolated mitochondria without 

prior respiratory analysis and show numerous individually separated and partially swollen 

mitochondria (Figure 3.3c). Combined, these images demonstrate that the morphological 

nature of the mitochondria in the current permeabilized preparation better reflects the in 

vivo environment. 
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Figure 3.3 - Imaging of Mitochondrial Morphology 
Sections of intact mitochondrial reticulum are present in (a) untreated cortex and (b) 
following retrieval from a full-length permeabilized respiration protocol. (c) Isolated 
mitochondria are numerous, swollen, and absent of mitochondrial networks. Scale bars 
represent 200-500nm for in vivo (left) and in situ mitochondria (center), 1µm for isolated 
mitochondria (right). 
 

3.4.3 A new approach to assessing mitochondrial dysfunction  

We applied our preparation to examine changes in respiratory function that occur 

with acute ischemia and reperfusion injuries. Ischemia produces an anoxic environment 

that leads to changes in brain structure and mitochondrial integrity that is histologically 

detectible shortly after arterial occlusion (Garcia et al., 1993; Boutin et al., 1999). We 
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induced ischemia in the mouse through a bilateral carotid artery occlusion for 15min and 

quickly dissected-out three cerebral brain regions: the cortex, the striatum, and the 

hippocampus, for assessing mitochondrial respiration. Pyruvate-supported respiration is a 

widely analyzed substrate when investigating impairments in mitochondrial function, and 

in this study, pyruvate respiration remained unaffected by the acute ischemic event in 

both the cortex (p=0.49) (Figure 3.4a) and hippocampus (p=0.95) (Figure 3.4c). In 

contrast, striatal pyruvate-stimulated respiration was reduced ~50% with ischemia 

(p<0.0001) (Figure 3.4b), demonstrating that pyruvate metabolism in the striatum 

possesses a unique susceptibility to dysfunction with anoxia. In addition to pyruvate, 

glutamate is also a major substrate metabolized by brain mitochondria, although it is not 

as frequently assessed when investigating mitochondrial function. When we investigated 

glutamate-stimulated respiration following ischemia, glutamate oxidation decreased by 

~30% in the cortex (p=0.002) (Figure 3.4d), ~50% in the striatum (p=0.0001) (Figure 

3.4e) and ~25% in the hippocampus (p=0.027) (Figure 3.4f). This demonstrates that 

mitochondrial dysfunction occurs early in ischemia across multiple brain regions through 

impaired glutamate metabolism, which may result in exacerbated recovery from ischemic 

events due the well-established roles of glutamate in neurotransmission (Waagepetersen 

et al., 2003; McKenna, 2007) and the neurotoxic effects of excessive glutamate in brain 

disorders. Considering the difficulty of isolating mitochondria from subregions of the 

mouse brain, these data expand on our knowledge of the substrate- and region-specific 

nature by which ischemia effects cerebral mitochondrial function by identifying 

glutamate-specific dysfunction early in ischemia. These results are also the first to 
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investigate the effect of ischemia on brain mitochondrial function with mitochondrial 

morphology resembling the in vivo environment. 

Although ischemic injury may cause initial dysfunction during anoxia, 

reperfusion is well supported to result in further damage that significantly impairs 

recovery (Sanderson et al., 2013). We therefore investigated the effects of a 30min period 

of reperfusion following ischemia on mitochondrial function with an intact reticulum in 

the same brain regions. Our results show that reperfusion caused significant impairments 

to both pyruvate- (ctx p=0.036; str p<0.0001; hpc p=0.018) (Figure 3.4a-c) and 

glutamate-stimulated (ctx p= 0.026; str p<0.0001 ; hpc p=0.011) (Figure 3.4d-f) 

mitochondrial function in every brain region examined. These experiments corroborate 

previous results in isolated mitochondria that show reperfusion impairs mitochondrial 

function across multiple brain regions (Sims, 1991) and supports that separate 

mechanisms appear to affect ischemia and reperfusion injuries in a region-, substrate-, 

and perhaps compartment-specific manner. This may require consideration when 

approaching protective strategies, as targeting reactive oxygen species generation may 

only regionally benefit loss of mitochondrial function with ischemia, while undetermined 

mechanisms may promote further dysfunction following reperfusion. 

Finally, to validate that mitochondrial dysfunction in these injuries is not the 

result of proteolysis effecting mitochondrial protein content, we retrieved the 

permeabilized brain samples following the respirometry protocol and analyzed 

mitochondrial protein content through Western Blotting. Our results demonstrated that 

representative electron transport chain subunits essential for oxidative phosphorylation 

(complexes I-V) were not decreased by acute ischemia-reperfusion injuries in any brain 
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region examined (Figure 3.4g), which indicates that changes in mitochondrial protein 

cannot explain the reduced respiratory function observed. This highlights an additional 

benefit to the permeabilization method, as the ability to retrieve analyzed samples not 

only maximizes the amount of measures possible in a single mouse brain, but also 

permits analysis of both function and protein content to be performed on the same 

samples for comparison in representative brain regions. 
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Figure 3.4 - Application in Acute Ischemia-Reperfusion Injuries 
Whole-brain ischemia was induced through a bilateral carotid artery occlusion for 15min 
and reperfusion was permitted for 30min (n=6/group). Pyruvate-stimulated respiration 
observed in the (a) cortex, (b) striatum, and (c) hippocampus in control (white bars), 
ischemia (grey bars), and reperfusion (black bars). Glutamate-stimulated respiration 
demonstrates unique dysfunction in the (d) cortex, (e) striatum, and (f) hippocampus. (g) 
Samples retrieved from the respirometer demonstrated that protein content of select 
electron transport chain subunits from complexes I-V were not effected by ischemia-
reperfusion injuries. Abbreviations: isch, ischemia; rep, reperfusion; ctx, cortex; str, 
striatum; hpc, hippocampus; P, pyruvate; G, glutamate; M, malate; D, ADP; S, succinate. 
CI-V, complex I-V; n=6 for all groups. * p<0.05 vs. control; † p<0.05 vs ischemia.  
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3.4.4 Validation with isolated mitochondria 

 To date, analyzing respiration in isolated mitochondria represents the gold-

standard for assessing mitochondrial function, however the significant volume of tissue 

required for isolation complicates exploring small brain regions in the mouse model. The 

current in situ preparation removes this complication and therefore we sought to compare 

results obtained from isolated mitochondria and permeabilized brain to validate our 

preparation. We chose to perform this comparison in control and ischemic cortex due to 

the sufficient tissue availability in this region and also due to the unique substrate-

specific sensitivity found in permeabilized cortex with ischemia. In isolated 

mitochondria, pyruvate-stimulated P/O ratios (p=0.19) (Figure 3.5a) and RCRs (control: 

8.28±1.2; ischemia: 7.45±0.6, p=0.54) remained unaltered following ischemia, 

demonstrating no change in properties of mitochondrial coupling. Mitochondrial function 

assessed through maximal pyruvate-supported respiration was also not affected by the 

arterial occlusion (p=0.79) (Figure 3.5b). These results in isolated mitochondria 

corroborate with pyruvate-stimulated respiration from our in situ preparation, supporting 

our method. 

When comparing glutamate-stimulated respiration in isolated mitochondria, we 

observed significant discrepancies during validation experiments in maximal respiration 

values when we altered the substrate addition order. In addition to the strong 

discrepancies in maximal respiration already demonstrated between glutamate- and 

pyruvate-stimulated respiration, we hypothesized that this could further impact the 

reliability and interpretation of results obtained by mitochondrial isolation and therefore 

assessed the impact of ischemia under two glutamate-stimulated substrate-order 
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conditions. We detected significant impairments in respiration in ischemic isolated 

mitochondria when respiration was stimulated with glutamate prior to the addition of 

ADP (p=0.025), corroborating results from the permeabilized preparation, however when 

ADP was provided prior to glutamate addition, mitochondrial function appeared 

unimpaired in ischemic isolated mitochondria (p=0.45) (Figure 3.5c). We repeated these 

experiments using the permeabilized brain preparation and demonstrate the ability to 

detect impaired mitochondrial glutamate-stimulated respiration with our preparation 

regardless of substrate addition order (Figure 3.5d). It is possible that the discrepancy 

between methods results from the loss of intrinsic mitochondrial properties with 

mechanical disruption during the isolation process, and raises concerns over the 

reliability of using isolated mitochondria when assessing changes in glutamate oxidation 

in the brain. Therefore, these results demonstrate the unique reliability of the 

permeablized preparation in maintaining the in vivo functional regulatory changes that 

effect mitochondrial bioenergetics.  
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Figure 3.5 - Comparison Against Isolated Mitochondria 
Isolated mitochondria from pooled cortex demonstrate that (a) P/O ratios in the presence 
of pyruvate and (b) pyruvate respiration are not affected by ischemia. (c) Results with 
glutamate-stimulated respiration in isolated mitochondria demonstrate order-dependent 
variability where (d) repeated experiments in the permeabilized brain preparation are 
consistent in demonstrating impairments with ischemia independent of substrate addition 
order. Abbreviations: P/O, ADP/Oxygen ratio; G, glutamate; M, malate; D, ADP. n=6 for 
all groups. * p<0.05 vs. control.  
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3.4.5 Applications with genetic models 

The current method increases the feasibility of exploring mitochondrial regulation 

with the use of genetically modified rodent models. This is particularly true in the mouse, 

where the process of obtaining sufficient sample for isolation becomes costly and likely 

deters these models from being applied to diseases affecting brain mitochondrial 

function. Mitochondrial hyperpolarization in ischemia-reperfusion injuries is known to 

enhance production of reactive oxygen species (ROS) from the mitochondria and 

therefore promote further dysfunction through oxidative damage (Liu & Murphy, 2009; 

Sanderson et al., 2013). Therefore we applied the same ischemia-reperfusion protocol in 

mice transgenically expressing mitochondrial-targeted catalase (MCAT), which possess 

enhanced mitochondrial ROS-buffering capacity, to investigate the role of ROS in 

exacerbating mitochondrial dysfunction. Our results show that where dysfunction in 

pyruvate-stimulated respiration was unique to the striatum in ischemia, the application of 

MCAT mice prevented this deficit (p=0.0001), resulting in no observable impairment in 

pyruvate-stimulated mitochondrial function in the ischemic brain (Figure 3.6a). Further, 

where glutamate respiration was impaired in all examined brain regions under the same 

circumstances, this dysfunction was averted in the cortex (p=0.006) and hippocampus 

(p=0.019) of MCAT mice, but not in the striatum (p=0.25) (Figure 3.6b). This supports 

previous data where targeting mitochondrial ROS reduced ischemic injury detected 

histologically (Mattiasson et al., 2003; Hains et al., 2010) and demonstrates differences 

in the progression of mitochondrial dysfunction in ischemia, with glutamate being the 

more sensitive substrate to oxidative damage. These experiments are the first application 
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of the MCAT mouse model in buffering ROS during ischemic injury, and further, the 

permeablized brain preparation also ensures accuracy in results obtained when assessing 

glutamate-stimulated respiration. 

We then applied the MCAT model to reperfusion injuries to investigate if 

continued ROS-buffering or prior protection during ischemia attenuated reperfusion-

induced damage to mitochondrial function. Following 30min of blood-flow return, 

MCAT mice displayed no protection towards pyruvate oxidation in any examined brain 

region (ctx p=0.58; str p=0.11; hpc p=0.58) (Figure 3.6c) and glutamate metabolism in 

the cortex (p=0.53) and striatum (p=0.09) also remained unprotected (Figure 3.6d). These 

results suggest either that the emission of mitochondrial ROS during reperfusion exceeds 

the additional buffering capacity provided in the MCAT mouse or that perhaps additional 

mechanisms play a role in combination with ROS that exacerbate dysfunction during 

reperfusion. These results are the first to identify that ROS buffering through targeting 

the mitochondria is insufficient in preventing mitochondrial dysfunction during 

reperfusion.  

