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ABSTRACT

Mitofluor Far Red 680 (MFFR, a near-infrared (NIR) mitochondrial membrane

potential (ÂY,,,) sensitive probe), was previously used for investigating the dependence of

MFFR uptake upon ÀY-in the perfused rat heart. Unexpectedly, in this study

fluorescence did not change in response to a decrease in Áv,n induced by an uncoupler of

oxidative phosphorylation possibly due to non specific binding to non-mitochondrial

components. we therefore, investigated MFFR distribution and its optical properties in

simpler systems, namely isolated mitochondria, cardiomyocytes, and hepatocles, to

evaluate the relationship between MFFR distribution and Áy-.

Mitochondria were isolated from rat liver by homogenization and differential

centrifugation. Cardiomyocytes (CMC) and hepatocytes (HC) we¡e isolated from rat

heart and liver by collagenase perfusion. viability of mitochondria as well as the toxic

effects of MFFR on mitochondria were determined by measuring respiration rate. cMC

and HC viability were determined by observation of cellular morphology and Evans Blue

staining. Mitochondria were energized by glutamate plus succinate and ATp, CMC

energized by glucose and pyruvate, and HC energized by glucose accumulated MFFR in

ÀY. dependent man¡er. This resulted in decreases in MFFR fluorescence intensity in

fluo¡escence assays. Addition ofthe uncoupler carbonyl cyarude 4-

trifluoromethoxyphenyl hydrazone resulted in the dissipation ofay- in mitochondria,

cMC and HC as evidenced by decreases in MFFR binding and increases in fluorescence

intensity.

We conclude that MFFR distribution and changes in fluorescence intensity are

dependent on ÀY- in isolated mitochondria and cells. ÂY,n was quantitatively estimated



xiv

in isolated mitochondria whereas in the cells the estimates were qualitative. MFFR

binding to isolated mitochondria was significantly greater than its binding to isolated

cells. This resulted in larger changes in fluorescence in mitochondrial suspensions. we

concluded that MFFR is a reliable probe to measure ÀY- in isolated mitochondria

quantitatively, and to monito¡ ÀY,n changes qualitatively in cells. A probe with lower

hydrophobicity would be more suitable fo¡ monitoring ÁY. in intact cells and tissues.



CHAPTER 1

LITERATURE REVIEW

1.1 Introduction

Mitochondria are crucial for maintenance of normal cell function [ 1]. The proper

function ofthese organelles ultimately determines life and death of the cell [2].

It is therefore, important to monitor the activity ofthese organelles using reliable indices

in living tissue. one such index is cardiac oxygen (o2) consumption rate, which is the

difference between arterial and venous concent¡ations of 02 multiplied by coronary flow

[3, 4]. This can be used as an index for mitochondrial function as 02 is the last electron

acceptor in the series ofredox reactions and mitochondrial respiration rate therefore

depends on 02 concentration. cardiac 02 consumption rate is thus an indicator of the

health of the heart. Another index of mitochondrial function is the redox states of

cytochromes (electron carriers). cytochrome optical properties, which are altered by

changes in redox states, can be measured by optical spectroscopy [5, 6]. Steaaly-state

levels of oxidative phosphorylation products such as adenosine diphosphate (ADp),

inorganic phosphate (P), adenosine triphosphate (ATp) and phosphocreatine (pCr) are

also indices for mitochondrial function [7]. kr conditions of low oz, changes in oxidative

phosphorlation products are seen as increases in ADP and p¡ and decreases in ATp and

PCr, which indicate compromised mitochondrial function. This can be measured non-

invasively by phosphorus -31 nuclear magnetic resonance (3tp-¡Wm.) spechoscopy [3, 6,

8]. It is also important to measure the mitochondrial membrane potential (ÄV_) as it

drives ATP synthesis [9, l0]. ÂY,n can be measured using Áy.-sensitive fluorescent



dyes. Amongst them dyes absorbing light in the near-infrared (NIR) region are the most

interesting due to weak absorbance ofnatural chromophores (haemoglobin and

myoglobin) and high depth of light penetration.

1.2 Cardiac Energetics and Contractility

The Function of the heart is to hansport oxygenated blood to the whole body in

order to maintain life. The heart receives deoxygenated blood from the body and sends it

to the lungs to take up oxygen. The oxygenated blood is collected in left chamber of

heart and the oxygenated blood is pumped out from the heart to the tissues, which require

oxygen and nutrients, to keep them alive. The heart has four chambers, right atrium and

ventricle that carry deoxygenated blood and left atrium and ventricle that contain

oxygenated blood. The heart is a muscle tissue consisting of bundles of muscle fibers

con¡lected to each other by collagen. The muscle fibers, known as myofibers, contain

contractile muscle cells known as cardiomyocytes. Cardiomyocytes have a nucleus, a

cardiac cell membrane known as the sarcolemma and the sarcoplasmic reticulum (SR)

(the site ofcalcium (Ca2) storage and release), hansverse tubules (tubeJike

invaginations of the sarcolemma), the intercalated disk connecting cells, mitochondria,

and contractile proteins responsible for muscle contractions. The contractile proteins are

organized in the structure called a myofibril, composed of thin and thick filaments. The

thin filaments, also known as actin filaments, are made of globular actin molecules

associated with regulatory proteins (hoponin and tropomyosin), held together as chains

while the thick filaments, known as myosin filaments, composed of myosin molecules.

Actin and myosin filaments are structured in a contractile unit called the sarcomere.



cardiac conhactions result fiom the sliding of two filaments over each other, and require

high energy expenditure. For example, in a rat heart, approximately 2% of the total

energy in the form ofATP and PCr is used in cardiomyocytes for each contraction [11,

r2l.

Cardiac muscle cont¡action results from excitation-contraction coupling. Under

resting conditions, there is a membrane potential difflerence ofabout -80mv between the

extra-cellular and intracellular space. When the membrane potential becomes more

positive, Na* ions diffuse into the cells causing further membrane depolarization. This

event triggers Ca2* entry through the sarcolemmal Ca2*channels and Ca2* ions are

subsequently released from the SR into the sarcoplasm. The Ca2* ions then attach to

binding sites on the hoponin molecules, which causes a shift in the tropomyosin

configuration, exposing myosin-binding sites on actin filaments. Interaction ofmyosin

and actin filament forms cross-bridges that generate a power stroke. The energy required

for this process is generated by hydrolysis ofATP to ADP and P¡ by an enzyme called

ATPase (on the myosin head) which causes myosin to pull along the actin filament.

Cardiomyocytes contain mitochondria that occupy approximately 30 % of their

volume [13]. Ninety percent ofenergy produced in heart tissue comes flom

mitochondrial respiration [ 1 3].

ATP is produced by a process ofATP synthesis called oxidative phosphorylation

in mitochondria. Mitochondria use metabolic substrates such as glucose, fatty acids,

amino acids, and pynrvate to initiate oxidative phosphorylation. Hence, the heart obtains

ATP through oxidation of these substrates in mitochondria. However, various other

substrates can be utilised to cause cardiac contraction [14-19]. In addition, pyruvate



utilization is associated with an increase in ATP synthesis in response to an increase in

cardiac work 120,211. It has been shown that mitochondria are better adapted to

variations in ATP demand fo¡ cardiac contraction during pynrvate induced respiration

than during oxidation of other substrates in the heart.

Since ATP diffusion ftom the mitochondria to myofibrils is slow, energy transfer

systems are required. The phosphocreatine @Cr) shuttle acts as the energy transfer

system that fansforms ATP to PCr by an enzyme called creatine kinase (CK) inside

mitochondria [22]. Once PCr is informed it can relatively easily diffuse from the

mitochondria and re-synthesize ATP from PCr and ADP at the myofilbrils:

PCr +¡pp €L trp*C.

This PCr shuttle can provide a strict match between ATP production and utilization for

conhaction [23].

ATP synthesis is well regulated and controlled by changes in ATp demand. The

cor¡elation between oxygen consumption rate and cardiac work is well known and

confirms coupling of ATP production to ATP utilization 13,24-291. However, coupling

ofATP production to contractile demand is complex. Redox state, cytosolic high energy

phosphate metabolites such as ADP, P¡, ATP, and PCr, Ca2*, oxygen and substrate

availability, and mitochondrial ÁY,', may play an important role in control of cardiac

energy tumover [7, 19, 30-361.



5

L.3 Mitochondria in Energy Production and Parameters

Defining Energetic Status

L.3.1 Introduction

Mitochondria are small organelles found in eukaryotic cells that generate ATp.

Mitochondrial functions in the cell have been a hot area ofscientific research since

mitochondria were discovered by Kolliker in 1856. Scientists have come up with many

hypotheses ofmitochondrial functions before actual mitochondria were isolated from

liver in 1940s. Following isolation of mitochondria Kennedy and Lehninger found that

mitochondria are the compartment where oxidative phosphorylation occurs. Later on, it

was found that oxidative phosphorylation involves elechon and proton hansfer through

the mitochondrial membrane [37]. A large number of mitochondria are found in

eukaryotic cells. For example there are approximately 1000 to 2000 mitochondria in

each liver cell [38]. The distribution and arrangement ofmitochondria are dynamic in

each cell types. In cardiac muscle cell, mitochondria are strategically located between

myofibrils to allow direct energy transfer (Figure 1-l). Normal mitochondria have a

cylindrical shape and are large enough to be seen under light microscope, with a length of

0.5 to l¡rm.

1.3.2 Mitochondrial Morphology

Mitochondria are composed of two membranes (inner and outer) and two

compartments separated by the membranes, which are a major mitochondrial feature

well-suited for generation ofATP (Figure l-2).



]tllitochondria
Ì'igure 1-1. Mitochondria in cardiac tissue



Outer membrane

lntermembrane
complexes

Figure 1-2. The structure ofmitochondrion

Mitochondria are limited by an outer membrane consisting of a lipid bilayer, which

functions as a barrier to molecules lager than 1500 dalton [39]. The outer membrane also

contains proteins, called porins that allow small molecules and ions to move into the

outer compartment, intermembrane space [40]. The intermembrane space separates the

outer membrane from the inner membrane. Thus, the intermembrane space is analogous

to the closol in that it is a medium through which molecules move via the outer

membrane [41]. h addition, the intermembrane space has an important mitochondrial

factor, cytochrome c (cyt c) involved in electron transport for generating ATp and other

enzymes such as CK, adenylate kinase, and nucleoside diphosphate kinase. The major
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components of the mitochondria are the in¡er memb¡ane and the matrìx, which play a

major role in mitochondrial energy production. The inner membrane is enriched in

phosphlipid and cardiolipin, which confers low membrane permeability to small

molecules, ions, and metabolites [42]. Cardiolipin allows Cyt c to be localized in the

intermembrane space through a direct association [39]. The inner membrane has specific

electron transport proteins that help to transport H+ across the membrane and to pass

electrons from one protein to next one. The electron transport proteins in the inner

membrane together function as a complex system for ATp generation and are known as

the elechon transport chain (ETC). The H+ movement via the ETC is essential to the

function of the mitochondria in terms of ATP synthesis. The inner membrane is highly

folded. These folds are cristae increasing the surface area. The shapes of cristae folds

are different in each type of cell. In addition, mitochondria in cardiac cell have three

times higher cristae density than it in liver cell [38]. This is a pre-requisite for the large

amount of ATP supplied to cardiac cells for muscle contraction. contact sites where the

inner membrane attaches to outer membrane contain the pcr shuttle and are a vital site

for the maintenance of cytosolic ATP.

There are eight enzl'rnes required for the tricarboxylic acid cycle (TCA cycle, also

called Krebs cycle) in the matrix that are involved in the generation ofreduced forms of

cofactors such as NADH and FADH2. NADH and FADH2 provide electrons to the ETC

for maintaining H* flow across the irurer membrane. H* transpof from the matrix to the

intermembrane space generates an electro-chemical H+ gradient ac¡oss the inner

membrane. The Electro-chemical H+ gradient results in the formation of a negative

charge in the matrix ¡elative to the cytosol and a transmembrane potential, Áy,n.



1.3.3 Energy Substrates

The TCA cycle requires an intermediate, acetyl coenzyme A (acetyl CoA) to

produce electron donors for the ETC. various metabolic pathways lead to production of

acetyl CoA from metabolites such as carbohydrates, fat, and ketone bodies.

As a f,rrst step glucose is transported from blood to the inside ofthe cardiac cells.

Six -carbon glucose is cleaved to two th¡ee carbons pyruvate molecules through

glycolysis in the cytosol (Figure 1-3).
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Glycogen
(porymer of srucose) c,u"o""-f Extracellular

P, *l g lycogen' f phosphoryrase þexotinase f 
glucose

Glucose Glucose l*
1-phosphatenLi:älå:" 6-phosphate Gerrurarmembrane

lYiiï::":xhoshate
Fructose 6-phosphate
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Fructose 1,G-bisphosphate

-/ 
atdotase\ 

.
Glyceraldehyde<---+ Di hydroxy acetone
3-phosphate l,^T:9.^"ph"t" phoiphatê
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glyceraldehyde 3 |-phosphate I
dehydrogenase {

1, 3-bisphosphog lycerate
I phosphoglycerate kinase
+

3-phosphoglycerate

I phosphoglycerate mutase
*

2-phosphoglycerate
I enolase
*

phosphoenol pyruvatepvruvatekinase pyruvate

Figure 1-3. The glycolysis and glycogenolysis pathways
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Pyn¡vate can then be used either as a source oflactate or acetyl CoA, depending

on the availability of 02. In the absence of 02, lactate is generated in the cell in the

lactate dehydrogenase reaction, accumulation ofwhich can be toxic to the cells in the

heart [43]. Il the presence of 02, pyruvate generates acetyl CoA, which enters the TCA

cycle leading to formation of NADH and FADH2.

Fatty acids are a major energy source fo¡ the heart 144,451. Fat is represented by

triglycerides and fatty acids. p-oxidation is involved in metabolism of fatty acid. First,

long chain (n>12) fatty acids are activated by conversion to fatty acyl CoA and become

available for transport into the matrix in the form of acyl- camitine. Fatty acyl-coA goes

through p-oxidation to generate NADH, FADH2, and acetyl CoA which produces more

NADH and FADH2 in TCA cycle.