In these experiments we demonstrate that rapid analysis of mitochondrial function 

provides the ability to detect mitochondrial damage in situations were ROS damage is not 

detectible on an acute time scale. As perpetual ROS is known to result in oxidative 

damage that affects membrane integrity (Williams et al., 1998) and protein function, 

examination of products of lipid peroxidation (4HNE) and protein carbonylation in this 

study revealed that neither the damage from ischemia-reperfusion injuries or the 

protection provided by MCAT mice were detectible at the protein level (p>0.7) (Figure 

3.6e-f), supporting the benefits of detecting dysfunction early through analysis of 
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function. However, a limitation to the present work is our current inability to assess ROS 

production in the same brain samples. 
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Figure 3.6 - Simplified Application When Approaching Mechanisms with 
Transgenic Models 
Ischemia-reperfusion injuries were performed in mice expressing mitochondrial-targeted 
catalyze (MCAT) to buffer reactive oxygen species (n=5/group). (a) Comparing the 
maximal pyruvate- and (b) glutamate-stimulated respiration of ischemic cortex, striatum, 
and hippocampus in WT and MCAT mice. (d) Maximal pyruvate- and (e) glutamate-
stimulated respiration of cortex, striatum, and hippocampus following ischemia and 
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reperfusion. Respiration values are shown as a percent of control values within a 
genotype. Acute changes in function are undetectable using protein markers of oxidative 
damage such as (e) lipid peroxidation (4HNE) and (f) protein carbonylation. (g) Protein 
content of subunits of the electron transport chain did not change in examined cortex of 
WT and MCAT mice in any condition. Abbreviations: con, control; isch, ischemia; rep, 
reperfusion; ctx, cortex; str, striatum; hpc, hippocampus; WT, wild-type; MCAT, 
mitochondrial catalase. n=5 for all groups. * p<0.05 MCAT vs. WT percent control under 
the same condition.  

 

Finally, we confirmed that MCAT mice do not possess differences in 

mitochondrial content through examining representative subunits of each electron 

transport chain complex in both WT and MCAT mice (p>0.1) (Figure 3.6g), 

demonstrating that protection in MCAT mitochondria is not due to changes in protein 

content.  

In these experiments, the permeabilized preparation refined our ability to address 

ROS as a mechanism of dysfunction and assess the application of targeting mitochondrial 

ROS to prevent mitochondrial dysfunction. We accomplished this in a mouse model 

using a remarkable sample size (n=5) through assessing mitochondrial protein content 

and function with two substrates in three brain regions, which could not be accomplished 

through the traditional isolated mitochondrial preparation.  

 

 



	   59	  

3.5 Discussion 

Traditional approaches to analyzing brain mitochondrial function have included 

either examining the maximal enzymatic activity of mitochondrial complexes or 

measuring respiration in isolated mitochondria. Although typically more time-consuming, 

respiration encompasses the combined dynamics of the citric acid cycle enzymes and the 

electron transport chain, therefore providing a thorough representation of mitochondrial 

function. The preparation introduced here was designed to expand on the benefits of 

isolated mitochondria by enabling more rapid analysis of mitochondrial function while 

minimizing tissue requirements. As such, where mitochondrial isolation typically 

requires 1-3h to obtain intact mitochondria with a range of 25-600mg wet weight of brain 

tissue (Sims & Anderson, 2008), the permeabilized preparation requires no isolation time 

and produces consistent respiration with ~2mg, thus allowing for the analysis of small 

and specific brain subregions. This approach additionally improves upon isolated 

mitochondria, as where a set volume of isolated mitochondria may be committed only to 

a single analysis, samples from the permeabilized preparation may be retrieved for 

additional examination of protein content. Thus with this preparation, we were able to 

analyze mitochondrial respiration simulated by two different substrates in three unique 

regions within a single mouse brain and also examine each sample for changes in 

mitochondrial electron transport chain content. 

In the present study we applied our preparation to investigate the effects of acute 

ischemia-reperfusion injuries on mitochondrial respiration and also determined the role of 

mitochondrial ROS in exacerbating mitochondrial dysfunction. This approach identified 

ischemic impairments in mitochondrial glutamate oxidation in all brain regions and 
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dysfunction in pyruvate respiration in only select regions, supporting a role for region- 

and substrate-specific responses to mitochondrial dysfunction and disease. Further, the 

buffering of mitochondrial ROS prevented against ischemic mitochondrial dysfunction 

only in select regions, identifying complexities in targeting prevention against ischemic 

damage in the brain. It has been known for some time that ischemia results in damage to 

mitochondrial function (Ozawa et al., 1967), however the impact of mitochondrial ROS 

in exacerbating dysfunction has only marginally been elucidated histologically 

(Mattiasson et al., 2003). Determining the region- and substrate-specific benefits of 

buffering mitochondrial ROS through applying transgenic MCAT mice would not be a 

feasible approach in isolated mitochondria, due to the demanding tissue requirements of 

isolating small brain regions such as mouse striatum. Further, in comparing our 

preparation with isolated mitochondria from pooled cortex, we also revealed 

incongruities in the results obtained when assessing glutamate-stimulated respiration with 

isolated mitochondria. Therefore, the permeabilized preparation creates the ability to 

accurately detect altered glutamate metabolism, which is of benefit as glutamate toxicity 

has been observed to negatively impact many of these neurodegenerative diseases 

(Plaitakis et al., 1988; Rothstein et al., 1993). This may be due to the maintained intact 

mitochondrial morphology provided by the permeabilized preparation, which may be 

crucial when assessing mitochondrial function. Mitochondrial fission has become known 

as a key event leading to apoptosis (Youle & Karbowski, 2005) which results in impaired 

function in Parkinson’s disease (Qi et al., 2013) and in pathologies expressing mutations 

in mitochondrial fission and fusion proteins (Chen & Chan, 2009). 
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 Although the permeabilized technique may be applied to understand the 

relationship between mitochondrial function and behavior, or investigate the effects of 

mitochondrial-targeted pharmokinetics, the advantages of this approach lie most notably 

in detecting changes in mitochondrial function in models of neurological disease. 

Amyotrophic lateral sclerosis, Alzheimer’s, Parkinson’s, and Huntington’s disease are 

among the most commonly studied neurological diseases, which all appear to have a 

causal link with mitochondrial abnormalities. These disorders are unique to humans, and 

therefore investigating these neuropathologies, particularly in their early stages, requires 

relying more predominantly on genetically-manipulated rodent models to pair in vivo 

symptomology with physiological relevance. These diseases tend to manifest in specific 

subregions of the brain prior to effecting their surrounding environments and therefore 

the current technique may be easily applied to detect the location and onset of 

bioenergetic dysfunction in models of this disease. Application of this methodology is 

therefore expected to have an impact on understanding disease progression and novel 

treatment options in various neurodegenerative pathologies. 
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Chapter 4 

Exercise Does Not Enhance Mitochondrial Biogenesis  

in the Cortex or Striatum of the Brain 
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4.1 Abstract 

Objective: The aims of the present study were to determine if exercise can stimulate 

mitochondrial biogenesis in the brain. To do this, we examined if acute exercise 

stimulates traditional signaling pathways in the brain known to be essential for exercise-

induced mitochondrial biogenesis, and to determine if chronic exercise training results in 

enhanced mitochondrial protein and mtDNA content in the cortex and striatum, which 

represent key motor regions of the brain. Methods: Male C57BL/6 mice were left 

sedentary, acutely exercised for 15 or 45min to examine potential signaling cascades 

activated by exercise, or chronically exercise for 4wks to examine the impact of 

prolonged training. The cortex and striatum were analyzed for changes in the 

phosphorylation of AMPK, CAMKII, ERK1/2, and P38 with acute exercise, or markers 

of mitochondrial protein content, mtDNA copy number, and mitochondrial respiration 

with chronic exercise. Results: In mice, acute treadmill running did not alter the 

phosphorylation of AMPK, CAMKII, or P38 in either the cortex or the striatum, but 

decreased ERK1/2 phosphorylation in only the cortex for the duration of the exercise 

bout. Following chronic exercise training, mitochondrial respiration, mtDNA copy 

number, and protein content of various subunits of the electron transport chain were not 

altered by chronic training in adult mice. Conclusion: Combined, these data suggest that 

exercise does not result in increased phosphorylation of traditional signalling kinases or 

enhanced mitochondrial biogenesis in either the cortex or the striatum of healthy animals. 
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4.2 Introduction 

Acute exercise is well known to cause metabolic perturbations to contracting 

skeletal muscle, which with repeated exercise-training enhances mitochondrial protein 

content, mitochondrial DNA (mtDNA) abundance, and oxidative phosphorylation 

(Holloszy, 1967; Holloszy & Coyle, 1984; Irrcher et al., 2003). Where chronic exercise is 

known to induce these adaptions in skeletal muscle, the effect of exercise training in the 

brain has received far less attention. Previous work has shown that exercise creates a 

metabolic perturbation in the brain as evidenced through reductions in brain glycogen 

concentrations following acute training (Matsui et al., 2011), and increased mitochondrial 

activity has been reported in neurogenically active regions of the brain (Kirchner et al., 

2008). However, adaptations in brain mitochondrial content as a result of chronic 

exercise is limited to observations of increased mtDNA and mRNA abundance (Steiner et 

al., 2011), and therefore the extent to which mitochondrial content is enhanced with 

exercise remains largely unknown.  

Within skeletal muscle, mitochondrial biogenesis is induced through various 

cellular stresses repeatedly activating one or several key signaling kinases such as AMPK 

(AMP-activated protein kinase), ERK1/2  (extracellular signal regulated kinase 1/2), 

CAMKII (calcium/calmodulin-dependent protein kinase 2), and stress-activated protein 

kinase P38 (Hood, 2001). These events have been implicated in the stimulation of PGC-

1α (peroxisome proliferator-activated receptor gamma coactivator 1-alpha), which 

coordinates the transcription of nuclear and mitochondrial genomes and stimulates the 

replication of mtDNA (Wu et al., 2002; Zong et al., 2002; Safdar et al., 2011b). While 

roles for AMPK, ERK1/2, CAMKII, and P38 have been identified in the regulation of 
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many processes in brain homeostasis (Lisman et al., 2002; Ramamurthy & Ronnett, 

2012; Dine et al., 2014), the ability of exercise to activate these signaling molecules in 

the brain has not been examined. Given the different biological roles of neuronal and 

contractile tissues, it is unlikely that signaling experiments conducted in exercising 

muscle can be directly transferred to the brain, particularly as these kinases appear to 

possess unique roles in neuronal tissue. For instance, AMPK has been shown to regulate 

axon formation during metabolic stress (Williams et al., 2011) and AMPK over-

activation during key growth phases inhibits neuronal polarization (Amato et al., 2011). 

Further, ERK1/2 demonstrates a nucleus-oriented migration away from brain 

mitochondria with maturity (Alonso et al., 2004), suggesting regulatory kinases may 

undergo functional remodeling with aging. Therefore, although it has been presumed that 

exercise activates signaling pathways in a similar manner in both the brain and skeletal 

muscle to result in enhanced mitochondrial content (Cheng et al., 2010; Onyango et al., 

2010; Marques-Aleixo et al., 2012), investigations supporting these mechanisms have not 

yet been performed.  

Therefore, the current study aimed to investigate the influence of exercise on 

inducing mitochondrial biogenesis in two key brain regions that regulate motor 

movement, the cortex and striatum. Here we demonstrate that acute exercise did not 

produce conventional changes in the phosphorylation of regulatory kinases in these brain 

regions. Following chronic exercise, we observed no changes in the content of key 

mitochondrial proteins important in oxidative phosphorylation. Combined, these data 

suggest that exercise does not result in mitochondrial biogenesis typical of trained 

skeletal muscle. 
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4.3 Methods 

4.3.1 Animals and Exercise Protocols 

C57BL/6 mice were bred on site and housed on a 12h:12h light:dark cycle at the 

University of Guelph. Initial experiments were performed in mice at 12wks of age and 

follow-up experiments investigating age-related effects of chronic exercise were 

conducted in mice at 7wks of age. For experiments with acute exercise, mice were left 

sedentary, were exercised for 15min, or exercised for 60min (15m/min, 10% incline) 

before euthanasia to examine early and prolonged effects of acute exercise. When 

examining prolonged exercise training, mice were randomly allocated to either a 

sedentary group or a 4wk exercise training group. Exercising mice were familiarized on 

three occasions for 10min (15min/min, 10% incline) separated by a day each, and exercise 

training occurred five days per week for 60min (wk1: 20m/min, 15% incline; wk2: 

22m/min, 20% incline; wk3: 23m/min, 20% incline; wk4: 25m/min, 20% incline) 

(Castellani et al., 2014). Samples from the cortex, striatum, and vastus lateralis muscle 

were taken 48-hours following the final exercise bout. Isoflurane (3%) was used to 

rapidly anesthetize animals at all time points. Brain and muscle samples were removed, 

rapidly dissected, and flash-frozen in liquid nitrogen for further analysis, or used 

immediately for analysis of mitochondrial respiration. 