Ketone bodies are another type ofmetabolites involved in ATp generation.

Changes in the pattem ofsubstrate selection affect heart function and efficiency of

energy utilization [14, 15]. In addition, metabolism ofketone bodies preferably occurs in

the liver [46].

1.3.4 Tricarboxylic Acid Cycle (TCA Cycle)

Pyruvate forms acetyl CoA though the plnuvate dehydrogenase complex. Acetyl

CoA goes to the TCA cycle to produce carbon dioxide (COt, NADH, and FADHz. COz

is a waste product and NADH and FADH2 are the major cofactors. Eight enz)¡mes are

involved in the TCA cycle @igure l-4).
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Figure 1-4. The TCA cycle

Two- carbon acetyl CoA combines with four carbon oxaloacetate (OAA) to

produce six- carbon cihate. Citrate is converted to isocihate which is metabolized by

isocihate dehydrogenase to generate one CO2, one NADH, and o-Ketoglutarate (a-KG).

a-KG can also be generated in the glutamate dehydrogenase reaction, which produces

NADH and NHa+. o-KG oxidation produces one more CO2 and NADH, and succinyl

CoA which is converted to succinate to produce GTP, which is equivalent to ATp .

Succinate dehydrogenase, a mitochondrial membrane bound enzyme, metabolizes

succinate to fumarate to generate FADþ. Fumarate is conveÍed to malate by fumarase
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Malate dehydrogenase oxidizes malate to produce NADH and OAA which is the end of

product in TCA cycle. If acetyl CoA is available, there is one more cycle to go. Many

intermediates of the TCA cycle can be supplied from outside the mitochondria and serve

as oxidizable substrates (a-KG, succinate, malate, and Ofu{). Ca2+ regulates enzyme

activities in the TCA cycle [46]. One round of the TCA cycle produces 2 CO2, 3 NADH,

1 FADH2 and GTP. In the presence of 02 in animal cells, NADH and FADH2 are

oxidized through the ETC by O2 with HzO formation, which produces the free energy

required for ATP synthesis.

1.3.5 Electron Transport Chain (ETC)

ATP synthesis is achieved by an enzl'rne complex known as the respiratory chain

or the electron transfer chain (ETC). The ETC is a series of enzyme complexes that

undergo oxidation-reduction reactions to release free energy as electrons are passed down

the ETC. The oxidation-reduction reactions are highly organized within the multienzyme

complex. These reactions are used for ATP formation involving a multienzyme complex,

ATP synthase. The entire process, called oxidative phosphorylation, is result of coupling

of the ETC and ATP synthase. The ETC is composed offour complexes embedded in the

inner membrane and the mobile electron carriers ubiquinone (UQ) and Cl c (Figure l-5).
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Figure 1-5. The Electron Transport Chain (ETC)

NADH passes electrons down complex I (NADH dehydrogenase) which reduces Ue.

Complex trI (UQ-Cyt c oxidoreductase) accepts electrons from complex I via reduced

UQ. Next, complex trI gives electrons to Cl c and then to complex IV (cytochrome

oxidase) to become oxidized. At the final stage, an oxygen atom receives electrons from

complex IV to produce H2O by combining with two H+:

/, Oz + 2H* + 2e- ---+ llrQ

The movement of electrons is coupled to H+ flow from the matrix to the intermembrane

space through the complexes, except the complex II. In contrast, complex II (succinate

È+
HH

HHH

H
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dehydrogenase (SDH)) receives electrons from succinate to form FADH2 which reduces

UQ without involving Hn movement. Electron flows from NADH, which has a high

negative reduction potential (Eo': -0.32V relative to normal hydrogen electrode at pH

7.0) to the 02 which has a high positive reduction potential (Eo': -+0.82V) (Figure l-6)

[47]. Carriers with high negative reduction potential tend to lose electron(s) easily and

those with high positive Eo' to gain elechon(s) easily.

Sta nda rd Reduction P ote nt¡a I

(e,v)

NADH a+ ¡4¡.
Complex I

\
\ \

\
Complex ll ------.-*{ U*A

Complex lll

Cyt c

Complex lV

Figure 1-6. Reduction potential of carriers in the ETC

lz Or+ 2H HzO
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Complex I, known as NADH dehydrogenase or NADH: Ue oxidoredutase, is the

largest complex in the ETC. It is composed of six iron-sulfur (Fe-s) centres and a flavin

mononucleotide molecule [46]. Complex I receives two electrons from NADH and

passes its electrons to the mobile electron carrier Ue. The net reaction is shown as

NADH + H* +UQ .' NAD* + UQH2. Therefore, two H+ are pumped out from the matrix

to the inter membrane space through the complex I. study ofrespiratory chain activity

showed that the rate ofrespiration is sensitive to complex I activity during aging [4g] and

complex I becomes a major factor in the control of mitochondrial oxidative

phosphorylation [49, 50]. UQ (coenzl'rne Q) is lipophilic so that it can diffuse through

the membrane. Ubiquinol (UQH2) the reduced form of Ue, donates two electrons to

complex III which can accept its elechons.

Complex tr is SDH or succinate:UQ oxido- reductase. This is an integral

membrane protein which oxidizes succinate to fuma¡ate in the TCA cycle to reduce FAD

to FADH2 in the complex II. complex II consists ofcovalently bound flavoprotein and

Fe-S proteins. Transferring electrons fiom complex tr to Ue is similar to that for

complex I, except no lf is pumped out. The net reaction in complex II is:

FADH2 +UQ <+ FAD + UQHz

UQH2 passes its electfons to complex III as well.

Complex trI is called UQH2: Cyt c reductase orbcl complex. Complex trI is

composed of Cyt b, Cyt c¡, and Fe-S protein. As complex III oxidizes UeH2, it transfers

its elechons to Cyt c which is another mobile electron carrier. Cyt c is a peripheral

membrane protein and reduced Cl c donates its elechons to complex IV. Elechon
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transfer is coupled to two H+ pumped across the complex III. Net reaction is UeH2 + 2

c¡-Fe3* <--> UQ + 2cl-Fe2* + 2H*

Complex [V is known as c¡rtochrome oxidase or clochrome aa3. Complex IV has

tb¡ee subunits which are composed of clochromes (heme a and heme a3), a Fe-S cenhe

and copper atoms (Cu¿ and Cus). Heme a¡ and Cue reduce 02 to HzO [46]. At the end

site ofcomplex IV, an oxygen atom receives two electrons to produce H2O coupled with

two H+ pumped out through the complex IV. The net reaction:

2 Cyl c-Fe2* + Yz Oz+ 2H+ *' 2 Cyt c-Fe3* + HzO

1.3.6 Oxidative Phosphorylation

ATP synthase is complex V (Figure 1-7). Itis composed ofFl and Fo proteins.

Fr is faced to the matrix and has ATP and ADP binding sites. Fo is faced to the

inte¡membrane space. H* movement via ATP synthase produces ATp from ADp and p¡.

The generation ofATP is a reversible process depending on ÁY^. A decrease in Ây,n

drives ATP hydrolysis. Therefore, electron transfer to 02 is necessary to maintain high

AY'n and provide ATP synthesis. Since elecffon transfer to 02 through the ETC is

coupled to ATP synthesis, respiration rate is conholled by ATpase substrates/ products

such as ATP, ADP, Pi, as well as by PCr. The energy metabolites are in a steady- state

under physiological condition (Figure 1-8). An important characteristic of mitochondrial

function is an electro-chemical potential difference across the ir¡ne¡ membrane of

mitochondria which is approximately 160mV. This potential difference is dependent

upon coupling between electron transport and phosphorylation as well as oxidizable

substrates.
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1.3.7 Chemiosmotic Gradient

Electrochemical H+ gradient is generated by passing electrons down the ETC.

The gradient forms the "energy reservoir" that allows ATP synthase to produce ATp.

These events are described by the chemiosmotic theory [51]. The elechochemical H+

gradient is composed of two components 1) a pH difference (ÂpH) between the matrix

and cytosol and 2) a membrane potential difference (AY,). ÀpH and ÀV". together

influence the proton motive force (Áp) which drives H+ flow back to the matrix through

ATP synthase for ATP synthesis.

Âp is described by the following equation: Âp= ÀY-- (2.3 RTÆ) ÀpH (in mV)

(af 37 "C, Âp: AY.- 60 ÂpH ); R is the gas constant, T is absolute temperature, F is

Faraday's constant, and ÂpH is the pH gradient between the matrix and the cytosol. Àp is

in the range of200-220mY, of which 140-160mV is contributed by Ay. and ÀpH equals

typically -1 unit in mammalian cells [52]. Since AY- is established by the ETC through

H" transfer across the in¡rer mitochondrial membrane to regulate ATp synthesis, it can be

used as an indicator of major mitochondrial function.

1.3.8 Inhibitors and Uncouplers of Oxidative Phosphorylation

The mechanism of electron movement and its coupling to electrochemical H+

gradient have been investigated by using inhibitors and rincouplers of oxidative

phosphorylation. The mechanisms of action of the agents are as follows. Amytal and

rotenone act as inhibitors of complex I to block electron transfer from complex I to Ue

[53, 54]. Antimycin A inhibits at Cyt b in the complex III [55]. Therefore, Cyt b can be

reduced but cannotbe oxidized blocking elechon hansport to complex [V. Cyanide acts

as inhibito¡ ofcomplex IV by blocking the binding of oxygen so that electrons cannot be
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passed to oxygen [56]. Oligomycin blocks ATP synthase to inhibit ATP synthesis from

ADP plus P¡ as well as ATP hydrolysis [57]. Atractyloside blocks ATP/ADP translocase

and inhibits ATP/ADP exchange hansport between matrix and cytosol [58]. Thus,

oligomycin and atractyloside inhibit ATP-driven H* efflux causing ÀY. depolarization.

The uncoupler carbonyl cyanide 4{rifluoromethoxyphenylhydrazone (FCCp) binds Ho

and thus becomes protonated [59]. FCCP in protonated form crosses the mitochondrial

membrane and release H* in mitochondrial matrix, resulting in ÂY- depolarization. It is

supposed that the opener of mitochondrial ATP-sensitive potassium (mito-KÀrp) channels

P-1075 opens mito-K¡rp channels which are normally closed under physiological

conditions, whereas the Krrp channels blocker, glibenclamide (Glib) closes the channels

opened by P-107514,60,611. P-1075 induced K¡¡p opening causes influx ofK+ to the

matrix down its elechochemical gradient that causes activation ofthe K*lH* exchanger

and H+ influx ¡esulting in pafial ÁY,n depolarization [62].

1.4 Effects of Pathology on

Mitochondria and Energy Metabolism

The purpose of mitochondrial function is to provide ATp by oxidative

phosphorylation to cells fo¡ survival and maintenance of cell function. ATp is used fo¡

regulation ofcellular homeostasis in terms of controlling cell signaling pathway leading

to cell survival and death. Dysfunction of mitochondria has been shown in

ischemia/reperfirsion injury, apoptic cells, and some hereditary diseases [2, 63].
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1.4.1 IschemialReperfusion Injury

The condition ofinadequate blood supply to cardiomyocytes is called myocardial

ischemia, and results in a deficiency of energy supply for muscle contraction. The

magnitude ofthe energy supply can¡ot meet the high energy demand for the contraction

in myocardial ischemia./reperfusion, which leads to cell damage and subsequent cell death.

Cardiac ischemia,/reperfusion injury is associated with dysfunction of mitochondria

caused by defects in oxidative phosphorylation [64- 66]. The degree of damage to

mitochondria is dependent on the duration and severity of ischemia 167 - 691. It has been

shown that disruption ofmitochondrial structure occurs in early ischemia condition [67,

70]. Consequently, disruption of mitochondria leads to furthe¡ decrease in oxygen

consumption rate and oxidative phosphorylation, and the changes in ÀY- seen in

ischemic conditions 167 , 7ll. A decrease in activity of complex I and damage to ATp

synthase and ATP/ADP translocase occur in early ischemia (at least up to 20 minutes) as

well [69, 70,72,73]. For 30 minutes ischemia in rhe rabbit heart, Cyt c, a mobile

electron carrier is released [66]. Damage ofthe outer membrane has been associated with

release of cyt c [74]. state 3 respiration which conesponds to 02 utilization for synthesis

of ATP from ADP and Pi with oxidizable subshates such as glutamate plus malate,

recovers after the addition of C¡t c to isolated mitochondria from 30 minute ischemic

heart [75]. A decrease in cardiolipin content was also observed in isch emia[76,771.

Cardiolipin stabilizes Cyt c due to its binding to this proteinl7B,79l. Cyt c release may

the¡efore also be associated with decrease in cardiolipin content [76, 80]. Ischemia leads

to an increase in generation ofreactive oxygen species @OS) due to electron leak

through the ETC. In normal respiration, ROS are produced by electron flow via the ETC
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[81,82]. However, electron leakis increased in ischemia [83,84]. Complex I and III of

the ETC are the major sites fo¡ ROS generation [81, 82, 85, 86]. Since a decrease in

mitochondrial respiration and complex I activity is observed in ischemia, an increase in

ROS results. Further generation of ROS inhibits mitochondrial respiration by binding to

various components of the ETC since ROS are very reactive [87].

Ca2* accumulation by mitochondria has been shown in ischemia./reperfusion

following an increase in cytosolic Ca2+ content [88]. Reperfusion after ischemia leads to

a many -fold increase in mitochondrial Ca2+ uptake [40], causing opening of a

permeability transition pore (PTP) which results in the ¡elease ofCyt c and activation of

the cell death program [89, 90].

Since ÂYn. is maintained by the ETC and used for ATP synthesis, it may be

manipulated by inhibition of the ETC and ATP synthesis [2]. A decrease in ÀY-is

associated with a decrease in heart performance during 35 minute ischemia [74], which

agrees with the AY. dependence ofATP generation.

1.4.2 Apoptosis

Mitochondria play crucial roles in controlling the cell death program, called

apoptosis Í91- 991. Apoptosis is a naturally occurring process in eukaryotic organisms.

Apoþtosis involves the activation of specific proteases named caspases [39]. The

activation of caspases is interrelated with changes in mitochondrial functions. Although

the general mechanisms by which mitochondria contribute to apoptosis are understood,

the specific mechanisms are still unclear.

Loss ofÀY. induced by DNA damage and toxic substances cause release of Cyt c

into the i¡termembrane space [98]. Since Cyt c is one of the electron carriers in the ETC,
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its release leads to inhibition ofproton and elect¡on transport through the ETC. This

results in increase in loss ofÀYr, ROS production, and Ca2* triggering ofpTp opening,

which is located in the contact sites between the outer and the inner membrane, pTp

opening releases Cyt c and apoptosis inducing factor (AIF¡ into the cytosol [100].

Association ofCl c with a cytosolic factor, Apaf activates caspase 9 [101]. Activated

caspase 9 activates caspase 3 and 7 [971. Caspase 3 and 7 induce nuclear DNA

condensation and ffagrnentation, contributing to apoptosis.

Cyt c and AIF cannot pass through the PTP unless it is associated with

proapoptotic proteins (Bax and Bak) because PTP alone is too small for them [94].

Regulation ofPTP with associating proapoptotic factors is conholled by antiapoptotic

proteins, such as Bcl-2 and Bcl-X¡, which prevent apoptosis. Proapoptotic and

antapoptotic proteins are two groups of the Bcl-2 family. Proapoptotic proteins are Bax,

Bak, Box, Bid, and Bik. Antiapoptotic proteins are Bcl-2, Bcl-X¡, Bcl-w, Mcl-l and A-1.

They all are located in the outer membrane. PTP and Bcl-2 family proteins are important

facto¡s to control cell survival and death [39].

1.4.3 Mitochondrial Genetic Disorders

Abnormal deletion and mutation of mitochondrial DNA (mtDNA) induce

mitochondrial genetic disorders observed in humans [102]. The properties of mtDNA

differ fiom those ofnuclear DNA [103]. There are high risks of abnormal mitochondria

induced by mutation of mtDNAs. Mitochondria do not contain teverse transcriptase, so

abnormal mtDNA may not be repaired. The phenotype of mitochondria induced by

mutation of mtDNA, involves abnormalities of oxidative phosphorylation. Many human

mitochondrial diseases are attributed to mutations ofETC [104].



1.5 Methods for Measurements of AV-in Isolated

Mitochondria, Cells and Intact Hearts

Two transmembrane electrical potentials normally exist in the cardiomyocfle.

one ofthem is across the cell memb¡ane (sarcolemma) that separates extracellular and

intracellular space. This potential known as the plasma membrane potential and equal to

-8Omv in the resting state, is maintained and controlled by concentration gradients ofNa+,

f*, Cf, and Ca2* across the cell membrane. The second potential difference is across

the inner mitochondrial membrane, known as ÁY-. Mitochondria are energized by

substrate oxidation, which generates a potential difference of approximately -160 mV

across the membrane. The purpose of ÁY. generation by the ETC is to drive ATp

synthesis via ATP synthase and maintain mitochondrial ion homeostasis. Several

lipophilic cationic dyes (ÂY. probes), which are able to accumulate inside the

mitochondria due to ÀY,n have been used to study ÀY- in isolated mitochondria, cells,

and intact hearts. The concentration of the probes accumulated in mitochondrial matrix

can be determined to evaluate ÀY.by measuring absorbance (ÀA) with

spectrophotometry. These dyes also exhibit changes in fluotescence intensity and

wavelength in response to changes in ÀY-, which may be assessed by fluorescence

measurements.
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1.5.1 Optical Methods

1,5,1,1 Spectrophotometry

Spectrophotometry is a commonly used optical technique for determination of the

concentrations of compounds according to the Beer-Lambert Law: A : e C l,

where A is the absorbance, o is a constant, the extinction coefficient ofa compound

(mM'rcm-r), C is the concentration of a compound (mM), and 1 is the path lengfh (cm).

Spectrophometry requires infrared, visible, or ultraviolet light as a light source to

illuminate a sample. The molecules in the sample absorb the light at specific

wavelengfhs, which are determined by energy differences between ground and excited

states: I: ftc / Á8, where å is Plank's constant, c, speed of light and ÀE, energy

difference [105]. Solvent, temperature, and pH may affect the wavelength ofmaximum

absorption due to interaction ofthe molecule with an environment.

The fraction ofphotons that a¡e not absorbed is exponentially related to e, C, and I

and defined as transmittance, the ratio ofthe hansmitted intensity to the intensity of

incident light:

T= I/L = 10-€cr. ÁA:- logl/L:e C I

Transmittance is simply expressed as percent oftransmission: % T: 100 x I / L

Ife of a compound is known at a specific wavelength and path length is given,

the concenhation of a compound can be determined by measuring the absorbance at that

wavelength.

1,5,1,2 Fluorescence measurements

Fluorescence techniques require fluorescent molecules which produce

fluorescence specha at a particular wavelength through a three-stage process (Jablonski
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diagram, [106]). During the first stage called excitation, a molecule absorbs the energy

ofa photon emitted by a light source such as laser and moves to an excited state from a

ground state. The excited state is transient and unstable so that it exists for a short time.

The excited state loses energy and fansits to the lower energy level during the second

stage, called excited-state lifetime. During the final stage of fluorescence emission, when

the molecule returns to its ground state, a photon is emitted. This photon energy is lower

than that ofexcitation due to the loss ofenergy in the excited-state lifetime and therefore

exhibits a longer wavelength. There are particular features offluorescence spectra. The

fluorescence quantum yield which is the ratio ofthe number of fluorescence photons

emitted to the number ofphotons absorbed, represents the probability ofproducing

fluorescence by an excited fluorophore, which is a chemical group offiuorescent dye able

to absorb energy. Quantum leld may be affected by environment factors such as solvent

polarity, pH, temperature, and concenhation. The wavelength difference between

emission and absorption maxima due to the energy difference is termed as the Stokes

shift. Quenching and photobleaching are factors which should be taken into

consideration for fluorescence techniques [107]. Both quenching and photobleaching

have the potential to produce relatively less fluo¡escence emission. The effects of

quenching are reversible, however, the effects ofphotobleaching are irreversible.

Quenching can reduce emission by interacting with non-fluorescent molecules. When a

fluorophore is damaged by factors such as light, it loses its ability ofproducing emission.

This is called photobleaching. Fluorescence intensity also follows the Beer-Lambert law

explained in section 1.5.1.1. Fluorescence instruments include a spectrofluorometer

which can be used to measure the average fluo¡escence ofbulk samples, a fluorescence
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microscope used to resolve fluorescence in two or threee dimensions, and a flow

cytometer used for samples such as a cell to measure fluorescence per cell. Fluorescence

microscopy and flow cytometry are used to image ÀY- in isolated mitochondria [108,

109]. According to this method changes in fluorescence are co¡related with alterations of

ÂYr'

1,5.1,3 Optical Indicators of Mitochondrial Membrane Potential

Membrane-permeable cations are driven inside the negatively charged

mitochondrial matrix by electricai potential and their transmembrane distribution obeys

the Nemst law. The distribution of radioactive rubidium ion @b+, K+ congener) in the

presence of valinomycin across the mitochondria has been used for measurement ofÀv.

[110]. Valinomycin functions as K* ionophore which renders the mitochondrial

membrane permeable to K+, so that Rb+ is distributed at equilibrium across the

mitochondria according to ÂY,n. However, the method requires careful handling because

of the use of harmful radioactive isotopes. In addition, mitochondria have to be separated

from the media after Rb* distribution to determine concenhation of Rb+ in mitochondria

and the media separately. This method cannot monitor ÁY- in a continuous time-

dependent manner. Valinomycin itself can be toxic to mitochondria, and cause

dysfunction ofmitochondria and change in ÂY-. H3 labeled triphenylphosphonium ion

fH-fff) is a lipophilic cation which can diffuse across the mitochondrial membrane

and is accumulated in the matrix according to 
^Ym 

r¡r'ithout the presence ofan ionophore

[1 10, 1 11]. This also requires Rb* separation of mitochondria to determine concentration

of 3H-TPP* in mitochondria and cytosol for calculating ÀY,n.
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To measure or monitor ÀY- continuously, many cationic fluorescent dyes (Áy_

probes) are introduced to the mitochondria, cells, and intact heafts and their optical

absorbance and fluo¡escence are analyzed ll07 , 112-1161. The dyes diffuse across the

inner membrane due to their lipophilic property until an equilibrium govemed by Âyn,' is

reached. Separating mitochondria or cells from the medium is necessary to determine

intracellular dye concentration for estimating ÂY-. The inhacellular or inha

mitochondrial dye concentration is determined either by measuring its absorbance or

fluorescence. This method cannot monitor ÀY- continuously. For continuous

monitoring of ÁY-, mitochondria or cell suspensions are added to a cuvette with the

fluorescent dye and absorbance or fluo¡escence are obtained. The accumulation of the

positively charged dyes in the mitochondrial mahix results in a dec¡ease in fluorescence

in mitochondrial or cell suspensions due to a decrease in quantum yield induced by

formation of dimers with low quantum f eld or self-quenching Il 17, 1 I 8]. Then,

dissipation ofÂY-by an uncoupler causes release of the dyes from the mitochondrial

matrix into the extemal solution resulting in increase in fluorescence. ln intact isolated

hearts, the fluorescent dye is added to the perfusion medium and its absorbance and

fluorescence are monitored by measuremsnt ofsurface reflectance and fluorescence.

Rhodamine derivatives, carbocyanines, N,N"-

dimethylaminostyrylmethylpyridiniumiodide (DASPMÐ, and safranin are used for

evaluating ÀY- in isolated mitochondria, cells, and intact hearts [l 19- 128]. The

distribution ofthese cationic indicators is given by the Nemst equation:

log [C]/ [C]" = n F/ RT x C 
^V-) 

( [C]¡/[C]" is the ratio of concentrations of

cationic dye inside to outside of the matrix, F, Faraday's constant, R, gas constant, T,
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absolute temperature, and n, ion charge usually equal to i. Using the Nernst equation, it

is possible to estimate ÁY-.

Use of fluorescent dyes is limited to isolated mitochondria, cells, and intact hearts.

Changes in absorbance and fluorescence should be dependent on changes in ÀY-.

However, it is more difficult to interpret the absorbance and fluorescence changes in cells

and intact heart than in isolated mitochondria due to the complexity oftheir structures

including sarcolemmal membrane and its potential and other membranes, organelles, and

macromolecules. These factors may affect dye accumulation independent of AY-. In

addition, interactions between cellular structures and dye may result in changes in

absorbance and fluorescence. Fluorescent dyes may affect cellular functions, including

mitochondrial function. The intact heart is the most complicated system, containing

vessels, an extracellular matrix and myocles in which natural chromophores such as

cytochromes, myoglobin, NADH, and FADH2 are present. These chromophores exhibit

absorptions at specific wavelengths and they are dependent on the redox and energy

states (Table 1- 1) [43, 129]. Lidht emitted by visible range probes (540-600nm) is

absorbed partially by the endogenous chromophores. The chromophores may interact

with fluorescent dyes leading to changes in fluorescent dye optical properties. Therefore,

use of fluorescent dyes requires careful consideration. In addition, they should not inhibit

mitochondrial electron transport, H+ permeability, ancl ATP synthesis. Since these

processes determine ÀY., their inhibition and uncoupling by these probes may affect

ÁY-. These probes are lipophilic so that they may bind to mitochondrial membranes and

other molecules. This implies that there is non-specific binding to mitochondria which

may cause inaccutate quantitation of AY. if not taken into account. Using these probes
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in optical measurements requires extra care. For example, they may be self-quenching at

high concentration and sensitive to light [107].

Table 1-1. Absorption and emission maxima ofnatural chromophores in the visible range

Fluo¡escence EndogenousChromophore Absorption Emission

wavelength (nm) wavelength (nm)

No

No

No

No

No

Yes

No

Yes

Oxygenated Myoglobin

Deoxygenated Myo globin

Cytochrome oxidase

[reduced- oxidized]

Cytochrome b [red-ox]

Cytochrome c and c1 [ red-ox]

FAD [red-ox]

NAD

NADH

560 and 580

570

603

562-565

550-554

480

nJa

340

nJa

nJa

rla

nla

nJa

520

nla

4s0

Rhodamine derivatives including rhodamine 123, tetramethylrhodamine methyl

ester (TMRM) and tehamethyhhodamine ethyl ester (TMRE) have been used to estimate

ÀY. in isolated mitochondria and cells [114, 130- 138]. They display emission spectra at

green or red wavelengths in suspensions of mitochondria (Table 1-2). It was shown that

their accumulation in mitochondria is ÀY. dependent. The probes show high nonspecific

binding to mitochondria [131]. Although use ofthese dyes is successful in isolated

mitochondria, their nonspecific binding is problematic in cells. Accumulation of these

dyes in cells may be partially independent on ÀY. due to existence ofthe plasma
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membrane potential, and binding to cell membranes and cellular components. Indeed,

rhodamine 123 uptake by mitochondria in living cells could be affected by the plasma

membrane potential [139]. High concentrations of rhodamine 123, TMRM, and TMRE

are toxic to mitochondria [131]. Rhodamine 123 in¡ibitsATPsynthase [140,141].

TMRE at high concentrations generates toxic reactive oxygen species [141]. TMRE

inhibits the mitochondrial respiration to a greater extent than rhodamine 123, while

TMRM is less effective in inhibition of mitochondrial respiration [131]. High

concentrations ofthese dyes also exhibit extensive self-quenching leading to loss of

fluorescence sigral [110, 114,131,141,143]. TMRM shows photobleaching at

concentrations above 200 nM [133]. Rhodamine 123 requires long incubation times with

cells due to a slower release of¡hodamine 123 in response to addition ofuncoupler [144].