4.3.2 High-Resolution Respirometry 

 Analysis of mitochondrial respiration was performed as previously described for 

skeletal muscle (Perry et al., 2012; Herbst et al., 2014) and brain (Herbst & Holloway, 

2015). Following rapid removal from the animal, muscle samples were separated into 
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bundles in ice-cold BIOPS (50mM MES, 7.23mM K2EGTA, 2.77mM CaK2EGTA, 

20mM imidazole, 0.5mM DTT, 20mM taurine, 5.77mM ATP, 15mM PCr, and 6.56 mM 

MgCL2
.H2O; pH 7.1), permeabilized with 40µg/mL saponin for 30min, and then washed 

for 15min in MiR05 respiration buffer (0.5mM EGTA, 10mM HH2PO4, 110mM sucrose, 

and 1mg/ml fatty acid free BSA; pH 7.1). Fibre bundles were then added to an Oxygraph-

2K respirometer (Oroborus Instruments, Austria) in the presence of 5mM blebbistatin. 

Brain samples (~2mg) were quickly weighed and placed in the respirometer and were 

given 5-10min for equilibration before the addition of 50µg/mL saponin. All samples 

were analyzed in MiR05 respiration medium at 37oC with constant stirring at 750rpm. 

When examining pyruvate-stimulated respiration in the brain, 10mM pyruvate and 5mM 

malate were added, followed by 5mM ADP, 10mM glutamate, and 10mM succinate, in 

succession.  

4.3.3 Immunoblotting 

 Analysis of protein content was performed in the cortex, striatum, and vastus 

lateralis under conditions previously described (Herbst et al., 2014). Brain and muscle 

samples were loaded with 20µg and 15µg of protein, respectively, and antibodies for 

phosphorylated and total ERK1/2, AMPK, CAMKII, and P38 (Cell Signaling), as well as 

complex I NDUFB8 and complex IV COXI using MitoProfile Total OXPHOS rodent 

antibody cocktail (Mitosciences), complex IV COXIV (Invitrogen), PDH-E1α 

(invitrogen), and α-tubulin (Abcam) were applied as per the manufacturer’s instructions. 
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4.3.4 Determination of mtDNA Copy Number 

 DNA was isolated using a Qiagen DNeasy blood and tissue kit and real-time PCR 

was performed with SYBR Green qPCR supermix (Invitrogen) as previously described 

(Benton et al., 2008). mtDNA copy number was determined by ΔΔCT with the 

mitochondrial NADH dehydrogenase subunit 5 gene (ND5 - forward: 

CCACGGGACTCAGCAGTGATA; reverse: GGCACGAAATTTACCAACCC) and the 

nuclear monocarboxylate transporter 1 gene (MCT1 - forward: 

GCCCTGTGTTCCTCTCTACCC; reverse: CAACAATTTAGGAGGAGGCCC). 

4.3.5 Statistical Analysis 

 A Student’s t-test (two-way) was performed when investigating differences 

between sedentary and acutely trained muscle controls as well as between sedentary and 

endurance-trained data points for a single condition. A one-way ANOVA was performed 

between acute exercise conditions for a single brain region. If significance was detected, 

a Neumann-Keuls post-hoc analysis was applied. Sample sizes were n=6 for all 

experiments and all data are represented as mean ± standard error. 
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4.4 Results 

4.4.1 Signaling Kinases Responsible for Biogenesis in Skeletal Muscle are Not 

Activated by Acute Exercise in the Brain  

To investigate the effects of exercise on the brain, we first sought to determine if 

acute exercise affects the phosphorylation of traditional signaling kinases known to 

impact mitochondrial biogenesis in muscle. As proof of principle we assessed ERK1/2, 

AMPK (thr172), and CAMKII (thr286) phosphorylation in skeletal muscle after 60min of 

exercise to demonstrate that the exercise protocol was sufficient to induce a metabolic 

response. ERK1/2 and AMPK phosphorylation in muscle increased ~40% and ~70%, 

respectively, where CAMKII phosphorylation remained unaltered at 60min of exercise 

(Figure 1A). When addressing exercise in the brain, motor movement is primarily 

initiated and regulated via the frontal cortex and striatum, and therefore we hypothesized 

that these regions would be the most metabolically challenged by exercise due to their 

invovlement. When we analyzed changes in kinase phosphorylation with acute exercise, 

ERK1/2 phosphorylation decreased ~25% from baseline at 15min and remained 

depressed at 60min in the cortex, where no effect of exercise was seen in the striatum 

(Figure 1B). The phosphorylation of AMPK (Figure 1C), CAMKII (Figure 1D), and P38 

phosphorylation (thr180/tyr182) (Figure 1E) in both the cortex and striatum were 

unaffected by exercise of either duration. These results suggest that exercise in the brain 

does not stimulate signaling cascades by the conventional standards of skeletal muscle, 

and that acute responses to exercise are specific to the brain region assessed. 
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Figure 4.1 - Acute Exercise Does Not Result in Classical Changes in Signalling 
Cascades in the Brain of Mature 12wk-old Mice 
(A) Phosphorylation of ERK1/2, AMPK, and CAMKII in sedentary mice (white bars) 
and at after 60min of exercise (grey bars) in vastus lateralis skeletal muscle as proof of 
exercise stimulation (left) with representatives (right). (B) Acute exercise of 15min (black 
bars) and 60min (grey bars) reduces ERK1/2 phosphorylation in the cortex (left) but not 
in the striatum (right) of 12wk-old mice. (C) AMPK, (D) CAMKII, and (E) P38 
phosphorylation are not altered by acute exercise in either brain region. (E) 
Representative Western blots for the brain. 
 

4.4.2 Chronic Exercise Does Not Lead to Enhanced Mitochondrial Content in the 

Brain 

Although acute exercise did not alter the phosphorylation of traditional signalling 

kinases in the brain, it remained possible that other factors could still lead to enhanced 

mitochondrial content with chronic training. Therefore, we sought to determine if a four-

week exercise-training program results in mitochondrial biogenesis in the brain through 

examining four common mitochondrial protein markers as well as mtDNA content in 
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age-matched trained and sedentary littermates. Following the training intervention, the 

abundance of mitochondrial protein subunits for complex I (NDUFB8), complex IV 

(COXI & COXIV), and PDH (subunit E1α) were increased in skeletal muscle of trained 

mice (Figure 4.2A), however these markers did not increase in the cortex (Figure 4.2C) 

or striatum (Figure 4.2E) with exercise training. When we examined mtDNA copy 

number as an additional marker of mitochondrial content, exercise stimulated an ~50% 

increase in the abundance of mtDNA in skeletal muscle (Figure 4.2B), however with no 

observable changes in the cortex (Figure 4.2D) or striatum (Figure 4.2E). These results 

demonstrate that chronic exercise does not result in mitochondrial biogenesis in the 

cortex or striatum of mice. 

4.4.3 Mitochondrial Respiration is not Enhanced with Chronic Exercise Training 

 As a confirmatory measure, we also analyzed mitochondrial respiration in both 

muscle and the cortex in young mice. In skeletal muscle, pyruvate-stimulated respiration 

was increased 48 hours following the final training bout (Figure 4.3A). In contrast, 

mitochondrial respiration in the cortex was not altered with chronic training (Figure 

4.3B). Combined, these results provide strong evidence that mitochondrial content is not 

enhanced following four weeks of exercise training. 
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Figure 4.2 - Mitochondrial Content Increases in Muscle but not the Brain with 
Chronic Exercise Training 
(A) Skeletal muscle displays characteristic increases in abundance of mitochondrial 
protein and (B) mtDNA copy number following 4wk of exercise-training. Mitochondrial 
protein and mtDNA content are not affected by exercise in the cortex (C-D) or striatum 
(E-F) of 12wk-old mice. Abbreviations: CI, complex I subunit NDUFB8; COXI and 
COXIV, complex IV subunits I and IV; PDH, pyruvate dehydrogenase subunit E1α; 
white bars, sedentary; black bars, exercise trained. 
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4.5 Discussion 

It is well known that exercise activates several signaling kinases in skeletal 

muscle that can chronically lead to increased mitochondrial protein and mtDNA content. 

However, the effects of exercise on inducing mitochondrial biogenesis in the brain have 

only marginally been investigated. Here we demonstrate that exercise does not enhance 

the phosphorylation of conventional signaling kinases in the brain as seen in skeletal 

muscle. Further, we provide evidence that four weeks of chronic exercise training does 

not increase mitochondrial protein content mtDNA copy number in the cortex or striatum 

of adult mice. Finally, our results confirm that exercise does not increase mitochondrial 

respiration in mouse cortex. Therefore, our results do not support a role for exercise in 

stimulating increases in mitochondrial content in the adult brain. 

 

 

 
 
 
 
 
Figure 4.3 - Mitochondrial 
Respiration after Chronic Exercise 
Training 
Mitochondrial respiration is (A) 
increased in skeletal muscle (B) but not 
the cortex following chronic exercise 
training. Abbreviations: P, pyruvate; M, 
malate; D, ADP; G, glutamate; S, 
succinate; JO2, rate of oxygen 
consumption. 
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Several studies have determined that the brain is metabolically influenced by 

acute exercise through demonstrating a regionally-unique response to brain glycogen 

utilization (Matsui et al., 2011), as well as transient increases in several lactate transport 

proteins (Takimoto & Hamada, 2014). With acute exercise, data from the present study 

expands our knowledge through investigating changes in key signals expected to be 

important in stimulating mitochondrial biogenesis. Chronic action potential propagation 

in exercise is assumed to result in high energy-turnover and chronic calcium influx in 

participating neurons, and therefore it is often hypothesized that AMPK and CAMKII 

would be activated in the brain during exercise (Cheng et al., 2010; Onyango et al., 2010; 

Marques-Aleixo et al., 2012). Although AMPK and CAMKII play important roles in 

energy- and calcium-sensitive signaling in the brain (Lisman et al., 2002; Ramamurthy & 

Ronnett, 2012), the phosphorylation of these kinases were not altered by acute exercise in 

the present study. Further, acute exercise did not activate P38 kinase, which has been 

shown to be a key activator of PGC-1α and mitochondrial biogenesis in exercising 

skeletal muscle (Akimoto et al., 2005). Interestingly, were ERK1/2 phosphorylation 

increased with exercise in skeletal muscle, the phosphorylation of ERK1/2 decreased for 

the duration of the acute exercise bout in the cortex, but not the striatum. The cause of 

this effect is unknown, however it would be of interest to determine the significance of 

decreased ERK1/2 phosphorylation with exercise in the brain, as regional differences in 

ERK1/2 activation have also been identified during ischemia-reperfusion injuries and 

contribute regionally to either neural protection or dysfunction (Ho et al., 2007).  

As it is possible additional factors and time-points that were not explored in this 

study could contribute to exercise-induced increases in mitochondrial content, we 
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investigated if a chronic four-week exercise program results in mitochondrial biogenesis 

in the brain. To do this we analyzed mtDNA and the abundance of four important 

mitochondrial proteins, including the rate-limiting subunit of the pyruvate dehydrogenase 

complex, a subunit of complex I in the electron transport chain, and two subunits of 

complex IV to get a thorough representation of mitochondrial proteins involved in 

oxidative phosphorylation. Further, we also assessed mitochondrial pyruvate-stimulated 

respiration with chronic training as a measure of electron transport chain capacity. 

Together, our data provides strong evidence that mitochondrial content is not enhanced 

following chronic training in either the cortex or striatum, as mtDNA content, subunits of 

the electron transport chain, and maximal respiration were not altered with exercise. 