TMRM cannot be used in intact rat hearts to detect ÂY-bymeasuring surface

fluorescence. The TMRM loaded rat heart did not show spectral changes in response to

addition of an uncoupler [ 131]. The addition of dinihophenol did not change the

excitation spectra at 537 and 582 nm and fluorescence emission specha at 610nm.

5,5', 6, 6'-Tetrachloro- 1,1', 3, 3'{ehaethylbenzimidazolylcarbocyanine iodide

(JC-l) is a cyanine family dye which exhibits two different states with different emission

spectra [116, 145] (Tablel-2). At low concentrations, JC-1 exists as monomer which has

green fluorescence whereas at high concentrations, JC-l forms aggregates that exhibit red

fluorescence. This optical property gives a useful ¡atiometric method according to which

the ratio of red to green fluorescence is determined to estimate ÂY-. JC-l uptakeby

mitochondria shows spechal shift from green to red fluorescence upon aggregate

formation [145]. Theoreticall¡ decrease in ÂY- is followed by increase in the green
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fluorescence and decrease in the red fluo¡escence and vice versa. However, the increase

in green fluorescence is only significant in response to a decrease in ÀY. [146]. The red

fluorescence is more sensitive to photobleaching than green fluorescence, leading to a

decrease in emission at red wavelength with prolonged excitation 114'll. JC-I

fluorescence is dependent on pH and is not quenched at any concentrations [145]. Red

fluorescence is linearly proportional to an increase in ÁY- over the range of 30-1 80mV

[ 145]. JC- 1 shows very slow uptake and extremely photosensitive [141 ].

The visible range dye safranin (Table 1-2) has been used for estimating Ày-in

isolated mitochondria, cells, and intact hearts [148-150]. Safranin exhibit shifts of

absorbance maxima in response to changes in AY,n in mitochondria and the shifts are

linearly proportional to 
^Ym 

over the range -40 to - 170mV [1 5 1]. Safranin was also

employed in the Langendorffperfused rat heart to monitor AY- on the surface of the

perfused rat hearts [148]. Safranin fluorescence is sensitive to 
^Y,n 

but not to plasma

membrane potential. However, changes in AYn', fail to cause changes in the absorbance

spectrum of safranin. It is possible that high concentration of intrinsic chromophores in

the heart overwhelms the absorbance changes of safranin [ 148]. High concentrations of

safranin a¡e toxic to mitochondria [ 150]. Safranine appears to be slowly redistributed

within cells [119].

DASPMI has been successfully used to monitor ÀYn' in situ [127 , 152]. IJpon

addition of 0.33¡rM DASPMI, the fluorescence intensity of DASPMI increased steadily

during 45 minutes loading, and then an uncoupler reduced the fluorescence intensity

[128]. High concenkations of DASPMI inhibit mitochondrial respiration [153]. Since
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DASPMI is a visible range dye (Table 1-2), its fluorescence and absorbance can be

modifìed by inhinsic chromophores.

Table 1-2. Excitation and emission maxima of fluorescent dyes

Fluorescent Dye Fluo¡escence Excitation Fluorescence
Maximum (nm) Emission

Maximum (nm)
Rhodamine 123

Tetramethylrhodamine methyl ester
(rMRM)

Tehamethylrhodamine ethyl ester
(rMRE)

5,5',6,6'-Tehachloro-1,l',3,3'-
tetraethylbenzimidazolylcarbocyanine

iodide (JC-1)

Safranin

N,N"-
dimethylaminostyrylmethylpyridinium

iodide (DASPMI)

507

549

s29

573

574

529 and 590

590

> 520

530

490

1.6 MITOFLUOR FAR RED 680 (MFFR)

The lipophilic cationic dye, Mitofluor Far Red 680 (MFFR), which is also known

as rhodamine 800, has optical properties such that it absorbs and emits light in the near-

infrared range (680-730nm) with absorption and emission maxima at 681 and 702nm in

ethanol, respectively [154]. MFFR is a near-infrared (NIR) probe which allows for it to

be used to measure polarization to determine its concenhations in samples and has the

potential to measure concentrations ofcomponents in whole blood [156, 157]. In
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addition, the application of MFFR in flow cytometry has been used to measure DNA

content in ethanol-fixed or detergent-permeabilized cells using an inexpensive helium-

neon laser [158]. MFFR appears to stain DNA bases, the composition of which

influences MFFR fluorescence characteristics [157]. MFFR has a planar structure

(Figure 1-9) which contributes to a small Stokes shift between excitation and emission

maxima relative to that of rhodamine 123 [158, 159]. The magrLitude of the red shift and

amplitudes ofMFFR optical spectra change with changes in mitochondrial energy states

in isolated rat liver mitochondria and hepatocytes [158]. ÂV- drives positively charged

dye such as MFFR to accumulate inside the mitochondria. The concentration and hence

amount of MFFR that accumulates inside the mitochondria should depend on ÀY-.

Therefore, measurement of MFFR accumulation should allow us to determine the Ày-.

Similar to rhodamine 123, TMRE, and TMRM, MFFR absorbance and fluorescence

changes in rat liver mitochondria are linearly proportional to the ÂY,n generated by K+

diffusion potential with valinomycin, a lipophilic K*-selective ionophore which allows

K* to flow to the mitochondria down its electrochemical gradient [158]. However, the

actual dye dishibution was not measured. MFFR has some benefits compared to

rhodamine 123 and derivatives. Absorptions ofnatural chromophores may overlap with

the peaks of the probe spectra in the visible range. Use of MFFR allows us to solve this

problem. MFFR is a NIR optical probe which displays absorption and fluorescence

maxima at longer wavelength away from natural chromophores. Moreover, the

fluo¡escence of MFFR can be measured in relatively thick tissue layers and blood due to

deeper light penehation through the tissue to excite the probe [ 155, 156]. Therefore,

MFFR may be used for a non - invasive measurement of ÀYn' in the heart without
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interfering with natural chromophores such as oxy and deoxy- myoglobin and

cytochromes. our preliminary data showed that MFFR accumulates in the heart yielding

absorbance and fluorescence spectra in the near-infrared region (t160], Figure 1-10).

After MFFR loading, the heart was treated r¡/ith an uncoupler, 2, 4 dinitrophenol which

depolarizes ÀY- and washout showed that only a small amount of MFFR was released

from the rat perfused heaf, contrary to expectâtions. This means that predominant

fraction of MFFR may have ÂY- - independent binding. The heart has a complex

structure including the extra-cellular matrix, cell membranes, and DNA./RNA that may

explain considerable passive binding of MFFR. Therefore, a study of the optical

properties of MFFR incorpo¡ated in isolated mitochondria and cells and its binding

properties may help us to understand such dye behaviour in intact cardiac tissue.

Gr0,

CN
Figure 1-9. Structure ofMitoFluor Far Red 680
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CHAPTER 2

MATERIALS & METHODS

2.1. Materials

Carbonyl cyanide 4{rifl uoromethoxyphenylhydrazone (FCCp), glibenclamide

(Glib), dimethyl sulfoxide (DMSO), oligomycin, ahactyloside, N-2-

hydroxyethylpiperazine-N'-2-ethanesulfonic acid (FIEPES), ethylenediamine-tetraacetic

acid (EDTA), ethylene glycol-bis (p-aminoethyl ether) N, N, N', N,- tetraacetic acid

(EGTA), K- gluconate, KH2POa, NaCl, NazSOa, Mg-ATP, Mg-ADP, L-glutamate-Na,

succinate-Na, camitine, taurine, creatine, butadione monooxime (BDM), bovine serum

albumin @SA), sodium pynrvate, sodium malate, 0.6% Evans blue solution, and

Bicinchoninic Acid @CA) Protein Assay K.it were purchased from Signa (St Louis, MO,

USA). Sucrose, MgClz.6HzO and CaCl2.2H2O were purchased from BDH (Toronto, ON,

Canada). Glucose, KCl, and MgSO4 were purchased from EM Science @armstadt,

Germany). Type II collagenase was purchased from Worthington Biochemical

Diagnostics (Lakewood, NJ, USA). P-1075 was obtained from Bristol-Myers Squibb

(BMS) Pharmaceutical Research Institute laboratories. MitoFluor Far Red 680 (MFFR)

and tetramethylrhodamine methyl ester (TMRM) were purchased from Molecular probes

(Eugene, OR, USA). P-1075, Glibenclamide (Glib), MFFR, and TMRM were dissolved

in DMSO and diluted in distilled water.
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2.1.1 Animal Handling

Male Sprague-Dawley rats weighing 280-320 g were obtained from Charles River

(Wilmington, MA, USA). Rats with final weight of 320-3709 were used in our

experiments after one week quarantine at the NRC animal care facility. Rats were

anesthetized by administering pentobarbital (12Omglkg ofbody weight) and heparin into

the cavity of the abdomen. After 2-4 minutes, a toe pinch test was performed to ensure

fu11 anesthesia.

2.2 Methods

2.2.1 Mitochondria Isolation

Mitochondria were isolated from the liver of anesthetized male Sprague-Dawley

rats by the procedure described by Sordahl, L.A. et al. [161]. Rat liver was quickly

removed and rinsed with ice -cold mitochondria isolation buffer containing (in mM)

sucrose (250), HEPES-Na (2), and EDTA (1) G,H 7 .2-7 .4 adjusted with 6M NaOH) in a

beaker to remove blood. The live¡ was weighed after blotting with tissue. Blotted liver

was transferred to a petri dish with 10 volumes of fresh ice-cold isolation buffer per gram

of tissue and was minced well with surgical scissors. Minced liver was transferred in a

teflon- glass homogenizer (inside diameter: 24.89 mm, clearance: 0.18 mm) and

homogenized using a pestle pushed back and forth manually. The homogenizer was

immersed in ice all the time during homogenization. The homogenate was t¡ansferred to

centrifuge tubes and was cenhifuged at 600 x g for 10 minutes at OoC in a Sorvall RC-5B

Refrigerated Superspeed Centrifuge (DuPont Instruments, DE, USA). The supematant
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was collected and the pellet was discarded. The supematant was transferred to a

centrifuge tube and centrifuged at 8500 x g for 12 minutes at OoC. The resulting pellet

was resuspended with half the volume of ice-cold isolation buffer containing 1mg/ml

BSA (washing solution) and centrifuged at 8500 x g for 10 minutes. The supematant was

discarded and the pellet was kept for another washing step. This procedure was

performed once more to ¡emove broken mitochondria and undesired cellular micro-

debris. 2mL of the ice-cold isolation buffer was added to the resulting pellet to remove

the light fluffy layer surrounding the pellet by gentle shaking. The final mitochondrial

pellet was resuspended with one volume of resuspension buffer containing (in mM) KCI

(120), HEPES-Na (20) þH 7.2), EGTA (5), and MgSOa (1) per gram of initiat rissue to

yield 30 to 60 mg of protein per 1 mL in a centrifuge tube and stored on ice for protein

assay, mitochondrial respiration assay, and MFFR binding and fluorescence assays.

Mitochondrial suspensions were used for all measurements immediately except for the

protein assay, which was performed later.

2.2.2 Protein Assay

Mitochondrial protein was determined by the Sigma BCA (bicinchoninic acid)

Protein Assay Kit. Known concenhations ofBSA standards were prepared in the range of

0 to 1000¡rg/ml with 200 pg intervals by diluting the BSA standards to 100p1 with

distilled water in each tube. Unknown concenhations ofmitochondrial protein were

prepared in the same manner as BSA standard preparation to determine its concentrations

from BSA standard calibration graph. The mixture ofreagent A and reagent B

containing BCA solution and copper (II) (Cu2*) sulfate solution, respectively was

prepared as BCA working reagent. 2mL BCA working reagent was added to each tube to
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bring total volume to 2.lml-. A1l tubes were incubated in a water bath for 30 minute

periods at 370C to develop a purple colour. The colour development was the result of the

formation of Cu+-BCA complex, following reduction of the Cu2* to Cu* in the presence

ofprotein under alkaline condition (Figure 2-1).

Alkaine
cond ¡tion

Cu'- --+Gu-+BCA 

-+
P rotei n
present

o
8-oru"

o
å

e+--r

Gu* + BGA complex

(Gu-+BGA)

(Gu- + BGA complex)Gu

Figure 2-1. The BCA assay. Cu2* sulphate solution contains 4olo (wþ concenhation of Cu2*
sulphate pentahydrate and BCA solution contains BCA, sodium carbonate, sodium tartarate, and
sodium bicarbonate in 0.1 N NaOH, The first reaction is related to the amount ofreduction of
Cu2* to Cu* proportional to protein present. Cu+ binds to four nitrogens (N) of BCA to form the
complex which is detected by its purple colou¡ measured spectrophotometrically at 562nm.

- ONa



41

A Beckman DU-650 spectrophotometer (Beckman Instruments Inc, ON, Canada) was

used to measure absorbance after cooling down tubes to room temperature. A BSA

standard curve was obtained by plotting concentration versus absorbance. The unknown

concentrations of samples were determined by comparison with the BSA standard curve

(straight line). The final concentration of sample was calculated by averaging

concenhations of replicate samples.

2.2.3 Measurements of Mitochondrial Respiration

Mitochondrial oxygen consumption was measured using a Clark-type oxygen

elechode (Yellow Springs Inshuments, OH, USA) at 30oC in the mitochondrial

respiration solution containing (in mM) HEPES-Na (20) (Fn7.Z), K-gluconate (100),

KCI (20), EGTA (1), and I(H2POa(2). 5mM glutamate-Na plus 5mM malate or t0 mM

succinate were used as subshates for mitochondrial oxidation. Briefly, a Clark{ype

oxygen electrode, referred as the oxygen probe, was capped with a membrane permeable

to oxygen (O), which diffuses to a platinum cathode where it is reduced, generating a

cunent which is proportional to 02 concantration. The electrode was imme¡sed in a

chamber containing a magnetic stirring bar, medium, and mitochondrial sample. The

oxygen probe was connected to an oxygen monitor interfaced with a linear recorder,

which provided oxygen consumption graphs. The 02 concentration present in the sample

is proportional to atmospheric 02 partial pressure, which was monitored. The system was

calibrated using a Na2S2Os solution with 0% 02 content and 100% dissolved oxygen

content in the mitochondrial respiration solution. Respiration measurements began in

100% saturated mitochondrial respiration solution containing oxidizable subshates,

followed by the addition of O.Smg/mI- of mitochondria, which caused slow 02 uptake
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(state 2). Subsequently, the addition of 0.3mM Mg-ADP was used to initiate state 3

respiration which conesponds to 02 utilization for sl.nthesis of ATP from ADP and p¡.