Where our work supports no change in mtDNA content with exercise, previous work has 

identified increases in mtDNA content with training in young mice. One potential 

explanation for this discrepancy is that the effects observed previously in mice trained at 

8wks of age may be due to differences in maturation, as mice in the current study 

commenced training at 12wks of age. Therefore, we evaluated the effect of chronic 

training on stimulating mitochondrial biogenesis in young mice at 7wks of age. In 

contrast to mice at 12wks of age, mice that began training at 7wks demonstrated a 2-fold 

increase in mtDNA within the cortex (Supplemental Figure 4.4A), in corroboration with 

previous work (Steiner et al., 2011), however increases in mtDNA content were not seen 

in the striatum (Supplemental Figure 4.4C). Further, no changes in mitochondrial protein 

content were observed in either the cortex (Supplemental Figure 4.4B) or striatum 

(Supplemental Figure 4.4D) following exercise training in young mice. As such, these 

results suggest that exercise-induced increases in mtDNA content are specific to young 
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mice, and that exercise does not increase mitochondrial protein content in the brain at any 

age. 

Although chronic exercise training results in characteristic increases in 

mitochondrial content in skeletal muscle, the current evidence suggests that the regulation 

of mitochondrial biogenesis in the brain may favor maintenance of mitochondrial content 

rather than enhancement with exercise. This suggests that where contractile tissues 

benefit from the local augmentation of mitochondrial content to improve energy turnover, 

brain tissue may rely on other mechanisms to sufficiently address metabolic demands 

(Chang et al., 2006; MacAskill & Kittler, 2010). Support for the stability of 

mitochondrial content in the brain comes from work in mice with transgenic 

overexpression of the mitochondrial helicase Twinkle, mitochondrial transcription factor 

A (TFAM), and their combined over-expression (Ylikallio et al., 2010). In skeletal 

muscle, these groups demonstrated approximately two-, three-, & six-fold increases in 

mtDNA copy number, respectively, where brain tissue demonstrated a less than two-fold 

increase with Twinkle overexpression and no effect with overexpression of TFAM alone 

or their combined influence. Interestingly, this study also demonstrated nucleoid 

enlargement and mtDNA mutations with enhanced mtDNA copy number, strengthening 

the need for regulatory control over mtDNA content in the brain. However, this does not 

exclude the possibility that exercise could assist in returning the loss of mitochondrial 

content observed in many disease states to healthy levels. Previous work has 

demonstrated exercise training in polymerase-gamma null mice prevented a decline in 

mitochondrial protein and DNA content (Safdar et al., 2011a), and further, observations 

in post-ischemic rat brain has shown improvements in mitochondrial content with 
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exercise above that observed in non-exercised ischemic animals (Zhang et al., 2012b). As 

such, exercise may serve to prevent a decline in mitochondrial content with disease rather 

than enhancing mitochondrial content above baseline. Therefore, where this study 

challenges the requirement for exercise-induced mitochondrial biogenesis in healthy 

brain, the full application of exercise in diseased brain is still unknown.  

In summary, this study demonstrated that conventional changes in the 

phosphorylation of regulatory kinases does not occur in the brain with exercise training 

and also supports that mitochondrial protein content and mtDNA copy number are not 

enhanced with four weeks of exercise training in the cortex or striatum of the adult 

mouse. 
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Supplemental Figure 4.4 - Markers of Mitochondrial Content in Young Mice 
Following Exercise Training 
Chronic exercise in young mice stimulates increased mtDNA copy number without 
affecting protein content in the cortex. Following exercise in mice that began training at 
7wks of age, the cortex showed (A) increases in mtDNA copy number, (B) without 
altering mitochondrial protein content. However, exercise did not impact striatal (C) 
mtDNA copy number (D) or protein content with prolonged training. 
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5.1 Summary 

The present study investigated the impact of exercise on stimulating acute 

changes in mitochondrial respiratory function in mouse cerebral cortex. Mice ran for 

45min on a treadmill and mitochondrial respiration was assessed in the presence of 

pyruvate and glutamate. Where pyruvate-stimulated respiration was not affected by acute 

exercise, glutamate-respiration was enhanced following the exercise bout. Additional 

assessment revealed that this affect was dependent on the presence of malate and did not 

occur when substituting glutamine for glutamate. As such, our results suggest that 

glutamate oxidation is enhanced with acute exercise through activation of the malate-

aspartate shuttle. 
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5.2 Introduction 

Glutamate is the major excitatory neurotransmitter in the brain. During 

neurotransmission, synaptic glutamate concentrations can rise from below 10µM to 

greater than 1mM with activity (Danbolt, 2001). However, for continued synaptic events 

to occur, glutamate must be rapidly removed from the cleft by the presynaptic neuron and 

neighboring astrocytes. In general, glutamate taken up by astrocytes enters the glutamate-

glutamine cycle, where glutamate is converted to glutamine, exported to neurons, and 

converted back to glutamate in the mitochondria (McKenna, 2007). In the neuron, 

glutamate retrieved from the cleft or provided by glutamine can be recycled as a 

neurotransmitter or used for oxidative metabolism. However, the uptake of glutamate is 

energy demanding. Clearance of synaptic glutamate by neurons and astrocytes involves 

the cotransport and countertransport of Na+
 and K+, respectively, which places large 

demands on the Na+-K+ pumps during neurotransmission (Rothman et al., 2003). Further, 

glutamine formation in astrocytes is an ATP-dependent process, suggesting glutamate 

uptake by astrocytes requires additional energy turnover. Therefore, changes in 

mitochondrial activity likely accompany high rates of neurotransmission to compensate 

for changes in metabolic demand. 

The regulation of mitochondrial metabolism may be particularly important in 

maintaining neurotransmission during exercise. Although brain glucose uptake and 

lactate production have been shown to increase with exercise (Quistorff et al., 2008), 

studies investigating the changing role of mitochondria are scarce. Previous work has 

identified that incubating rat astrocytes with high concentrations of glutamate reduces 

glutamine formation to promote glutamate oxidation (McKenna et al., 1996a), 
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demonstrating changes in metabolic regulation with high glutamate availability. Further, 

Ca2+ has been shown to stimulate multiple mitochondrial enzymes in mouse brain 

mitochondria in a concentration-dependent manner (Contreras & Satrustegui, 2009; 

Gellerich et al., 2012), suggesting that Ca2+ flux during neurotransmission can also 

promote changes in mitochondrial activity. Therefore, the present study investigated the 

impact of acute exercise on stimulating changes in mitochondrial respiratory function in 

mouse cerebral cortex 

 

5.3 Methods 

C57BL/6 mice were bread on site and all experimental procedures were approved 

by the University of Guelph Animal Care Committee. Acute treadmill exercise was 

performed at 15m/min on a 10o incline for 45min. Mice (n=6/group) were euthanized 

with sodium pentobarbital before cervical dislocation with the time between the cessation 

of exercise and respiration analysis being kept under five minutes. Small samples of 

cortex (~2mg wet/protocol) were used for analysis of mitochondrial respiration. 

Respiration experiments were performed in an Oroboros Oxygraph-2K using the brain 

permeabilization method previously described (Herbst & Holloway, 2015). Respiration 

was stimulated with 10mM glutamate, 5mM malate, 5mM ADP, 10mM pyruvate, and 

10mM succinate, in succession. Additional experiments were performed in the presence 

of 5mM ADP, and either 1mM glutamate, 10mM glutamate, or 10mM glutamine, with or 

without 5mM malate or 1mM oxaloacetate. A Student’s T-test was used to detect 

differences between groups. 
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5.4 Results and Discussion 

 The present study sought to determine the impact of acute exercise on altering the 

regulation of mitochondrial metabolism in the brain. Here we provide the first evidence 

that mitochondrial glutamate oxidation is enhanced in mouse cortex after exercise (Figure 

5.1a), suggesting that changes in mitochondrial regulation occur with continuous 

neurotransmission. Interestingly, we did not observe increases in mitochondrial pyruvate 

respiration with exercise (Figure 5.1b), indicating that exercise alters glutamate handling 

uniquely. To determine if submaximal glutamate metabolism is also enhanced by 

exercise, we lowered the glutamate concentration from 10mM to 1mM. Here submaximal 

glutamate metabolism was also increased (Figure 5.1c, left), demonstrating that the 

mitochondrial affinity and maximal capacity to metabolize glutamate are enhanced with 

acute exercise. 

We next sought to identify the mechanism responsible for promoting glutamate 

oxidation with exercise. The permeabilized brain preparation bypasses transport at the 

plasma membrane while leaving the mitochondria intact, indicating that the changes 

observed are regulated at the mitochondria (Herbst & Holloway, 2015). Glutamate enters 

the mitochondria either through the mitochondrial glutamate carriers (GCs) or as part of 

the malate-aspartate shuttle (MAS) using the aspartate-glutamate countertransporter 

(AGC) (Fiermonte et al., 2002). Glutamate can then be converted to α-ketogluterate by 

glutamate dehydrogenase (GDH), or transaminated with oxaloacetate by aspartate 

aminotransferase (AAT) to form α-ketogluterate and aspartate (Cheeseman & Clark, 

1988; McKenna et al., 2000). AGC and AAT are dependent on sources of malate and 

oxaloacetate, respectively, whereas GDH and the GCs act independent of additional 
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substrates. When we removed malate from the respiration medium, the effect of exercise 

on glutamate metabolism was ablated (Figure 5.1c, centre-left), indicating that the 

regulation of GDH and the GCs are not altered in our experiments. Substitution of malate 

with oxaloacetate also prevented increases in respiration (Figure 5.1c, center-right), 

suggesting that AAT was unaffected. We next confirmed that our observations are not 

due to changes in the endogenous handling of glutamate, as replacing glutamate with 

glutamine in the presence of malate did not result in enhanced respiration with exercise 

(Figure 5.1c, right). As glutamate-metabolism by the MAS is dependent on the presence 

of malate specifically, these results suggest that acute exercise enhances the transport of 

glutamate through stimulating increased activity of AGC as an essential component of the 

MAS (Figure 5.1d).  
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Figure 5.1 - Changes in Mitochondrial Respiration with Acute Exercise 
In the mouse cortex, 45min of acute exercise enhances (A) mitochondrial glutamate-
stimulated respiration, (B) but does not stimulate changes in pyruvate-stimulated 
respiration. (C) Submaximal glutamate respiration (1mM) is also enhanced by exercise 
(left), however removal of malate (center-left) or substitution of malate with oxaloacetate 
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(center-right) does not result in increased glutamate respiration. No effect was observed 
when replacing glutamate with glutamine (right). (D) Schematic of mitochondrial 
glutamate metabolism. Initial application of substrates used in experiments are in bold. 
Abbreviations: JO2, rate of oxygen consumption; P, pyruvate; G/Glut, glutamate; D, 
ADP; S, succinate; M, malate; O, oxaloacetate; α-KG, α-ketogluterate; Gln, glutamine; 
AAT, aspartate aminotransferase; GDH, glutamate dehydrogenase; MαC, malate-α-
ketogluterate countertransporter; AGC, aspartate-glutamate countertransporter; GCs, 
glutamate carriers. * p<0.05 vs. controls. 