State 3 respiration is typically much faste¡ than state 2 respiration. After conversion of

all ADP into ATP, respiration retumed to the level of state 2 (called state 4) which

slowed down Oz utilization. At the end of the assay, l¡rM FCCP was added to obtain

uncoupled respiration and completely deplete 02. The respiration rates were calculated

from 02 content of20Onmol O2lmL in 100% oxygen saturated solution (at 30oC and

760mmHg barometric p¡essure) and expressed in nmol O2lmin/mg. The respiratory

control index (RCI) was calculated as a ratio ofstate 3 to state 2 respiration rates and

mitochondria with RCI above 4 were used for all experiments.

To determine the toxic effect of MFFR on mitochondrial respiration, the

respiration rate was measured in the presence of varying concenhations of MFFR with

5mM glutamate plus 5mM malate or 1OmM succinate as oxidizable substrates to assess

NAD*-dependent and independent ( complex I and II, respectively) respiration, In

addition, varying concentrations of P- 1075 , a mitochondrial ATP- sensitive potassium

(mito- Knrp) channel opener were used to assess its effect on mitochondrial respiration

and coupling since it was known to affect 
^Ym[4].

2.2.4 Isolation of Cardiomyocytes

2.2.4.1 Solutions

Cardiomyocyte isolation required six isolation solutions for the experiment.

Solution A, a basic isolation solution contained (in mM) HEPES-Na (25) þH 7.4), NaCl

(118), KCI (a.Ð, MgSOa (1.2), glucose (15), camitine (2), taurine (5), and creatine (2).

Solution E was mixture of solution A and 15mM BDM. Solution B, a collagenase
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perfusion solution, contained solution E and 1mg/ml- Worthington collagenase type II

(240U/mg). Solution C, an incubation solution, was composed of solution B and

1Omg/ml, BSA. Solution D, a rinse solution, contained solution E and i 0mg/ml BSA.

Solution F, a second rinse solution, was composed of solution A and 1Omg/ml, BSA. 02

was dissolved in all solutions by gentle bubbling for 10 minutes with a Pasteur pipette

attached to an Oz tank th¡ough a tube. Solutions were incubated at 37oC before use.

Table 2-1. Composition ofbuffers for cardiomyocyte isolation

Solution

Chemicals-

HEPES-Na, mM

NaCl, mM

KCl,mM

MgSO¿, rnM

Glucose, mM

Carnitine, mM

Taurine, mM

Creatine, mM

BDM,mM

Worthington
collagenase type II

mg/mL
BSA, mg/ml

25

118

4.7

1.2

15

)

2

1515 15 15

1.0 1.0

1010
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2.2.4.2 Is olation pro ce du re

Cardiomyocytes were isolated from anesthetized male Sprague-Dawley rat hearts

by the collagenase perfusion procedure [162-164]. Briefly, a heart excision was

performed by opening the thoracic cavity. The excised heart was weighted and immersed

in ice-cold solution A. The aorta was clamped to the cannula with a small clip and tied

off using a ligature. Immediately, the heart was perfused in a Langendorff perfusion

apparatus with 60mL solution E oxygenated with 02 at constant pressure (60mmHg) at

37oC for 5 minutes to remove blood. Then, the heart was perfused with 50mL solution B

re-circulated by peristaltic pump for 20-30 minute s af 37oC to soften tissue. The softened

tissue after collagenase digestion was fteated with 10mL solution C in a petri dish and cut

into small pieces with surgical scissors. Minced tissue was hansferred to a beaker and

20mL solution C was added. The remaining tissue was incubated at 37oC for 10 minutes,

followed by shaking it on a VWR 5-500 Orbital Shaker (VWR hrc., PA, USA) at 1-2

setting and gentle aspiration periodically with a pipette for cell dissociation. The

resulting tissue was filtered through a nylon mesh with 60¡rm mesh size to separate cells

from incompletely digested tissue. The cells were rinsed by centrifugation and

resuspension ofthe pellet four times to remove collagenase from cells, Cardiomyocytes

were transfened to centrifuge tubes and were centrifuged at 100 x g for 5 minutes at

room temperature in a Sorvall RC-5B Refrigerated Superspeed Centrifuge. The

supematant was removed by aspiration with a water-jet vacuum pump and the pellet was

resuspended with 30mL solution D by gentle shaking. The centrifugation was repeated in

the same man¡er. Cardiomyocles were resuspened with solution F (30mL) and A

(1OmL) and centrifuged twice, respectively. Finally cardiomyocytes were resuspended in
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10mL solution D. A 300pL pellet suspension in solution A was collected for protein

assay performed by BCA. Final solution D suspensions were stored in a water incubator

at 37oC under conditions of gentle shaking on a VWR 5-500 Orbital Shaker and periodic

aeration with a pipette. Aliquotes of this suspension were used for all measurements.

Viability of cardiomyocytes was determined by observation of cellular

morphology. Cells were counted for cell viability using a hemocytometer and a light

microscope. Cells were placed under the light microscope with 10x magnification and

counted in three out of the nine squares in the hemocytometer. Living and dead cells

were shaped as rods and spheres respectively. Samples were taken three times for

averaging celi count Cell yield and viability were expressed in number of total cells /mg

protein and as a percentage of a number of living cell to the total cell number,

respectively.

2.2.5 Isolation of Ilepatocytes

Hepatocytes were isolated from livers of anesthetized male Sprague-Dawley rats

by the cannulation of the hepatic portal vein and a collagenase perfusion proceclure [165-

1671. After anesthetizing the rat and opening the abdomen, the hepatic portal vein was

marked with a ligature and the liver was excised with surgical scissors. Excised liver was

placed in a petri dish and excess blood was removed from the liver with gauze. The vein

was cut halfway in situ to open for cannulation. The liver was himmed by removing

undesired connective tissue and immersed in a cold-ice hepatocyte basic buffer

containing (in mM) NaCl (140), KCl (6.7), and HEPES-Na (3) (pH 7.4). The liver was

cannulated and tied off using a ligature. Immediately, the liver was perfused in a

Langendorff - perfusion apparatus with 150 mL oxygenated hepatocytes basic buffer at
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25mUmin constant flow for 5-6 minutes at 37oC to remove blood. The liver was

perfused for collagenase digestion with 5OmL collagenase buffer containing (in mM)

NaCl (117.7), KCI (6.7), HEPES-Na (30) (pH 7.6), CaCr2 2H2O (4.8), and 0.5 mg/ml

Worthington collagenase type II (240Ulmg) re-circulated by peristaltic pump for 10

minutes at 37oC to digest tissue. Poorly perfused liver was trimmed away and the rest of

the tissue was weighed. The softened liver was transfer¡ed to a pehi dish and immersed

in 20mL HC washing/resuspension bufler containing (in mM) NaCl (130), KCI (5.4),

HEPES-Na (30) G,H7.4),CaCt2.2H2O (1.2), MgCþ' 6HzO (0.6), KH2POa (1.1), Na2SOa

(0.7), and glucose (5.5). The tissue was gently shaken with forceps and minced with

surgical scissors. Minced tissue was transferred to a beaker and treated further with

20mL HC washing/resuspension buffer. The resulting tissue was incubated at 37oC for

15 minutes, followed by shaking on a VWR 5-500 O¡bital Shaker at 1-2 setting and

aspiration with a pipette periodically for cell dissociation, The sample was placed on ice

at 4oC, shaken for 5 minutes, and filtered th¡ough a nylon mesh with 60¡rm pore size to

separate cells from incompletely digested tissue. The bottom of the beaker was rinsed

with 10mL hepatocyte washing/resusupension buffer which was then poured through the

nylon mesh. The cell purification process was performed as a series of centrifugations

and resuspensions ofpellet. Hepatocytes were transfened to centrifuge tubes and were

centrifuged at 50 x g for 5 minutes at 4oC in a Sorvall RC-58 Refrigerated Superspeed

Centrifuge. The supematant was removed by aspiration with a water-jet vacuum pump

and the pellet was resuspended with 40mL hepatocytes washing/resuspension buffer by

gentle shaking. The sample was centrifuged and resuspended three more times. After

the last resuspension, the resulting pellet was resuspended in 50mL hepatocyte
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washing/resuspension buffer and transferred to a beaker. A 0.2mL sample was collected

for protein assay performed by BCA. Hepatocle suspensions were stored in a water

incubator at 37oC under conditions ofgentle shaking on a VWR 5-500 Orbital Shaker

and periodic aeration with a pipette. Samples were used immediately for all

measurements.

Cell viability was determined using the Evans blue exclusion test. 100 pL of cell

sample was mixed with 300 ¡tL0.6% Evans blue solution in saline (0.9%) to bring

concentration of Evan blue solution to 0.45%. Cells were counted for cell viability using

a hemocytometer and a light microscope. Cells were placed under the light microscope

with magnification (10x) and counted in three out of the nine squares in the

hemocfometer. Non-viable cells were colored blue and viable cells were not stained.

Samples were taken three times for averaging cell count Cell yield and viability were

expressed as a number of total cells /mg protein and as a percentage of a numbe¡ of

living cell to the total number, respectively.

2.2.6 Measurements of MFFR Binding in Isolated Rat Liver

Mitochondria, Cardiomyocytes, and Hepatocytes

MFFR binding to freshly isolated mitochondria was performed by incubation,

separation by centrifugation, and determination of absorbance difference (ÂA) to evaluate

ÀY-. Mitochondna (0.2 mg/ml) were incubated both in 1mL of high K. (120rrM)

incubation buffer analogous to intracellular medium, containing (in mM) 20 IIEPES-Na

@H7.2),20 KCl, 100 K-gluconate, I EGTA, and 1 MgSOa and in lml, of sucrose

incubation iso-osmotic buffe¡ containing (in mM) 240 Sucrose, 20 HEPES-Na þH 7.2),

I EGTA, and 1 MgSOa with final concentrations of I or 5pM of MFFR for 5 minutes at
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30"C with 5mM Mg-ATP in the presence or absence of 5mM glutamate-Na plus 5mM

succinate-Na as subst¡ates for mitochondrial energization. ln addition, incubations were

performed in the presence or absence of 1¡rM FCCP (mitochondrial uncoupler

depolarizing ÀY-), 20pM P-1075 (mito-K¡p opener depolarizing ÄY-), 5¡rM Glib

(mito-K¡p blocker), 20¡rM P-1075 plus 5¡rM Glib,2¡t glmL oligomycin (ATP s1'nthase

inhibitor), 1O¡.rM ahactyloside (ATP/ADP translocase inhibitor), and 5¡rllml, DMSO

(0.5%) used for preparation of stock solutions of MFFR.

All samples were prepared in 25 mm diameter open scintillation vials which were

shaken on a VWR 5-500 Orbital Shaker at 1-2 setting to supply oxygen to mitochondrial

samples during incubation. The samples were rapidly cooled and transfened to l.5mL

Eppendorf micro-centrifuge tubes. The samples were centrifuged at 10,000 x g for 5

minutes in a Micromax RF micro-centrifuge (ThermoIEC, FL, USA) at OoC. Supernatant

was transferred to a new Eppendorfmic¡o- centrifuge tube using a 100-1000p1 Eppendorf

pipette. MFFR in the mitochondrial pellet was exhacted in I mL 95%o ethanol (EtOH)

and kept in a dark room (due to its photosensitivity) for 30 minutes. The MFFR extract

was transfer¡ed to a new Eppendorf micro- centrifuge tube. Each sample was transferred

to a plastic spectrophotometer cuvette and placed into a cuvette holder in Beckman DU-

650 spechophotometer (Beclaran Instruments, ON, Canada). Beckman DU-650

spectrophotometer was tum on for 30 minutes to warm up before use. One mL of

mitochondrial incubation buffer and lml- of 95olo EtOH we¡e used as a blank to get zero

absorbance (A) for supematant and MFFR exhact respectively. ÁA values of MFFR

were measured in mitochondrial extract at 683nm and the supematant at 696nm. The
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MFFR concentration (C) was calculated by dividing A by the MFFR extinction

coefficient e (99 mM-r cm-r), and path -length (lcm) according to the Beer-Lambert law

C=A/(exl) (1)

and expressed in pmolell- (¡rM). It is assumed that there is equilibrium distribution of

MFFR between intra and exha -mitochondria spaces, govemed by the Nemst equation.

A cor¡ection for membrane binding introduced into the Nemst equation allowed us to

calculate ÀY- in isolated rat mitochondria using a ratio of MFFR bound (nmoVmg) to

free (nmoVml,) in the presence of agents such as FCCP, P-l075, Glib, oligomycin,

atractyloside, or DMSO shown as:

(bound/free)"r"n1: (Vn'ut ¡* * P x V."r6,un") x exp (-ÁY- x FIRT), Q)

where V*"¡¡* ând V..¡¡lgrun" ate volumes of matrix and membrane, respectively, P is a

partition coefficient between the matrix and membrane, F, Faraday constant, R, gas

constant and T, absolute temperature.

Thus,

(ÀY.)"e"n, - (ÀY'n)"ont or = 59 x (log ( [bound/free]"ont o1 / [bound./free].r"n1))

We assume that there are no significant changes in V,n"1¡* and P, upon binding of these

agents.

To compare MFFR to a dye commonly used for ÁYn' measurements in

mitochondria, mitochondria were energized with 5mM glutamate plus 5mM succinate

and 5mM Mg-ATP plus 10mM PCr plus 2UlmL creatine kinase in the presence of both,

(3)



TMRM (0 to 20¡rM) and MFFR (20 to 0 pM ) in lml, of high K+ incubarion buffe¡ +/-

1¡rM FCCP.

TMRM(¡rM)

MFFR(¡rM)

ÂA for TMRM was determined in supematant and exhact at 554 and 551 nm (e= 107

mM-rcm-r), respectively, simultaneously with ÀA for MFFR determined at 696 and

683nm in the same manner. TMRM and MFFR contents were calculated using equation

1. ÀY*was calculated both from TMRM and MFFR dishibutions in the same manner as

for MFFR alone using equation 3:

(AY.)*nccr - (AY'n)"ont or = 59 x (log ((bound./fíee)"on5o¡ ) / (bound/free)*rccr ))

where (ÁYr)+rcsp is 0 mitochondrial membrane potential in the presence of FCCP and

(ÀY-)"ont or is a control value in the absence ofFCCP.

MFFR binding to cardiomyocytes and hepatocytes was performed in a similar

manner to that described for mitochondria although in different media. Cardiomyocytes

(0.2-0.9 mg protein/ml) were incubated with 10mM glucose plus lmM pynrvate by

shaking on a VWR 5-500 Orbital Shaker at 1-2 setting for 5 minutes at 35oC both in lml,

of CMC high K* incubation buffer containing (in mM) 120 KCl, 20 HEPES-Na þH

7.4), 1 EGTA, and I MgSO4 and lml. of cardiomyocyte low Kr incubation buffer

containing (in mM) 4.7 KCl, 1 18 NaCl, 25 HEPES-Na (pH 7.4), and 1.2 MgSOa in the

presence or absence of 1¡rM FCCP. Hepatocytes (0.2- 0.9 mglml.) were incubated with

I I mM glucose in the same man¡rer both in hepatocyte washing/respiration buffer (low
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0
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5
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10

5

t5

0

20



K* buffer) and in cardiomyocyte high Kn incubation buffer. The high K+ incubation

buffer allowed isolated cells to depolarize and bring the plasma membrane potential to

îear zero. Simultaneously, MFFR was added to bring the MFFR concenhation to l¡rM

and then the samples were incubated for 5 minutes to equilibrate with MFFR. Then,

samples were centrifuged at 100 x g for 5 minutes at OoC in a Micromax RF micro-

centrifuge to separate supematant from cells. MFFR bound to the cells was extracted

with lml, 95% EtOH for 30 minutes and the cells were centrifuged to separate MFFR

extract from the cells. Supematant and MFFR extract were taken fo¡ measurement of

MFFR fluorescence intensity at 708-720nm wavelength using a spectrophotometric

arrangement developed in our laboratory for detecting low concenfation of MFFR in

sample (Figure 2-2).

Excite the dye

Laser diode in the samPlL 
Sample

Fruorescencerrom liir,i3*r,.
the sample is emitte]

Detector

Figure 2-2, Spectrophotometric arrangement for detecting MFFR fluorescence. A laser diode is
used to excite MFFR in the sample at 670nm. Fluorescence f¡om the sample is emitted, which is
detected at 90o by detector via a fiber optic cable at appropriate wavelength, (708-720nm).
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To calculate MFFR content in the samples, MFFR standards were prepared in the range

of 0 to lpM by diluting the MFFR standards to 3mL of cell incubation buffer and 3mL

95%EIOH in a cuvette. MFFR content in sample was calculated using a MFFR standard

calibration curve plotted as MFFR fluorescence intensity versus MFFR concentration.

The ratio ofbound to free MFFR in energized (E) and uncoupled (tI) samples was used

to determine the dishibution of MFFR govemed by ÂY* in cells with cor¡ection for cell

viability. Binding ratios fo¡ viable cells we¡e calculated assuming that non-viable cells

were uncoupled, using equation 4, which was reananged to equation 5. If we assume that

non-viable cells were uncoupled, then

(bound /free)u = (bound /free)y¡61". X + (bound /free)u . (1 -X) (4)

where (bound./free)s and (bound/free)u were obtained in the experiment. Hence, the ratio

for actual viable cells was defined as:

(bound /free)viuu¡" = ((bound /free)s - (bound /free)u . (1 -X)) / X

2.2.7 Measurements of Mtr'FR Fluorescence in Isolated Rat Liver

Mitochondria, Cardiomyocytes, and Hepatocytes

MFFR fluo¡escence was determined in mitochondria, cardiomyocytes, and

hepatocles using the same spectrohotometric arrangement as for the MFFR binding by

cardomyocytes and hepatocytes samples. To measure MFFR fluorescence in

mitochondria, cardiomyocyte, and hepatocyte as a function ofÀY,n, incubation buffers

were prepared for mitochondria, cardiomyocfes, and hepatocytes in a disposable plastic

cuvette (lcm x lcm x 4cm) placed in a cuvette holder: mitochondrial high K+ incubation

(5)
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buffer with 5mM glutamate plus 5mM succinate was used for mitochondria.

Cardiomyocle high K+ incubation buffer or low K+ incubation buffer with 11mM

glucose plus lmM pyruvate were used for cardiomyocytes. Cardiomyoc¡e high K+ and

low K* buffer or incubation buffer with I I mM glucose were used for hepatocytes.

Freshly isolated mitochondria, cardiomyocytes, and hepatocytes were diluted l0 foid in a

cuvette containing 3mL ofhigh o¡ low K* buffers, followed by continuous gentle stirring

with magnetic stir bar. Final concentrations of mitochondria, cardiomyocfes, and

hepatocyes were 0.03-0.5 mg/ml, 0.3-0.9 mglml,, and 0.04-l.24 m{ml-, respectively.

Measurements of MFFR fluorescence were performed by exciting the sample in the given

incubation buffer containing MFFR, oxidizable substrates and mitochondria,

cardiomyocytes, or hepatocytes in a cuvette using a 670 nm laser diode (3 mW, NVG lnc,

GA, USA) placed in a hole on the cuvette holder and by detecting the fluorescence

emission at 90o using a spectrometer (Conhol Development, IN, USA) via 600¡rm in

diameter fiber optic cable (Ocean Optics Inc., FL, USA) capped with a 695 nm high pass

filter (CRG 695) to minimize scattered laser light intensity and placed in the other hole

perpendicular to the hole for the laser diode. Before the addition ofmitochondria,

cardiomyocytes, and hepatocfes, l¡rM MFFR fluorescence spectrum \¡r'as obtained as a

reference using the CDI Spectrograph software (Control Development, IN, USA) with an

integration time 1.0 second and averaging 20 measurements. Additional MFFR was

added after the addition of mitochondria, cardiomyocytes, or hepatocytes to maintain

1¡lM ofMFFR concentration in the cuvette. Fluorescence spectra were saved every 20

seconds for 5 minutes. After 5 minute recording, FCCP was added to a final

concenhation of l¡rM to collapse ÀY,n. Measurement was performed by taking specha
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every 20 seconds for 5 minute periods in the presence of 1¡lM FCCP. The measurements

were repeated twice with two samples and averaged. Specha were analyzed using

Gramsl32 Version 4.11 computer program (Galactic Industries Corp, NH, USA) for

spechal data analysis. After the fluorescence measurement, samples were taken fo¡ the

determination of MFFR binding. MFFR binding protocol was the same as that described

in 2.2.6 section.

2.2.8 Measurement of MFFR Fluorescence at Various pH levels

MFFR fluorescence was measured at various pH levels to test whether pH affects

MFFR fluorescence spectrum. Three mL of cardiomyoc¡e high K+ incubation buffe¡

was titrated with 6M NaOH to bring pH in the range of 5.34 to 9.08 and transferred to a

cuvette placed in a cuvette holder. MFFR in the range of 0 to 30¡rM final concentrations

was added to the cuvette. MFFR fluorescence was measured using the same set up as for

fluorescence measurements in mitochondria and cells. Spectral data were anàltzed

using Grams/32 Version 4.1 l.

2.2.9 Statistics

ANOVA (one-way analysis) was used for determination of statistically significant

differences at P< 0.05. The mean I S.E. are shown.
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CHAPTER 3

RESULTS

3.1 Studies of MFFR Binding in Isolated Rat Liver

Mitochondria,Cardiomyocytes, and Hepatocytes

3.1.1 Relationship between ÂY. and MFFR Binding

To investigate if the amount of MFFR bound to mitochondria is dependent on

ÀY-, isolated mitochondria were energized and incubated with 5 ¡lM MFFR and various

agents to manipulate ÂYn,. The studies were performed in high K+ incubation buffer to

mimic inhacellular medium and also in K*-free sucrose incubation iso-osmotic medium

which is frequently used in mitochondrial studies. The results ofthese studies are

summarized in Table 3-1. In control experiments, the contents of MFFR inside energized

rat liver mitochondria were high and similar in high K* and sucrose buffers. The

concenhations of MFFR outside the mitochondria were low and similar in both high K*

and sucrose buffer. The addition of FCCP (l¡lM), a mitochondrial uncoupler, in the

assay media resulted in al0 fold decrease in mitochondrial contents of MFFR in the high

K* and sucrose media. Simultaneously, there was 22- fold increase in the MFFR

concenhation outside the mitochondria in both media. These results indicated that the

distribution of MFFR between the media and mitochondria is dependent on ÀY..
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Table 3-1. MFFR bound and free in rat liver mitochondrial suspensions in two isolation media

High K- (120mM) medium Sucrose medium
Group

bound',nmoVmg fteeo,nmoVml bound", nmoVmg freeÞ, nmoVml

Control, n = 30 26.57 *0.58 0.14 * 0.01 26.64 + 0.45 0.14 + 0.01

FCCP, n=30
P vs. Control

Oligomycin, n = 3
P vs. Control

Ahactyloside,n = 3
P vs. Control

P-1075, n=30
P vs. Conrrol

P vs. P-1075/Glib

Glib, n:22

P-l075/Glib,n = 21

DMSO, n = 19

2.20 + 0.t1 3.08 +0.12
2 .48 x 10'37 3.58 x 10'18

8.62 + 0.90
2.30 x lUe

2.02 * 0.77
2.06 x I0-2t

2.67 +0.04 7.93+1.39
3.13 x 10'20 4.45 x i0'6

10.89 + 1.76 2.t4+0.26
3.35 x lo-tt 2.71 x lo'10

24.51 + 0.42 0.33 + 0.08
0.014 0.028
0.03 0.05

25.62+0.43 0.16 +0.02

26.01 + 1.39 0.i2 + 0.01

24.72+0.50 0.12 + 0.01

24.14 + 0.72 0.22 + 0.04

6.68 + 0.60
1.48 x 10'6

0.014
0.47

25.0t + 0.43

25.38 * 0.03

3.16 * 0.13
7.99 x l0'ts

2.63 + 0.31
2.42 x 10'8

2.42+0.19
7.61 x l|'to

0.025
0.076

0.16 + 0.03

0.11 + 0.02

23.89 +2.00 0.17 + 0.04

Mitochondria were energized by simultaneous ATP hydrolysis (5mM ATP) and respiration
(5mM glutamate and 5mM succinate).
a. Referred to the amount of MFFR accumulated in mitochondria and calculated flom
concentration of MFFR bound to mitochondria described in 2.2.6 of Materials and Methods
section, divided by protein concentration (0.2mglml.) used in this experiment.
b. Based on the amount of MFFR in exha-mitochondrial medium and was determined as
described in 2.2.6 of Materials and Methods section.
Data are presented as means + S.E.
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Oligomycin (2¡tglmL), an ATP s¡'nthase inhibito¡, and atractyloside (1O¡rM), an

ATP/ADP translocase inhibitor, both ¡esulted in a partial dec¡ease in MFFR binding

compared to the control group. These two agents caused a 3.5 fold decrease in the

amount of MFFR in the mitochondna and a20 fold increase in the media irrespective of

the incubation medium. P-l075 (20¡rM) which opens mito-K¡-¡p and may reduce the

potential difference across mitochondrial membrane did not cause changes in the MFFR

binding to mitochondria both in the high K+ and sucrose media, however, increased its

concentration in the media (2.5- fold). Glibenclamide (Glib, 5¡rM) mito-K¿p blocker

had no effect on MFFR distribution by itself. However, glib prevented the MFFR

releasing effect ofP-1075. DMSO (0.5%) that was used for preparation of stock

solutions of MFFR did not affect the distribution of MFFR between mitochondria and

media.

To calculate ÀY. in isolated rat liver mitochondria, the ratio ofbound to free

MFFR was determined in the presence ofagents and subsequently used to calculate ÂY-.

With this purpose, MFFR bound per mg was multiplied by mitochondria concentration

(0.2 m/mL) and divided by the amount in the incubation medium (nmoVmI, x lml, :

nmole): Bound x mitochondria concentration / Free = dimensionless. The average ratios

of bound MFFR to fiee (bound./free) in energized mitochondria in high K*was 39.66 +

2.08 (n:30) and 38.16 + 4.66 (w 30) in the sucrose medium ( Figure 3-1). These two

ratios were not significantly different @>0.05). Addition of FCCP to mitochondrial

suspensions caused a decrease in ratios to 0.15 + 0.01 and 0.18 + 0.01 in high K+ and

sucrose media, respectively. Oligomycin, atractyloside, and P- 1075 decreased the ratio

to 0.65 +0.08, ]ll7 + 0.25, and 33.45 + 2.00 in high K+ medium respectively. In the
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sucross medium, oligomycin, ahactyloside, and P-l075 decreased the ratio to 0.61 +0.16,

0.56 + 0.09, and32.63 + 2.54. The addition of Glib, P-1075 and Glib, or DMSO did not

significantly change bound / free compared to the conhol (P> 0.05).
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Figure 3-1. Ratio of MFFR bound to free in rat liver mitochondria (O.2mglml) in high K*
medium (A) and sucrose medium (B) at 30"C in the presence of 1¡rM FCCP (n= 30),2¡t glnL
oligomycin (n=3), 10pM ahactyloside (n=3),20pM P-1075 (n=30),s¡rMclib (n=22),20 pM P -
1075 and 5pM Glib (n=21), and 0.5% DMSO (n:19). Energized mitochondria þy 5mM ATP in
the presence or absence of5ÍlM glutamate and 5mM succinate) were incubated with 5pM MFFR.
P is shown for data comparisons between conhol and a modulator. Data âre presented as means *
S,E,

Sucrose medium
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ÂY,', was calculated from the bound/free values obtained above (Figure 3- 1)

according to the Nemst equation (section 2.2.6.). FCCP depolarized ÁY.by 143 +0.74

and I42 + 2.55 mY in high K+ and sucrose media, respectively (Figure 3-2). Oligomycin

and atractyloside caused a less considerable decrease in ÁY,nby 62.8 +2.62 and 48.5 +

6.80 mV in high K* medium, respectively. In sucrose medium, oligomycin and

ahactyloside produced similar effects on decreasing ÀY- by 53.6 + 8.42 and 54.6 * 4.45

mV, respectively. P-1075 induced a slight depolarization ofÁYn.by 5.19 + 1.46 in high

K* medium and 7 .82 * 0.93 mV in sucrose medium. However, Glib reversed the effects

of P-1075, while Glib alone and DMSO did not change ÀY.. Similar decreases in ÂY-

by P-1075 both in high K* and sucrose (free-K*) media indicate that P-1075 effects are

K*-independent. Therefore, unknown mechanisms other than Krrp channels are involved.