 

The MAS is crucial for transporting reducing equivalents from the cytosol to the 

mitochondria. Previous work in the brain has identified that AGC (Palmieri et al., 2001) 

and the malate-α-ketogluterate countertransporter (Contreras & Satrustegui, 2009) are 

stimulated with low levels of cytosolic Ca2+, where higher Ca2+ loads stimulate 

mitochondrial matrix enzymes while inhibiting the MAS (Pardo et al., 2006). These 

observations provide a potential mechanism for our results of increased metabolism of 

glutamate but not pyruvate with exercise. As such, activation of the MAS by Ca2+ may 

aid in coupling neurotransmission with higher rates of glutamate uptake into the 

mitochondria. The significance of changes in MAS activity have also been hypothesized 

as a mechanism for regulating the concentrations of α-ketogluterate and aspartate in the 

matrix, as there is thought to be enzymatic competition for available α-ketogluterate in 

brain mitochondria (McKenna et al., 2000; Contreras & Satrustegui, 2009). Finally, 

although the cell populations impacted by exercise cannot be definitively discerned, 

current evidence suggests that the contribution of AGC is negligible in astrocytes, but 

potent in neurons (Ramos et al., 2003). Considering imported lactate must be converted 

into pyruvate and NADH before being metabolized, stimulating MAS activity would also 

enhance mitochondrial shuttling of reducing equivalents and increase NAD 

replenishment (Kane, 2014). As this study demonstrates that exercise stimulates increases 
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in mitochondrial glutamate metabolism through changes in MAS, our results offer a 

promising mechanism for promoting glutamate oxidation in models of neurodegeneration 

where glutamate handling is impaired. 
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Chapter 6 

Exercise Training Normalizes Mitochondrial Respiratory Capacity Within the 

Striatum of the R6/1 Model of Huntington’s Disease 
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6.1 Abstract 
 

Huntington’s disease (HD) is a neurodegenerative disorder characterized by 

progressive cell loss in the striatum and cerebral cortex, leading to a decline in motor 

control and eventually death. The mechanisms promoting motor dysfunction are not 

known, however loss of mitochondrial function and content have been observed, 

suggesting that mitochondrial dysfunction may contribute to HD phenotype. Recent work 

has demonstrated that voluntary wheel running reduces phenotypic hindlimb clasping in 

the R6/1 mouse model of HD, which we hypothesized may be due to preservation of 

mitochondrial content with exercise. Therefore, we investigated the role of chronic 

exercise training on preventing symptom progression and the loss of mitochondrial 

content in HD. Exercising R6/1 mice began training at 7wks of age and continued for 

10wks or 20wks. At 17wks of age, R6/1 mice displayed a clasping phenotype without 

showing changes in mitochondrial respiration or protein content in either the cortex or 

striatum, suggesting mitochondrial dysfunction is not necessary for the progression of 

symptoms. At 27wks of age, R6/1 mice demonstrated no additional changes in 

mitochondrial content or respiration within the cortex, but displayed loss of protein in 

complexes I and III of the striatum, which was not present in exercise trained R6/1 mice. 

Mitochondrial respiration was also elevated in the striatum of R6/1 mice at 27wks, which 

was prevented with exercise training. Together, the present study provides evidence that 

mitochondrial dysfunction is not necessary for the progression of hindlimb clasping in 

R6/1 mice, and that exercise partially prevents changes in mitochondrial content and 

function that occurs late in HD. 
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6.2 Introduction 

Huntington’s disease (HD) is an inherited neurodegenerative disorder that 

originates from a polyglutamine repeat expansion in the native Huntingtin protein. 

Mutant Huntingtin (mHtt) causes abnormal protein aggregation that leads to chorea, 

dyskinesia, neural cell loss, and eventually death (Andrew et al., 1993; Shelbourne et al., 

2007). Although degeneration and atrophy occur in multiple brain regions in HD, the 

cortex and caudate nucleus of the striatum are the most notably impacted. The reason for 

the enhanced vulnerability of these regions is unknown, however the striatum has been 

shown to be particularly susceptible to impairments in mitochondrial oxidative 

phosphorylation (Pickrell et al., 2011). As such, mitochondrial dysfunction is often 

thought to promote neurodegeneration in HD.  

The mHtt protein has been shown to directly interact with mitochondria and is 

thought to impair cellular bioenergetics (Yu et al., 2003). Analyses of mitochondrial 

content and function in HD have demonstrated decreases in the protein content of 

electron transport chain complexes II & III, along with decreases in the activity of 

complexes II/III & IV (Mann et al., 1990; Gu et al., 1996; Browne et al., 1997). 

Decreased mitochondrial DNA (mtDNA) abundance has also been observed (Horton et 

al., 1995) along with increases in mtDNA lesion frequency (Siddiqui et al., 2012), 

indicating that the mitochondrial genome is damaged by mHtt. Further, support for a 

causative role of mitochondrial dysfunction in HD pathology comes from observations 

where exposure of healthy animals to the mitochondrial complex II inhibitor 3-

nitropropionic acid (Brouillet et al., 1995) can also result in striatal degeneration and 
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produce symptoms similar to those observed in animal models of HD. Therefore, 

significant evidence exists to implicate mitochondrial dysfunction as a primary 

mechanism in HD pathology. 

Although multiple rodent models have been generated for studying HD, the R6/1 

and R6/2 mouse lines are most prevalently applied as they develop progressive symptoms 

similar to juvenile- and adult-onset HD patients, respectively (Mangiarini et al., 1996; 

Menalled & Chesselet, 2002; Li et al., 2005; Stack et al., 2005). Interestingly, several 

studies have reported that exercise delays the onset and severity of HD symptoms in R6/1 

mice (van Dellen et al., 2000; Pang et al., 2006; van Dellen et al., 2008), however 

without preventing atrophy or mHtt aggregation in HD brains (van Dellen et al., 2008). 

The mechanism for this remains unknown, however considering mitochondrial damage 

alone has been shown to produce a similar phenotype to HD (Brouillet et al., 1995), it is 

possible that exercise reduces HD symptoms through preventing mitochondrial damage. 

Work in an accelerated aging model of mitochondrial dysfunction has shown that 

exercise is capable of reducing the loss of mitochondrial electron transport chain subunits 

in whole-brain homogenate of polymerase-gamma mutator mice (Safdar et al., 2011a), 

supporting a beneficial effect of exercise on preventing declines in mitochondrial content 

in the brain. However, the impact of exercise on mitochondria in the striatum and cortex 

of HD brain has not been examined.  

As such, the present study sought to determine if exercise delays the loss of 

mitochondrial DNA and protein content in the cortex and striatum of R6/1 mice and if 

these observations can explain the beneficial effects of exercise on reducing symptoms in 

HD. Here we show that exercise did not reverse the loss of mtDNA content, but 
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prevented decreases in mitochondrial complex III protein content as well as reversed 

increases in complex I respiration in the striatum of late-stage HD mice. Considering that 

the appearance of hindlimb clasping occurs prior to alterations in mitochondrial 

bioenergetics, our findings also suggest that mitochondrial dysfunction is not a direct 

cause the HD phenotype in R6/1 mice. 

 

6.3 Methods 

6.3.1 Animals, Clasping, and Exercise 

R6/1 mice and their littermates were purchased from Jackson Laboratories 

(Maine, USA) and housed on a 12h:12h light:dark cycle in a temperature controlled room 

at the University of Guelph with ad libitum access to water and standard mouse chow. 

Mice were housed in groups of 3-4 per cage for the duration of the study. All procedures 

were approved by the University of Guelph Animal Care Committee.  

R6/1 mice display changes in motor function through hindlimb clasping when 

suspended. Assessment of hindlimb clasping began at 6wks of age by suspending mice 

from their tails for ten seconds and scoring the degree of clasping from 0-3 as described 

previously (Guyenet et al., 2010). A score of 0 demonstrated no phenotype, a score of 1 

represented unilateral retraction of a single hindlimb, a score of 2 represented a bilateral 

partial retraction towards the abdomen, and a score of 3 represented full retraction of both 

hindlimbs towards the abdomen (Appendix B). 

Mice were separated into wild-type controls (WTC), R6/1 controls (R6C), and 

R6/1 exercised (R6E). At 7wks of age, R6E mice were familiarized with treadmill 

running for 10min sessions at 15m/min on a 10% incline, which occurred on three 
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separate occasions separated by a day each. Exercise training continued with five 60min 

sessions per week with the following protocol (week 1: 20m/min, 15% incline; week 2: 

22m/min, 20% incline; week 3: 23m/min, 20% incline; weeks 4-end: 25m/min, 20% 

incline). After 10 or 20wks of treadmill training, exercised mice and their paired 

sedentary littermates were anesthetized with 3% isoflurane at 17wks of age (n=6/group) 

and 27wks of age (n=7/group) before euthanasia. Brain tissue was removed from each 

animal and the cortex and striatum were rapidly dissected. A small sample of each region 

was flash-frozen in liquid nitrogen for analysis of mtDNA content and three ~2mg 

samples were used for analysis of mitochondrial respiration as described previously 

(Herbst & Holloway, 2015). 

6.3.2 High-Resolution Respirometry 

 Analysis of mitochondrial respiration was performed using the in situ brain 

permeabilization method as previously described (Herbst & Holloway, 2015). Following 

rapid dissection from the brain, small brain samples were quickly weighed and placed in 

an Oxygraph-2K respirometer (Oroborus Instruments, Austria) containing MiR05 

respiration medium (0.5mM EGTA, 3mM MgCl2, 10mM KH2PO4, 20mM HEPES, 

60mM K-lactobionate, 110mM sucrose, 1g/L BSA) at 37oC with constant stirring at 

750rpm.  Samples were given 5-10min for equilibration before the addition of 50µg/mL 

saponin. When examining glutamate-stimulated respiration in the brain, 10mM glutamate 

and 5mM malate were added with saponin, followed by 5mM ADP, 10mM pyruvate, and 

10mM succinate, in succession. Pyruvate-stimulated respiration was assessed similarly, 

however with pyruvate and malate preceding ADP, glutamate, and succinate additions. 
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Experiments examining succinate-specific respiration were performed in the presence of 

0.5µM rotenone, 5mM ADP, and 10mM succinate. 

 

6.3.3 Mitochondrial DNA 

For analysis of mtDNA content, DNA was isolated from flash-frozen samples 

using a Qiagen DNeasy blood and tissue kit as described previously (Benton et al., 2008). 

Real-time PCR was performed with SYBR green qPCR mix (Invitrogen) with primers for 

the mitochondrial NADH dehydrogenase subunit 5 gene (ND5 - forward: 

CCACGGGACTCAGCAGTGATA; reverse: GGCACGAAATTTACCAACCC) and the 

nuclear monocarboxylate transporter 1 gene (MCT1 - forward: 

GCCCTGTGTTCCTCTCTACCC; reverse: CAACAATTTAGGAGGAGGCCC). 

Determination of mtDNA copy number was performed by the ΔΔCT method. 

6.3.4 Western Blotting 

Brain samples from pyruvate and glutamate protocols were recovered from the 

respirometer and used for western blotting as described previously (Herbst & Holloway, 

2015). 10µg of protein was loaded onto 12% SDS-polyacrylamide gels for 

electrophoresis and transferred to polyvinylidine difluoride (PVDF) membranes. 

Antibodies for α-tubulin (Abcam) and Mitoprofile Total OXPHOS antibody cocktail 

(Mitosciences) were applied as per the manufacturers instructions. Blots were visualized 

with HRP-linked secondary antibody using enhanced chemiluminesence (Perkin Elmer, 

Woodbridge, ON) and quantified by densitometry (Alpha Innotech Fluorchem HD2, 
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Fisher Scientific, Ottawa, ON). Equal loading was confirmed through analysis of α-

tubulin in all Western blots. 

 

6.3.5 Statistics 

 A Chi2 test was used to determine differences when analyzing hindlimb clasping 

data. A one-way analysis of variance was used to determine differences between groups 

in all mitochondrial analyses. If significance was detected, a Fisher’s LSD was applied 

with confidence intervals set to 95%. Significance was determined at p<0.05. 

 

6.4 Results 

6.4.1 Hindlimb Clasping 

 We assessed hindlimb clasping based on a score from 0-3 to capture variation in 

the severity of the clasping phenotype. Analysis of the progressive changes in average 

clasping score over the duration of the study did not show significant differences between 

groups (p=0.25) (Figure 6.1A). However, due to the nature of the phenotype scoring 

system and the variability in the progression of symptoms in R6/1 mice, it is difficult to 

determine the degree to which improvements in symptoms are noteworthy. Therefore, we 

depicted the variation in individual scores in every condition at 17wks (Figure 6.1B) and 

27wks (Figure 6.1C). Although these data do not show statistical differences between 

groups, a clear variability can be observed in R6C mice at 27wks, where R6E mice either 

displayed a severe clasping phenotype or remained non-symptomatic. In addition, we 
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note that 5 of the 13 control R6/1 mice died prior to utilization at 27wks, where we did 

not experience any premature deaths in exercising R6/1 mice. This observation is in 

further support of a beneficial effect of exercise in HD. 