To investigate the effects ofsubstrates on ÁY,n, mitochondria were energized by

different substrates in the absence and presence of FCCP. ATP hydrolysis was induced

by incubation with ATP, respiration induced by glutamate and succinate, and ATP

hydrolysis and respiration were induced by incubation with ATP plus glutamate plus

succinate. The results fÍom this study are shown in Figure 3-3. The addition of FCCP to

the mitochondria energized by ATP hydrolysis in high K+ media decreased the ÀV-by

88.5 + 7.77 mV. In sucrose medium, this decrease was 81.8 + 9.80 mV. In mitochondria

energized by respiration, FCCP decreased ÀY- by 104 + 0.04 and 104 + 5.75 mV in high

K and sucrose media, respectively. In mitochondria energized by both ATP hydrolysis

and respiration, FCCP decreased ÂY.by 143 + 0.74 and 142 * 2.55 mV in high K* and

sucrose media.
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To compare MFFR to tetramethylrhodamine methylester (TMRM), a dye

commonly used for ÀY- measurements in mitochondria, studies were conducted with

both dyes in mitochondria energized in high K+ medium (section 2.2.6 for details). The

results of this experiment are displayed in Figure 3-4. ATP hydrolysis-dependent or

respiration- dependent ÀY'n values measured by both MFFR and TMRM distribution,

were similar at all TMRM and MFFR concentrations (fiom 0 to 20 ¡rM) and decreased as

MFFR or TMRM increased to 20 ¡tM. There was good linear correlation between ÀY-

values calculated from TMRM and MFFR distribution (Figure 3-4), although slopes of

the shaight lines deviated from unity (0.85 and 0.73). In the presence of 5¡rM ofMFFR

and TMRM, the ATP hydrolysis dependent average ÁY-values were - 62 + 4.75 mV and

- 59 + 0.50 mV (n=4) for MFFR and TMRM binding, respectively. The maximal ÂY-

values induced by respiration were - 121 + 8.22mY and - 106 + 8.73 mV (n=4) for

MFFR and TMRM binding, respectively.
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Figure 3-4. Correlation between ÂY, values measured with MFFR and TMRM binding.
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3.1.2 The MFFR Distribution in Cardiomyocytes and Hepatocytes

Table 3-2. Bound and f¡ee MFFR in cardiomyocfes and hepatocytes

Control FCCP

Croup

Cardiomyocytes i.20+0.09 0.33+0.02 0.91 +0.07 0.46 + 0.02
n=20

P vs. Control 0.013 0.0001

Hepatocytes 1.34+0.19 0.30*0.03 1.21 + 0.21 0.34+0.03
n= 20

P vs. Control 0.014 0.05

Cardiomyocfes and hepatocytes were energized by 1OmM glucose plus lmM pynrvate and
I lmM glucose, respectively.
Cell concentrations were 0.2 - 0.9 mg protein/ml.
Data are lepresented as mean + S.E.

Table 3-3. The ratio of bound : free MFFR in cardiomyoc¡es and hepatocytes corrected for
cell viqhilifv

Group (bound / free)u¡"6¡"u

Cardiomyocytes, n=20 3.37 + 0.37
Hepatocfes, n=20 2.99 + 0.49

a) The ratio ofbound MFFR to free MFFR conected for cell viability and calculated by equation
5 in2.2.6 of Makrials and Methods section.
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In the previous section, MFFR was used to evaluate ÂY. in isolated mitochondria,

To investigate if MFFR could be used in cells to evaluate ÂY", studies were conducted

with cardiomyocles and hepatocytes. To determine the effects of FCCP on MFFR

binding in isolated cells, the amounts of the dye bound to cardiomyocytes and

hepatocytes and free dye in the incubation medium were determined using the procedure

described in secTion2.2.6. Table 3-2 shows the results obtained. The average amounts of

bound MFFR were similar for cardiomyocytes and hepatocytes (Table 3-2). Similarly,

the mean concentrations of free MFFR did not differ. The mitochondrial uncoupler

FCCP was added to the cells in the presence of MFFR to determine whether its effects on

cellular mitochondria could be detected by MFFR. The Table 3-2 shows that FCCP

resulted in a modest decrease in bound MFFR and slight increase in ftee MFFR in

cardiomyocytes and hepatocfes. The average ratios ofbound / free dye with correction

for cell viability were3.37 + 0.37 for cardiomyocytes and 2.99 + 0.49 for hepatocytes.

Without the correction for cell viability (Figure 3-5) the conhol ratios of were 1.87 + 0.17

and 2.30 + 0.32 for cardiomyocytes and hepatocytes, respectively. After addition of

FCCP, the ratios were decreased to 0.90 + 0.07 for cardiomyocytes and 1.31 + 0.11 for

hepatocytes. The ratios in the text are obtained in the following way: Bound (nmoVmg) x

cell concentration (0.2-0.9 mg/ml-) / Free (nmoVml) = dimensionless, i.e. the same

calculation for mitochondria.
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3.2 Influence of MFFR and P-1075 on Mitochondrial

Respiration Rate

MFFR should not affect mitochondrial function and ÁY. if it is to be used for

evaluation of ÂY- in mitochondria and the cells. Therefore, the toxicity of MFFR was

investigated by examining its effects on two pathways ofmitochondria respiration in

isolated ¡at liver mitochondria in high K* buffer. Incubation with 5mM glutamate-Na

plus 5mM malate (NAD* dependent substrates) was used to energize mitochondria via

complex I while 10 mM succinate was used to energize mitochondria via complex II

(section 2.2.3 for details). The results ofthese studies are shown in Figure 3-7.

Increasing the concentrations of MFFR significantly affected complex I dependent

respiration (Figure 3-6 A and 3-7 A). However, MFFR had no effect on complex II

dependent respiration (see figure 3-6 B and 3-7 B). kr the complex I dependent

respiration, MFFR concentrations below 0.2 pM showed a steep decrease in state 3

respiration from 66.5 +7.97 to 35.2 + 4.08 nmoVmin/mg and also a decrease in

uncoupled respiration from 80.0 + 7.33 to 37.0 + 4.05 nmoVmin/mg. The concenhations

of MFFR above 0.2 ¡lM changed significantly both in state 3 respiration from 35.2 + 4.08

to 21.5 + 1.84 nmoVmir/mg and in uncoupled respiration from 37.0 + 4.05 to 29.5 + 2.64

nmoUmin/mg. When the results were expressed as a percentage of state 3 respiration in

the absence of MFFR (Figure 3-7), they showed that rates ofstate 3 and uncoupled

respiration decreased to 56 + 3.04 %o and 59 + 3.08 o/o ofcontrol value, respectively at 0.2

¡rM MFFR. The average rates of state 3 and uncoupled respiration were 28 *2.91 %

and 38.5 + 4.32%o at I pM MFFR, respectively. In both complex I and II dependent
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mitochondrial respiration, MFFR concentrations had no eflect on state 2 and 4 respiration.

Figure 3-6 B and 3-7 B show that the rates ofstate 3 and uncoupled respiration are not

affected by MFFR when complex tr is involved.

Since we used P-1075 as an agent for evaluating ÀY-by MFFR binding,

respiratory effects ofP-1075 require consideration. High concentrations ofP-1075 could

have effect on mitochondrial respiration. To investigate the effects ofP- 1075 on

mitochondrial respiration, it was measured in the presence ofvarfng the concentrations

of P-1075 in the same manner as described for the effects of MFFR. Concentrations of

P-1075 below 20 pM had no effect on all states ofrespiration rates dependent on

complex I and II (Figure 3-8). The initial respiration rates were9.2+ I.23,66+7.59,12

+ 0.86, and 78 + 5.39 nmoUmin/mg protein for state 2, 3,4, and uncoupled state for

complex I dependent mitochondrial respiration, respectively. In complex II dependent

respiration, the initial respiration rates were 21.3 + 1.94 for state 2 ,97 .8 + 14.5 for state 3,

21.5 t233 for state 4, and,97 + 11.97 nmoVmin/mg for the uncoupled state. The

concentrations ofP-1075 below 20¡rM used in the experiments were not toxic to state 2,

3, 4, and the uncoupled state for both complex I and II dependent respiration.
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Figure 3-7. The effects ofMFFR on normalized respiration rate. Data were expressed as a
percentage of state 3 respiration for comparison between state 3 and uncoupled, state2, or sate 4
respiration rate. Mitochondria were energized by 5mM glutamate plus 5mM malate (A) and
10mM succinate (B).
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Figure 3-8. The effects ofP-1075 on respiration rate. Mitochondria were energized by 5mM
glutamate plus 5mM malate (4, C) and by 10mM succinate (8, D). Data in panels A and B were
expressed in nmovmir/mg and data in C and D were normalized to state 3 respiration tate and
expressed as percent ofstate 3 values.
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3.3 Meøsurements of MFFR Fluorescence ìn Isolated Rat

Liver Mitochondriø, Cørdiomyocytes, ønd Hepatocytes

In the previous sections, bound MFFR was physically separated from free MFFR

by centrifugation. In this section, the possibility of monitoring MFFR in the absence of a

separation steps was explored. It was shown that uptake of MFFR by energized

mitochondria resulted in a dec¡ease in MFFR fluorescence intensity [157]. In conhast,

addition of an uncoupler, FCCP dissipates ÀYn. and should result in increase MFFR

fluorescence intensity as the dye is released from the mitochondria. To confirm this

hypothesis and evaluate ÂY., we determined changes of MFFR fluorescence in isolated

mitochondria and cells caused by changes in ÀY..

3.3.1 Dependence of Mtr'tr'R tr'luorescence on Its Concentration and pH

To determine the effect ofpH and concentration on the fluorescence of MFFR,

the pH of the high K* incubation buffer was varied between 5.34 to 9.08 with 6M NaOH

and MFFR concentration varied between 0 to 30¡rM. The fluorescence was measured in

each buffe¡. The results which are shown in Figure 3- 9 revealed that MFFR

fluorescence was not affected by changes in pH value. At all pH values, MFFR

fluorescence increased between 0 and 5¡rM, peaking at a value of659 + 3.90 arbihary

units (a.u.) before declining steadily to a value of 224 + 8.36 a.u. at 30 ¡rM. This shows

that the alkaline pH of the mitochondrial matrix (pH-8.2) should not affect MFFR

fluorescence. Figure 3-9 is a good demonshation of the self-quenching effect of MFFR

at concentrations above 5¡rM (ÁA = 0.5) which takes place in the mitochondrial matrix

membrane where the concenhation of MFFR may be as high as -200¡lM.
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Figure 3-9. The effects ofpH on the fluorescence ofMFFR.
Data are pre¡ented as mean * S.E.
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3.3.2 Changes in MFFR tr'luorescence Spectra in Mitochondrial

Suspensions

Figure 3-10 shows spectra of MFFR samples in high Kt incubation buffer

obtained by laser illumination at 670 nm. The spectra consist of two principal

components: a peak ofscattered excitation laser light at 670 nm and broad peak of

emitted fluoresc ence aT 712-716 nm. ln the absence of mitochondria (indicated as the

buffer in figure 3-10) fluorescence intensity was 87 arbitrary units (a.u.) at 712.5 run.

Accumulation of MFFR by energized mitochondria resulted in a decrease in fluorescence

intensity to 12 a.u., an indication offluorescence quenching (or decrease in quantum

yield) and a shift in the fluorescence peak to 7i 6.5 nm. The addition ofFCCP to

energized mitochondria caused the MFFR fluorescence intensity to shift from 716.5 back

to 7 12 .5 nm which was the same wavelength that MFFR had in high K+ buffer. In the

presence ofFCCP, fluorescence intensity increased to 73 a.u. compared to that of 12.7

obtained for energized mitochondria, This increase in MFFR fluorescence intensity was

presumably caused by release of MFFR from mitochondria as was shown in the previous

section.
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Figure 3-10. MFFR fluorescence spectra in mitochondrial suspension. Isolated rat live¡
mitochondria (0.082 mg/ml) were added to 1t¿M NIFFR in mitochondrial high K+ incubation
buffer (described in2.2.7 of Matenals and Methods section) with 5mM glutâmâte plus 5nM
succinate (energized state). Subsequently FCCP was added to induce uncoupled state.
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3-11 shows changes in MFFR fluorescence intensity in response to mitochondria

addition and FCCP treatment as a function of time. The addition of mitochondria

drastically decreased fluorescence intensity within less than 1 minute from 89 to12 a.u.

After the fluo¡escence intensity of MFFR remained relatively stable for 5 minutes, the

addition of l¡rM FCCP resulted in an increase in fluorescence intensity within less than 1

minute from 12 fo73 a.tt.

Buffer + Substrates + MFFR

Mitochondria F, : energized m itochondria
aF.=Fo-F.