 

6.4.2 Mitochondrial mtDNA, Protein Content, & Respiration in the Cortex 

As previous studies have demonstrated decreases in mtDNA copy number with 

HD (Horton et al., 1995), we sought to confirm mitochondrial content was impaired in 

R6/1 mice. In the cortex, mtDNA copy number trended to decrease from WTC in R6C 

(p=0.07) and R6E (p=0.09) mice at 17wks (Figure 6.2A), with significant impairments in 

both HD groups observable by 27wks (Figure 6.2A). We next determined the influence 

of HD and exercise on the content of oxidative phosphorylation subunits through 

analyzing the protein of complexes I (subunit NDUFB8), II (30kDa subunit), and III 

(Core protein 2). In the cortex, no differences were observed in any of the complexes 

examined at either 17wks (Figure 6.2B) or 27wks of age (Figure 6.2C), indicating that 

losses in the abundance of mtDNA are not accompanied by changes in electron transport 

chain protein content in the cortex of R6/1 mice.  
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Figure 6.1 - The Hindlimb Clasping Phenotype in R6/1 Mice 
(A) Average hindlimb clasping score of wild-type control (WTC), R6/1 control (R6C), 
and exercising R6/1 mice (R6E) from 6-27wks of age. R6C & R6E mice show variation 
in individual clasping scores at (B) 17wks and (C) 27wks of age. 

 

To examine if defects in the function of the electron transport chain occurred 

independent of changes in protein content in the cortex, we analyzed pyruvate- and 

glutamate-stimulated respiration to target electron entry from complex I, and succinate-

stimulated respiration to target complex II. Pyruvate respiration was elevated at 17wks, 

but not 27wks, in R6C and R6E groups (Figure 6.3A), where glutamate (Figure 6.3B) and 

succinate (Figure 6.3C) respiration were not different between groups at either time point. 

Together, these results indicate that despite loss of mtDNA content, mitochondrial 
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protein content and respiratory function are not affected in the cortex of R6/1 mice, and 

exercise training did not alter any mitochondrial parameters measured. 
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Figure 6.2 - Mitochondrial Content in the Cortex of R6/1 Mice 
(A) Mitochondrial DNA (mtDNA) copy number and protein content of electron transport 
chain complexes I, II, and III at (A) 17wks or (B) 27wks of age are not altered in HD or 
following exercise training. Abbreviations: CI, complex I; CII, complex II; CIII, complex 
III. 
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6.4.3 Mitochondrial Protein Content & Respiration in the Striatum 

The striatum has been shown to be highly sensitive to impairments in oxidative 

phosphorylation (Pickrell et al., 2011), suggesting mitochondrial damage in the striatum 

exacerbates the HD pathogenesis. In the present study, striatal mtDNA copy number 

decreased significantly from WTC in both R6C and R6E by 17wks (Figure 6.4A) and 

remained depressed at 27wks (Figure 6.4A). No differences were observed between R6C 

and R6E groups in any time point, indicating that exercise did not attenuate the degree of 

mtDNA loss in R6/1 mice. We next analyzed the content of prominent electron transport 

chain complexes previously shown to be reduced in the striatum of HD patients. At 

17wks of age, we did not observe differences in complex I, II, or III protein content 

between groups (Figure 6.4B). However, at 27wks of age, the content of complexes I and 

III were significantly decreased in R6C mice compared to WTC mice, with no observable 

impact in the abundance of complex II (Figure 6.4C). However following exercise, 

neither complex I or III were different between WTC and R6E mice, suggesting exercise 

can attenuate the loss of mitochondrial proteins in R6/1 mice within the striatum.  

We next examined if electron transport chain function was affected in the striatum 

of R6/1 mice. At 17wks of age, mitochondrial respiration was not altered in R6C or R6E 

groups (Figure 6.5A-C), demonstrating that at 17wks, hindlimb clasping and loss of 

mtDNA are not accompanied by changes in mitochondrial respiration or protein content 

within the striatum. At 27wks, despite the loss of complex I and III proteins, complex I 

respiration increased in the striatum of R6C mice in the presence of pyruvate (Figure 

6.5A) and glutamate (Figure 6.5B), and these responses were prevented by exercise 

training R6E mice (p= 0.08 vs. R6C for glutamate). However, similar to complex II 
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protein content, succinate-stimulated respiration was not affected in R6/1 mice (Figure 

6.5C), suggesting that complex II was not impacted in R6/1 mice in the present study. 

Therefore, exercise training prevented the loss of complex I and III protein content and 

reversed compensatory increases in complex I respiration in the striatum of R6/1 mice at 

27wks. 
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Figure 6.3 - Mitochondrial Respiration in the Cortex of R6/1 Mice 
Respiration stimulated by (A) pyruvate, (B) glutamate, and (C) succinate are not impaired 
at either 17wks or 27wks in R6/1 mice. * p<0.05 vs WTC. 
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6.5 Discussion 

The purpose of the present study was to determine if changes in mitochondrial 

content and function impact the clasping phenotype typical of R6/1 mice, and if exercise 

is capable of reducing mitochondrial dysfunction in HD. The findings of the present 

study demonstrate that changes in mitochondrial protein content and respiratory function 

are not necessary for the production of clasping symptoms in R6/1 mice. We also 

demonstrate that exercise does not reverse reductions in mtDNA content observed in HD, 

but prevents the loss of mitochondrial complex I and III protein content in the striatum. 

Further, by employing the permeabilized brain preparation, we demonstrate that complex 

I-stimulated respiration is elevated in the striatum of late-stage R6/1 mice, which is 

preventable with exercise training. Together, the current data supports a beneficial effect 

of exercise in delaying the severity of the HD phenotype. 

Although mitochondrial damage has been documented in post-mortem samples of 

HD patients (Gu et al., 1996), initial evidence identifying that mitochondrial dysfunction 

exacerbates HD symptoms came from observations in toxic models of the disease. 

Systemic administration of 3-nitropropionic acid produces motor defects, complex II 

dysfunction, generation of reactive oxygen species, and mtDNA lesions typical of in vivo 

HD models (Brouillet et al., 1995; Schulz et al., 1996). In the present study, R6/1 mice 

began to display modest levels of hindlimb clasping prior to 12wks of age, which is 

consistent with previous observations (van Dellen et al., 2008), but occurred earlier than 

others (Perez-Severiano et al., 2000; Pang et al., 2006). Therefore, we delayed 

investigating brain mitochondrial parameters until 17wks of age, when clasping was 

considerably more pronounced. At 17 weeks, loss of mtDNA content was detected in 



	   101	  

both the cortex and striatum, however we did not observe changes in mitochondrial 

protein content or respiratory function at this age. These results indicate that loss of 

mitochondrial protein content or function is not necessary for inducing the clasping 

phenotype observable in R6/1 mice. However, as chemically inhibiting mitochondrial 

function promotes a prominent HD phenotype (Brouillet et al., 1995), a mitochondrial 

contribution to exacerbating HD pathogenesis should not be excluded. 

 Previous studies have reported that voluntary wheel running delays the onset and 

progression of the clasping phenotype in R6/1 mice (van Dellen et al., 2000; Pang et al., 

2006; van Dellen et al., 2008). The present study also investigated progression of 

hindlimb clasping, however the methodology employed here differs from prior work. 

Where mice are typically provided a free wheel and allowed to run ad libitum, mice in 

the present study ran on treadmills once daily for a designated speed and duration over a 

10-20wk period, which provided us greater control over the exercise parameters. In the 

present experiments, mice were accustomed to treadmill running at 7wks of age and ran 

well for the duration of the study, however severely symptomatic mice occasionally 

required more frequent encouragement during exercise in the final weeks of training. It is 

interesting to note that although we did not observe statistical differences in the clasping 

phenotype between trained and untrained R6/1 mice, the use of a scoring system allowed 

us to observe that exercised mice either remained unsymptomatic or demonstrated a 

potent clasping phenotype, where untrained mice showed variable severity within their 

score. This suggests a beneficial effect of training in preventing symptoms in some R6/1 

mice, and in support, where we experienced no premature deaths in exercising mice, we 

noted that several mice initially designated to our R6/1 control group (5 out of 13) 
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experienced premature deaths prior to examination at 27wks. Together, these results 

provide evidence to support a beneficial effect of exercise in R6/1 mice. 
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Figure 6.4 - Mitochondrial Content in the Striatum of R6/1 Mice 
(A) Mitochondrial DNA (mtDNA) copy number and protein content of electron transport 
chain complexes are not altered at (A) 17wks, or (B) but at 27wks of age, are decreased 
in R6C controls but not in R6E mice. Abbreviations: CI, complex I; CII, complex II; 
CIII, complex III. 
 

Despite observing early loss in the abundance of mtDNA in the cortex and 

striatum, we did not see decreases in mitochondrial protein content in the cortex, and 
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changes in striatal mitochondrial protein content were not observed until 27wks of age. 

Where previous studies have reported decreases in complex II and III protein content in 

HD, we observed decreases in the protein of complexes I and III only, where these 

decrements were not present following exercise training. To determine the impact of 

these changes on mitochondrial respiration, we analyzed mitochondrial function in 

permeabilized brain tissue. A unique feature of this preparation is our ability to analyze 

mitochondrial respiration immediately following the extraction of brain tissue. We 

reported previously that this preparation maintains the native mitochondrial morphology 

and provides greater reliability than analysis with isolated mitochondria (Herbst & 

Holloway, 2015). As such, these results provide the first data of mitochondrial respiration 

in R6/1 mice without prior disruption of the mitochondrial reticulum. Interestingly, 

complex I respiration supported by either pyruvate or glutamate were increased in control 

R6/1 mice at 27wks, which was completely prevented with exercise training. Increases in 

mitochondrial respiration have not been reported in prior studies of R6/1 mice, however 

work in the more severe R6/2 HD model has demonstrated increased activity of oxidative 

phosphorylation enzymes at 4wks of age prior to the onset of severe symptoms (Zabel et 

al., 2009). It is possible that increases in complex I respiration may provide a mechanism 

to explain the oxidative stress typically observed in HD (Browne et al., 1999). Although 

markers of oxidative stress were not measured in the present study due to tissue 

limitations, previous work has identified increased lipid peroxidation in the striatum of 

R6/1 mice at 24 and 32wks of age, but not at 11 or 19 wks (Perez-Severiano et al., 2000). 

If confirmed, these combined studies suggest that exercise could reverse the oxidative 

damage typical of HD. In any case, the lack of changes in complex I and III protein and 
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respiratory capacity in the striatum after exercise training clearly highlights the beneficial 

effects of exercise on the health of the striatum in the R6/1 model of HD. 
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Figure 6.5 - Mitochondrial Respiration in the Striatum of R6/1 Mice 
Respiration stimulated by (A) pyruvate and (B) glutamate are increased at 27wks in R6C 
controls, which return to baseline with exercise training. (C) Succinate-stimulated 
respiration was not different in R6/1 mice. * p<0.05 vs WTC. † p<-0.05 vs. R6C. 
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A peculiar finding of the present study was that complex II protein was not altered 

in R6/1 mice. Considering changes in complex II content and function are often observed 

in studies of HD (Browne et al., 1997; Benchoua et al., 2006; Damiano et al., 2013), we 

confirmed our findings through analyzing mitochondrial succinate respiration, where we 

found no differences in complex II respiration between groups. Strangely, changes in 

complex II are not consistently observed in all studies in the R6 lines (Damiano et al., 

2010), and therefore it has also been suggested that changes in complex II expression 

may be transient. Further, it has been reported that changes in complex II protein content 

are specific to the 30kDa subunit in R6/1 mice, but occur in both the 30 and 70kDa 

subunits in HD patients and the N171 HD mouse line (Damiano et al., 2013). As the 

30kDa subunit was assessed in the present study, it is possible that permanent changes in 

complex II protein content do not occur until very late in the R6/1 pathology. In either 

case, our results provide evidence that complex II dysfunction is not necessary for the 

production of the clasping phenotype in R6/1 mice. 

 In summary, the present study demonstrated that loss of mitochondrial protein 

content and respiratory function are not necessary for the progression of the clasping 

phenotype in R6/1 mice. We also demonstrated that the loss of mitochondrial protein 

complexes I and III occur in the striatum late in the progression of R6/1 HD 

development, which can be prevented with exercise. Finally, we show that complex I 

respiration is increased in R6/1 mice at 27wks of age, which is fully reversible with 

exercise. As such, we provide evidence that exercise is capable of partially normalizing 

changes in mitochondrial content and function in the R6/1 model of HD.  
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Chapter 7  

 Integrated Discussion 

 



	   107	  

7.1 The Influence of Exercise on Mitochondria in the Brain 

 The focus of this thesis was centered around examining the influence of exercise 

on mitochondrial content and function in the brain. Although is has been known for some 

time that exercise stimulates mitochondrial biogenesis in skeletal muscle (Holloszy, 

1967), the number of studies investigating the translation of these findings to the brain 

are severely limited. Further, the finite evidence available supporting effects of exercise 

on the brain are limited to suggestive measures of change (Navarro et al., 2004; Dietrich 

et al., 2008; Kirchner et al., 2008; Steiner et al., 2011), where no thorough analysis has 

been published attempting to significantly replicate previous findings in skeletal muscle. 

Therefore, this thesis sought to establish a thorough foundation of the effects of exercise 

on impacting brain mitochondrial content and function. 

 In chapter 3 of this thesis, we first addressed the traditional method of analyzing 

mitochondrial respiration as a limitation to the progression of this field, and outlined a 

method that increased the feasibility of assessing mitochondrial function while improving 

reliability and decreasing tissue requirements for respiration analysis. In chapter 4, we 

approached exercise in the brain by analyzing the activation of traditional signaling 

kinases in acute exercise as well as investigated changes in mitochondrial markers with 

chronic exercise to provide a thorough assessment of the conventional exercise paradigm 

in application to the brain. In chapter 5, we demonstrated unique changes in brain 

mitochondrial respiration with acute exercise, and in chapter 6, we investigated the 

application of the present findings in preventing mitochondrial dysfunction with exercise 

in neurodegenerative disease. Although these results do not conform to traditional views 

of changes in mitochondria with exercise, thorough evidence is provided here to support 
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that brain mitochondrial regulation is unique from previous findings with both acute and 

chronic exercise. 

7.1.1 Exercise In Healthy Brain  

With the present work included, only two papers have examined changes in 

mitochondrial content with chronic exercise training in healthy non-hippocampal brain 

tissue. Where Steiner et al. (Steiner et al., 2011) found increased mtDNA content and 

PGC-1α mRNA expression 24h after 8wks of exercise training, the present work found 

that mitochondrial DNA, protein content, and respiration were not enhanced 48h 

following 4wks of exercise training in healthy mice. Considering these results provide 

evidence that is in sharp contrast to findings by Steiner et al. and contradict a somewhat 

prematurely accepted belief that exercise induces mitochondrial biogenesis in the brain, 

several discrepancies need to be addressed. 

First, it could be questioned that a 4wk training protocol may not be long enough 

to elicit a response in the brain, where 8wks of training provides more time for 

adaptations to occur. To examine this, additional mice were exercise trained for 10wks 

alongside exercising R6/1 mice (during study 4) to serve as matched exercise controls. 

When considering the protocol used by Steiner et al. (Steiner et al., 2011), which 

encompassed 8wks of training for 1h/day, 6d/wk, at 25m/min on a 5% incline, our 

follow-up experiments presented a comparable protocol of 10wks of training for 1h/day, 

5d/wk, 25m/min on a 20% incline. Results from these experiments show that after 10wks 

of training, there are no observable changes in mitochondrial respiration stimulated by 

either pyruvate (Figure 7.1A), glutamate (Figure 7.1B), or in the content of electron 
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transport chain subunits (Figure 7.1C). As such, this work provides support that 

mitochondrial biogenesis does not occur with exercise training in the healthy brain. 
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Figure 7.1 - Mitochondrial Biogenesis Does Not Occur in the Brain Following 10wks 
of Exercise Training 
Respiration stimulated by (A) pyruvate and (B) glutamate, as well as (C) the content of 
mitochondrial electron transport chain proteins were unaltered by 10wks of exercise 
training. 
 

These findings raise the question as to why increases in mtDNA copy number 

were observed by Steiner et al. (Steiner et al., 2011) and not here. Interestingly, 

mitochondria play unique roles in the developing nervous system that do not occur in 

adulthood. For instance, mitochondria are important in establishing the initial polarity of 

a neuron (Mattson & Partin, 1999) and also congregate to promote dendritic growth and 

arborization (Li et al., 2004; Chihara et al., 2007). As exercise training began at 12wks of 

age in our report but at 8wks of age in previous work, we hypothesized that previous 
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findings were due to the additional cell stress of exercise on maturation in the developing 

brain. In support of this hypothesis, we reported that after repeating the exercise training 

regime in mice at 7wks of age, we were able to reproduce the increases in mtDNA in the 

cortex observed by Steiner et al., however without observing changes in mitochondrial 

protein content. Interestingly, these findings suggest unique regulation of mitochondrial 

biogenesis in the developing brain.  
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Figure 7.2 - ERK1/2 Phosphorylation is Subject to Developmental Regulation 
(A) Basal ERK1/2 phosphorylation is greater at 12wks of age than 7wks of age (left) 
despite the absence of change in total ERK protein (right) or (B) the absence of change in 
AMPK phosphorylation or total content. (C) Representative Western blots. 

 
 
Mitochondrial content and function have been shown to increase drastically in the 

early post-natal period (Blomgren & Hagberg, 2006), but appear to arrest in the early 

weeks following birth (Dahl & Samson, 1959). However, few studies exist examining 

developmental changes in the regulation of mitochondrial content in the preadolescent 

mouse brain to provide a possible mechanism for these observations. As such, we 

performed additional work, not previously reported, to investigate if the brains of young 
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mice respond differently to acute exercise. In doing so, it was first considered that AMPK 

and ERK1/2 have been shown to be susceptible to developmental regulation within the 

brain (Turnley et al., 1999; Alonso et al., 2004), and therefore we hypothesized that 

changes in their basal phosphorylation may explain the potential age-dependent affects. 

When this was examined, AMPK phosphorylation and total AMPK content were 

unaltered between mice at 7wks and 12wks of age (Figure 7.2B), however ERK1/2 

phosphorylation was found to be ~50% greater at 12wks than at 7wks, without 

observable changes in total ERK1/2 content (Figure 7.2A) or mitochondrial protein (not 

shown). Further, when changes in these kinases were analyzed with acute exercise, 

ERK1/2 phosphorylation increased in the cortex by ~50% at 15min of exercise and 

returned to baseline by 60min (Figure 7.3A), where no changes were observed in AMPK 

(Figure 7.3B), CAMKII (Figure 7.3C), or P38 (Figure 7.3D) phosphorylation in either 

region. These results support that developmental changes occur in the basal and exercise-

stimulated activation of signaling proteins suspected to be important for exercise 

adaptation, and demonstrate that exercise transiently activates ERK1/2 phosphorylation 

in an age dependent manner.  
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Figure 7.3 - The Effects of Acute Exercise on Exercise Signaling Kinases at 7wks of 
Age 
(A) Acute exercise increases ERK1/2 phosphorylation at 15min in the cortex but not at 
60min. The phosphorylation of (B) AMPK, (C) CAMKII, and (D) P38 were unaltered by 
acute exercise. 

 

These findings present ERK1/2 as a possible mechanism for the observed 

differences in the response of developing and mature brain mitochondria to exercise. 

ERK1/2 was originally discovered as a regulator of cell division (Derkinderen et al., 

1999) and later studies demonstrated increases in ERK1/2 content during the early 

embryonic stages of development (Boulton et al., 1991), with ERK1/2 migration 

occurring away from mitochondria during brain maturation (Alonso et al., 2004). As 

these observations suggest a role for ERK1/2 in establishing the neuronal network, the 

observations presented here likely reflect differences in the growth phase of the local 

neuronal populations and the accompanying changes in the type of neurotrophins present 

(Nguyen et al., 1993; Marshall, 1995; Wortzel & Seger, 2011). This makes identifying 

the significance of the changing role of ERK of considerable interest, as regional 
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differences in ERK1/2 activation have been observed during ischemia-reperfusion 

injuries and contribute regionally to either neural protection or dysfunction (Ho et al., 

2007).  

7.1.2 Exercise In Diseased Brain  

The present work provides evidence that exercise training does not stimulate 

increases in mitochondrial content in the brains of healthy sedentary mammals, however 

evidence from chapter 6 suggests that exercise is capable of preventing declines in 

mitochondrial content in neurodegenerative disease. Our results demonstrated that 20wks 

of exercise training was sufficient in preventing a potent decline in complexes I & III in 

the R6/1 model of HD, supporting a beneficial effect of exercise on preventing loss of 

mitochondrial content. However, this is not the first suggestion that exercise can reduce 

mitochondrial damage in neuropathies. Genetically altered mtDNA mutator mice are a 

model of accelerated aging that accumulate mtDNA mutations rapidly through a mutation 

in the proof reading domain of mitochondrial polymerase gamma (Trifunovic et al., 

2004). Recent work has demonstrated that chronic exercise training prevents loss of 

mitochondrial electron transport chain protein content in whole brain homogenate, which 

suggests a beneficial effect of exercise in preventing mitochondrial damage with aging 

(Safdar et al., 2011b). Further, following ischemic injury, it has been shown that 

mitochondrial biogenesis occurs in surviving neurons in the absence of intervention (Yin 

et al., 2008; Valerio et al., 2011). However, several studies have also demonstrated 

increases in the transcription of mitochondrial genes (Zhang et al., 2012a), mtDNA, and 

TFAM protein content (Zhang et al., 2012b) with short-term exercise following middle 

cerebral artery occlusion in the rat brain. This has been shown to be accompanied by 
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decreases in the number of apoptotic cells present (Zhang et al., 2013), suggesting that 

exercise reduces mitochondrial damage and cell death in the ischemic brain. As such, 

despite the absence of exercise-stimulated mitochondrial biogenesis in the brains of 

healthy mice, the likelihood that exercise can prove to be beneficial in preventing 

mitochondrial damage in neurodegenerative disease remains possible. 

7.1.3 Changes in Mitochondrial Respiration with Exercise and Disease 

Work reported in chapter 5 of this thesis revealed increased glutamate oxidation 

as a result of changes in the activity of the malate-aspartate shuttle (MAS) following an 

acute exercise bout. We hypothesized that this increase in MAS activity would aid in 

promoting the conversion of lactate to pyruvate through shuttling newly available NADH 

into the mitochondria and increasing the rate of NAD replenishment. It is also possible, 

however, that increases in MAS activity and glutamate oxidation may serve as a 

regulatory mechanism for promoting glutamate uptake from the synaptic cleft. Where 

work investigating the changing regulation of synaptic glutamate uptake with exercise 

has not been performed, it is likely that intracellular mechanisms exist to prevent 

cytosolic accumulation of glutamate and back-inhibition on glutamate import (Greene & 

Greenamyre, 1996). As such, enhanced MAS activity with acute exercise could serve the 

combined role of promoting cytosolic clearance and metabolism of glutamate, as well as 

providing reducing equivalents for energy production through lactate during high rates of 

neurotransmission. If this hypothesis is confirmed, exercise could be used to promote 

uptake and metabolism of substrates in diseases where energy production is impaired. A 

good application for this would be in Huntington’s disease, which is characterized by 

decreased ATP production (Milakovic & Johnson, 2005; Mochel et al., 2012), impaired 
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glutamate uptake (Hassel et al., 2008), and high extracellular lactate concentrations 

(Harms et al., 1997). Considering this, it would be interesting to speculate that the 

enhanced pyruvate and glutamate respiration observed in R6/1 mice in chapter 6 is a 

compensatory mechanism to promote enhanced oxidation of both synaptic glutamate and 

available lactate. Where increased MAS activity would only account for changes in 

glutamate respiration, high calcium concentrations have been shown to stimulate 

mitochondrial TCA enzymes in the brain (Pardo et al., 2006), which would impact both 

pyruvate and glutamate oxidation through the TCA cycle. In support of this hypothesis, 

impaired glutamate uptake in HD has been shown to result in glutamate excitotoxicity 

(Estrada-Sanchez et al., 2009), where glutamate binding to synaptic receptors promotes 

continual calcium entry into the cell and eventually induces apoptosis (Brustovetsky et 

al., 2003). Therefore, it remains plausible that the prevention of enhanced mitochondrial 

respiration observed in exercising R6/1 mice is due to repeated activation of the MAS 

early in HD pathology, which prevented extracellular glutamate and lactate accumulation 

throughout the disease. This hypothesis, however, remains speculative. 

7.1.4 Interpreting Changes in Mitochondrial Markers 

Traditionally, increases in mitochondrial content are assessed through examining 

changes in multiple mitochondrial markers, such as DNA copy number, protein content, 

enzyme activity, and maximum respiration (Ashwell & Work, 1970). Where altered 

enzyme activity and respiration can reflect acute changes in enzyme regulation and 

modification, mitochondrial DNA and protein content are thought to represent stable 

increases in mitochondrial content that occur gradually with coordinated efforts at the 

level of transcription and replication (Hood, 2001). However, two pieces of work are 



	   116	  

presented here that demonstrate changes in mtDNA copy number independent of 

mitochondrial protein content in the brain, suggesting that mitochondrial transcription 

and replication may not be as intimately linked in the brain as in skeletal muscle. 

First, experiments in muscle have shown increased mtDNA and mitochondrial 

protein content following prolonged exercise training, however chapter 4 of this thesis 

demonstrated increased mtDNA in the brains of young mice after exercise training 

without affecting markers of electron transport chain content. Findings of changes in 

mtDNA content without simultaneous changes in protein content have not been observed 

previously in other tissues with exercise, which makes the present data difficult to 

interpret. However, observations in yeast (Hori et al., 2009) and human cell lines (Wei et 

al., 2001) have demonstrated acute increases in mtDNA when incubated with low levels 

of H2O2, suggesting reactive oxygen species (ROS) may stimulate mtDNA replication. 

Support for this concept in vivo comes from experiments that stimulated enhanced ROS 

production through transient hyperbaric treatment and found increased mtDNA copy 

number in the hippocampus several days after the intervention (Gutsaeva et al., 2006). 

Therefore, it appears possible that ROS are capable of stimulating increases in mtDNA, 

perhaps as a necessary mechanism for base excision repair (BER) in the presence of 

abundant oxidative damage. Due to the close proximity of the mitochondrial genome to 

the electron transport chain and mitochondrial sources of ROS, the mitochondrial 

capacity for BER is high (Dianov et al., 2001) and mitochondrial BER appears to be 

stimulated by increases in ROS production (Stuart et al., 2004). Typically, BER occurs 

through short- and long-patch pathways to repair short (1 base) and long sections (2-8 

bases) of DNA damage, respectively (Krokan et al., 2000; de Souza-Pinto et al., 2008). 
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However, it has also been demonstrated that oxidative damage can produce double 

stranded breaks in mtDNA (Imlay & Linn, 1988) that appear to be biased towards the D-

loop region of the mitochondria (Zeviani et al., 1990; Wanrooij et al., 2004). As such, it 

has been shown that these double stranded breaks can serve as primers for replication 

(Srivastava & Moraes, 2005) or repair (Dudas & Chovanec, 2004). Considering this, 

transient increases in mtDNA with exercise could theoretically represent mechanisms for 

repairing the mitochondrial genome rather than futile attempts at biogenesis, providing an 

explanation for the absence of observable changes in mitochondrial protein content. 

Further evidence for a disconnect between mitochondrial DNA and protein 

content in the brain is provided in chapter 6 of this thesis. In the brains of the R6/1 mouse 

model of HD, mtDNA content decreased substantially early in the disease pathogenesis, 

however the protein content of complexes I and III changed only in the disease’s late 

stages, without altering complex II. Although mitochondrial DNA and protein are not 

often measured in the same studies examining HD, non-uniform changes in 

mitochondrial protein content are often observed (Gu et al., 1996; Browne et al., 1997). 

Further, our results show that 20wks of exercise training were able to prevent losses in 

mitochondrial protein content but not mtDNA copy number, which suggests that exercise 

is capable of stimulating transcription of mitochondrial genes, but not replication of the 

mitochondrial genome in the brain. Together, results from previous work as well as this 

thesis provide sufficient evidence to suggest independent regulation of mitochondrial 

replication and transcription in the brain. As such, it appears that the mechanisms 

previously shown to regulate mitochondrial abundance in peripheral tissues require 

further study before their application can be assumed in the brain. 
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7.2 Specificity of Findings Between Brain Regions 

The work presented here identifies sharp differences in the mitochondrial 

responses to ischemia, exercise, and Huntington’s disease between brain regions, 

identifying that findings within a given region of the brain may not be applicable to 

adjacent regions. This is particularly evident in a recent report by Steiner et al. (Steiner et 

al., 2011), which demonstrated potent variability in the response of multiple brain regions 

to exercise training. However, it should be noted that although several studies have 

reported mitochondrial biogenesis in brain tissue (Navarro et al., 2004; Dietrich et al., 

2008; Kirchner et al., 2008; Steiner et al., 2011), findings of enhanced mitochondrial 

content in the hippocampus should be interpreted with caution. Where the formation of 

new neurons ceases in most brain regions with adulthood (Zhao et al., 2008), memory 

formation in the hippocampus remains dependent on neurogenesis (Dupret et al., 2008). 

Thus it can be anticipated that mitochondrial content will fluctuate in this region. Where 

impaired mitochondrial function (Voloboueva & Giffard, 2011), enzyme content 

(Calingasan et al., 2008), or loss of mitochondrial uncoupling (Dietrich et al., 2008) has 

been shown to inhibit neurogenesis, exercise-induced mitochondrial biogenesis in the 

hippocampus has been observed with concomitant increases in synaptogenesis (Dietrich 

et al., 2008), an important aspect of memory formation. Further, increases in 

mitochondrial number are known to accompany the differentiation and maturation of 

stem cells (St John et al., 2005; St John et al., 2006; Nesti et al., 2007), suggesting that 

changes in mitochondrial number in the hippocampus does not necessarily reflect 

enhanced biogenesis in already differentiated cells, but perhaps increased maturation of 

stem cells present in the region. This makes the interpretation of exercise-induced signals 
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in this region also difficult to interpret, as AMPK is known to be important in axon 

formation and the polarization of developing neurons (Amato et al., 2011; Williams et 

al., 2011). As such, it is clear that mitochondrial regulation is heterogeneous between 

brain regions and it should therefore be emphasized that findings within a given brain 

region should not be assumed to apply to other regions any more than findings from 

skeletal muscle should be applied to the brain. 

7.3 Limitations and Future Directions 

The findings outlined in the present thesis are the first to thoroughly approach the 

impact of acute and chronic exercise on brain mitochondrial content and function. Where 

it was previously believed that exercise would increase mitochondrial DNA copy 

number, protein content, and oxidative phosphorylation in the brain, several observations 

are reported here to suggest that mitochondrial biogenesis does not occur in exercising 

animals.  

In evaluating the effect of exercise on the brain, it could be considered that the 

present work is limited by not examining changes in PGC-1α mRNA with acute exercise. 

However, before this work is conducted, it should be noted that a major limitation to the 

field is the unsupported notion that PGC-1α regulates mitochondrial content in brain 

tissue. To date, no studies have examined changes in the abundance of mitochondrial 

protein or mtDNA with ablation or overexpression of PGC-1α in vivo. Work performed 

in PGC-1α knockout mice has demonstrated spongiform lesions in the brain with the 

presence of HD-like clasping symptoms (Leone et al., 2005), however with no 

measurements of mitochondrial content. When examining the role of PGC-1α in HD, 

observations of reduced PGC-1α mRNA levels have been observed in striatal medium 
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spiny neurons, however a 50-fold increase in PGC-1α was also observed in the adjacent 

striatal interneurons (Cui et al., 2006). Considering examination of the striatum in HD 

consistently reveals decreased content of select mitochondrial proteins, these findings of 

altered PGC-1α mRNA do not appear to correlate with changes in mitochondrial content 

in the striatum. Therefore, a reevaluation of the impact of PGC-1α on mitochondrial 

content in the brain is required before stimulation of mitochondrial biogenesis can be 

assumed from changes in PGC-1α expression with exercise. 

When considering that loss of mitochondrial protein is prevented by exercise in 

R6/1 mice, it remains to be discerned if these exercise-induced benefits are regulated by 

traditional signaling kinases or by factors not previously identified. Despite not observing 

increases in the phosphorylation of traditional protein kinases with acute exercise in 

healthy mice, the perturbation caused by neurological disease may permit an environment 

where AMPK, CAMK, and P38 activation occurs. A limitation to the present work is that 

metabolites were not assessed following acute exercise or in the R6/1 model of 

Huntington’s. As such, future work should investigate the signals regulating the 

beneficial effects of exercise in Huntington’s disease, which would serve to improve our 

understanding of the activation of exercise-induced signalling mechanisms in the brain in 

both health and disease. 

Although protein content was decreased in the R6/1 model of Huntington’s 

disease, complex I-linked respiration was increased in the presence of glutamate and 

pyruvate. It remains to be determined if this effect is a result of post-translational 

modification on complex I, thus enhancing the rate of electron entry into the ETC, or if 

enhanced activity of the TCA enzymes can account for these changes. Where the present 
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studies were limited by the availability of aged R6/1 mice and the number of respiration 

protocols that could be performed simultaneously on fresh tissue, the assessment of 

respiration in the presence of non-mitochondrial NADH production could help to discern 

the mechanism for these changes through bypassing the TCA cycle. In considering this, it 

is noteworthy that the consequences of enhanced mitochondrial respiration in R6/1 mice 

also remains unknown. It is possible that high rates of electron flux through a decreased 

abundance of electron transport chain proteins could result in damaging ROS. Although 

markers of oxidative stress were not examined in the present study due to tissue 

limitations, lipid peroxidation has been previously observed in the late-stages of the R6/1 

pathology (Perez-Severiano et al., 2000). Therefore, future research should determine if 

exercise is capable of reversing markers of ROS damage, particularly as a result of 

changes in mitochondrial respiration. 

7.4 Conclusions 

 Current evidence supports that regulation of mitochondrial function and content in 

the brain is unique from other tissues as well as between individual brain regions. Where 

the present thesis sought to investigate the regulation of mitochondrial content and 

function with exercise, findings presented here support the following conclusions: 

1) Mitochondrial respiratory function in the brain is altered by mechanical 

disruption of the native mitochondrial environment 

2) Mitochondrial glutamate-stimulated respiration can be enhanced with 

acute exercise, independent of changes in pyruvate respiration 

3) Chronic exercise can prevent the loss of mitochondrial protein content in 

the brain in a mouse model of Huntington’s disease, but not stimulate 
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mitochondrial biogenesis above a controlled level of mitochondrial 

content 

4) The regulation of mitochondrial content in the brain cannot be inferred 

from exercise studies in peripheral tissues 

As such, these combined studies provide our first steps in reevaluating the approach to 

understanding the regulation of mitochondrial content and function in the brain with 

exercise. 
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Appendix A 

 
 
 

Cortex 

Striatum 

Hippocampus 

 
 
 
A sagittal slice of the mouse brain highlighting representative areas studied within this 
thesis. 
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Appendix B 

 
 
 

Hindlimb Clasping  
 This a marker of disease progression in a number of mouse models 
of neurodegeneration, including certain cerebellar ataxias.  

 
x Grasp the tail near its base and lift the mouse clear of all surrounding 

objects for 10 seconds.  
 

 
 
Score 0 – hindlimbs are consistently 
splayed outward, away from the 
abdomen 
 
 
 
 
 
 
 
 
 

 
 

 
Score 1 – one hindlimb is retracted 
toward the abdomen for more than 
50% of the time suspended (note the 
contracted toes) 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Score 2 – both hindlimbs are 
partially retracted toward the 
abdomen for more than 50% of the 
time suspended 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Score 3 – hindlimbs are entirely 
retracted and touching the abdomen for 
more than 50% of the time suspended 
 
 
 
 
 
 
 
 
 
 
 

Guyenet, S. J., Furrer, S. A., Damian, V. M., Baughan, T. D., La Spada, A. R., Garden, 
G. A. A Simple Composite Phenotype Scoring System for Evaluating Mouse Models of 
Cerebellar Ataxia. J. Vis. Exp. (39), e1787, doi:10.3791/1787 (2010). 
http://www.jove.com/video/1787/a-simple-composite-phenotype-scoring-system-for-
evaluating-mouse?ID=1787 

 
A representative outline of the method employed for assessing hindlimb clasping in R6/1 
mice (Guyenet et al., 2010) 
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Appendix C 

	  

 

 
 
Representative respiration traces from a 1.7mg sample (top) and a 4.7mg sample 
(bottom). Larger samples demonstrate difficulty in reaching a steady state in respiration 
due to significant diffusion limitations. 
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Mitochondrial respiration in permeabilized brain was not altering the experimental 
temperature from 25oC to 30oC. Respiration was stimulated by pyruvate, malate, and 
ADP (D), and followed by the addition of rotenone (rot). 
	  