^Fu=Fo-Fu

FCCP

5 10

Time, minutes

Substrates: glutamate + succinate

Figure 3-11. Changes in MFFR fluorescence intensity in mitochondrial suspension treated with
FCCP as a function oftime. Spectra were recorded every 20 seconds for 10 minutes. Five minutes
after the addition of mitochondria to the subshates containing buffer, mitochondria were treated
with FCCP to a fìnal concentration of 1 pM. Fluorescence peak was determined between 708 and
720 nm. F6 is the initial fluorescence intensity before the addition of mitochondria, F¡ is the
fluorescence intensity after the addition ofmitochondria, and F¡is the fluorescence intensity after
the addition ofFCCP.
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To determine whether the fluorescence intensity of MFFR is dependent on

concentrations of mitochondrial protein, the fluorescence of MFFR was measured as a

function of mitochondria concentration. In this experiment, the fluorescence peak was

normalized to the initial fluorescence to calculate the ¡atio F¡ (energized) or F¡

(uncoupled) to F6. The range of protein concentrations used was 0.03-0.17 mg/mL. Five

minutes after the addition of mitochondria, FCCP was added. Afte¡ an additional 5

minutes, FCCP was added again. The results shown in Figure 3-12 indicate that the

protein concentration (0.03-0.17 mglmL) did not significantly affect the ratio ofF¡ or Fu

to F6. The values of the ratios were approximately 0.20 for energized mitochondria and

0.86 for FCCP- treated mitochondria. The mean values of the ratio in each group were

not significantly different from each other (P>0.05).
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l'igure 3-12. Time course ofnormalized MFFR fluorescence at various mitochondrial
concentrations. 0.03 mg/ml of protein (A), 0.04 mglml, of protein (B), 0.06 mg/ml of protein
(C), 0.08 mg/ml ofprotein (D), and 0.17mglml. (E). F¡, Fu, and F6 are indicated in figure 3-11.
Data are presented as mean + S.E.
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In order to better visualize the relationship between protein concentration and the

change in fluorescence ratio in response to the addition of mitochondria to the substrate

containing buffer and FCCP as shown in Figure 3-12, the values ofthe immediate

changes (ÂFs/ F6) obtained after the addition of mitochondria as well as the change in

the ratio (^Fu/ Fo) upon the addition of FCCP to the mitochondria were re-plotted

against the protein concentration (Figure 3-13). The average values were 0.81 + 0.01 for

the addition of mitochondria and 0.77 + 0.02 for the addition of FCCP at protein

concentrations below 0.17 mg/ml. However, the change in ratio decreased in energized

mitochondria and increased in de-energized mitochondria with increasing protein

concentration at protein concentrations above 0.77 mglmL. At a plotein concentration of

0.5 mg/ml, the value vr'as 0.65 + 0.04 for energized mitochondria and 0.4 + 0.05 for de-

energized mitochondria.
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Figure 3-13. ÂFÆo for energized (r) and uncoupled mitochondria (o) as a function ofprotein
concentration (0.03- 0.5mg/ml). Mitochondria were energized by respiration in the presence of
5mM glutamate plus 5mM succinate and de-energized (uncoupled) by subsequent addition of
lpM FCCP, Data are presented as mean * S.E.
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3.3.3 Changes in MFFR tr'luorescence Spectra in Cardiomyocyte

Suspensions

To determine changes in MFFR fluorescence upon binding to cardiomyocytes

caused by changes in ÀY-, the fluorescence spectra of l¡rM MFFR were measured before

and after cardiomyocytes addition followed by FCCP treatment. In the absence of

cardiomyocytes, the fluorescence intensity was 310 a.u. at 712 nm in the representative

experiment shown in Figure 3- 14. Accumulation of MFFR by energized cardiomyocytes

(1OmM glucose plus 1mM p1'ruvate) resulted in a decrease in the fluorescence intensity

to 237 a.u. Q4 %o decrease) an indication of changes of MFFR fluorescent properties

upon binding. The addition of FCCP to energized cardiomyocytes caused partial

recovery of the MFFR fluorescence intensity to 275 a.u. (increased by 15.7 % ofthat in

the energized state). This inc¡ease in the fluorescence intensity was presumably caused

by release of MFFR from cellula¡ mitochondria.
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Figure 3-14. MFFR fluorescence spectra in cardiomyocyte suspension. Isolated rat heart
cardiomyocles (0.7 mglrnL) were added to l¡rM MFFR in cardiomyocles high K* incubation
buffer (see for details in2.2.7 of Materials and Methods section) with substrates (10mM glucose
plus lmM pynrvate). Subsequently FCCP was added to energized cardiomyocytes. The
fluorescence maxima were determined between 708-720nm.
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To determine the change in MFFR fluorescence over time, the fluorescence

intensity of MFFR was measu¡ed as a function of time. Figure 3-15 shows changes in

MFFR fluorescence intensity caused by cardiomyocytes addition and subsequent FCCP

treatment as a function of time. Addition of cardiomyocytes slowly decreased the

fluorescence intensity of MFFR within 7 minutes fiom 310 to235 a.u. After the

fluo¡escence intensity of MFFR was monitored for 5 minutes, the addition of 1 ¡rM FCCP

resulted in a slight increase in the fluo¡escence intensity within 2 minutes from 235 to

276 a.u. and stopped its decline.
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Figure 3-15. Time course ofMFFR fluorescence in cardiomyocyte suspension before and after
FCCP treatment. Spectra were recorded every 20 seconds for 10 minutes. For the energized state,
5 minutes after ofthe addition of cardiomyocytes, cardiomyocltes incubation buffer (the volume
was the same as the amount of FCCP) was added. To induce the uncoupled state, 5 minutes after
the addition ofcardiomyocfles, cardiomyocles were treated with FCCP to a final concentration
of I pM. The fluorescence peak intensity was determined between 708 and 720 nm at 7 minutes.
Fo is the initial fluorescence before the addition of cardiomyocytes, Fs is the fluorescence
intensity aÍìer the addition of cardiomyoc)¡tes, and Fuis the fluorescence intensity after the
addition ofFCCP.
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To determine whether the fluo¡escence intensity of MFFR is dependent on the

concentration of cardiomyocles expressed as protein concentration, the fluorescence

intensity was measured as a function of cardiomyocle concentration in the time course

experiments. úr this experiment, the fluorescence peak was normalized to the initial

fluorescence to calculate the changes in the ratios Fe / Fo and Fu / Fe. The results which

are shown Figure 3-16 indicate that the protein concenfration (0.3-0.9 mg/ml,) did

significantly affect the F¡ / F6 and Fu / Fo. The values of the changes (^ FE / Fo)

obtained after the addition of cardiomyocfes as well as the changes in values (Á Fu / F.)

obtained upon the addition ofFCCP to the cardiomyocytes were plotted against the

protein concentration. The value for energized cardiomyocytes was increased from 0.16 +

0.01 at protein concentration of 0.4 m{mL to 0.22 + 0.01at the concentration of 0.7 mg

/mL. However, at protein concent¡ations above 0.7mgl mL, the change decreased with

increasing protein concentration from 0.22 + 0.0i to 0.16 + 0.02 at protein concenhation

of 0.8 mg/ml-.

If a part of the accumulation of MFFR is associated with MFFR binding to

cellular membranes and structures, then the uncoupling ofcellular mitochondria by FCCP

should result in the incomplete release ofthe dye from the cell and fluorescence value

should not retum to the baseline. To investigate whether this is the case here, the ratio of

change in fluorescence upon addition ofFCCP (A Fu) to the change in response to the

addition of cardiomyocytes (Â F¡) was plotted as function of protein concentration. The

results which are shown in Figure 3-17 indicate that the response ofenergized cellular

mitochondria to FCCP was dependent on the protein concentrations below 0.7 mg / mL

(0.3 mg/ml to 0.7 mglmL). The value was increased from 0.25 + 0.07 to 0.51 + 0.03 (p
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:0.013). However, at protein concentrations between 0.7 mg / mL and 0.9 mg/ml, the

response to FCCP was not dependent on the protein concentrations. At protein

concentration of 0.9 mg/ml the value was 0.51 (n=1).
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Figure 3-16. Changes in the fluorescence ratio ÂF/To for energized (r) and uncoupled cellular
mitochondria (o) in cardiomyocytes as a function ofprotein concentration (0.3- 0.9mg/ml). The
cellular mitochondria in cardiomyocytes were energized and uncoupled by 10mM glucose plus
lmM pynrvate and 1pM FCCP, respectively. Average cell viability was 40%. Data are
presented as mean * S.E.
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Figure 3-17, The response ofenergized cellular mitochondria to FCCP in cardiomyocytes as a
function of protein concentration (0,3- 0.9 mglml). Average cell viability was 40%. Data are
presented as mean * S.E.
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To investigate the relationship belween the changes in the fluorescence ratios Fs

and Fu to F6 and MFFR binding, the binding was measu¡ed after fluorescence

measurements by separating cardiomyocytes and free MFFR by centrifugation (section

2.2.7). The fraction of bound MFFR was increased by increasing cell concentrations in

the suspension. Increase in the amount of bound MFFR fiom 57 + 0.90 to 74 + 1.25 %o

resulted in no significant changes in the fluorescence (Figure 3-18). Similarly, there was

no cor¡elation between the fluorescence change and the amount of MFFR bound for the

uncoupled cellular mitochondria. Mean values of the fluorescence change for energized

and uncoupled cardiomyocytes as well as the amount of MFFR bound were significantly

different at a level ofP<0.05. In general, energization of cellular mitochondria increased

dye binding and change in the fluorescence (^F/F").
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In cells, MFFR has to pass through the plasma membrane into the cell cloplasm

before it is taken up by mitochondria. Plasma membrane potential can affect the MFFR

concentration in the cytoplasm and therefore indirectly dye accumulation in the

mitochondria. For this reason studies were performed to investigate the effect of the

plasma membrane potential on the fluorescence measurement of MFFR in the cells. In

the presence oflow K* buffer the plasma membrane potential is intact at about -80mV

whereas in high K+buffer the plasma membrane potential is near zero. Therefore, studies

were conducted with cardiomyocytes in high (120mM) and low K+ (-5mM) buffer to

determine the effect of the plasma membrane potential on the fluorescence of MFFR in

the cells. Figure 3-19 shows that changes ofMFFR fluorescence vr'ere dependent mainly

on ÀY,.. In the energized cardiomyocytes, ÂF/ F6 values were 0.19 + 0.01 and 0.16 +

0.01, higher in the low K* than in the high K+ buffer, respectively. A similar trend was

observed in the uncoupled cardiomyocytes, where the changes of the fluorescence were

0.11+0.01 in the low K* and 0.08 + 0.01 in the high K* buffer. However, the mean

values ofÀF/ Fo were not significantly different between low K+ and in the high K+

buffer (P>0.05). These results show that the plasma membrane potential had no

sigrificant effect on the fluorescence ofMFFR in the cell suspensions in our experiments.
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Figure 3-19. The effects ofthe plasma membrane potential on the fluorescence ofMFFR.
Cardiomyocytes (0.3-0.9 mg/ml of protein) were incubated in low K* and high K* incubation
buffer with MFFR (final concentration of 1pM) P values are for comparison ofcardiomyocles *
FCCP to cardiomyocytes in the same buffer. Data are presented as mean + S.E.
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3.3.4 Changes in MFFR Fluorescence Spectra in Hepatocyte

Suspensions

To determine changes in MFFR fluorescence in suspensions ofhepatocytes

caused by changes in ÀY,n, the fluorescence intensity of MFFR was measured in

energized and FCCP uncoupled hepatocfes. ln the absence ofhepatocytes, the

fluorescence intensity was 337 a:¡. aI712nm in the representative experiment shown in

Figure 3- 20. Accumulation of MFFR by energized hepatocles resulted in a decrease in

the fluorescence intensity to 201 a.u.(40 % lower than in the buffer) an indication of

changes in optical properties ofMFFR upon binding. The addition ofFCCP to energized

hepatocytes partially restored the MFFR fluorescence intensity to 258 a.u. (28.1 % higher

than in the energized hepatocytes). This increase in the fluorescence intensity was

presumably caused by release of MFFR from cellular mitochondria.
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Laser peak

Figure 3-20. MFFR fluorescence spectra ofhepatocfe suspension. Isolated rat liver
hepatocytes (l .24mglml) were added to 1¡rM MFFR in hepatocles low K* incubation buffer (for
details see in 2.2.7 of Materials and Methods section) with 1lmM glucose. Subsequently FCCP
was added to uncouple hepatocytes. The fluorescence maxima were between 708-720nm.
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To determine the time course of MFFR fluorescence, the fluorescence intensity of

MFFR was measured as a flnction of time. Figure 3-21 shows changes of MFFR

fluorescence intensity induced by hepatocfe addition and subsequent FCCP t¡eatment.

Addition of hepatocles siowly decreased the fluorescence intensity of MFFR within 7

minutes from 311 to186 a.u. After the fluo¡escence intensity of MFFR was observed for

5 minutes, l¡rM FCCP was added, which resulted in a slight increase in the fluorescence

intensity within 2 minutes from 21 6 to 228 and stabilization of its level.
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Figure 3-21. Time course of MFFR fluorescence in hepatocyte suspension. Spectra were
recorded every 20 seconds for 10 minutes. Hepatocytes were energized by glucose (S, 11mM)
for 5 minutes and then lpM FCCP was added to uncouple the cells. The fluorescence intensity
was measured between 708 and 720 nm at 7 minutes. F6 is the initial fluorescence intensity
before the addition ofhepatocytes, FEis the fluorescence intensity after the addition of
hepatocytes (energized), and Fu is the fluorescence intensity after the addition ofFCCP
(uncoupled).
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To determine whether the fluorescence intensity of MFFR is dependent on the

concent¡ation ofhepatocytes protein, the fluorescence intensity was measured at 7

minutes as a function of hepatocytes concenfation þrotein, mg/ml). In this experiment,

the fluorescence peak was normalized to the initial fluorescence to calculate the change

in the F¡/ Fe and FuÆe ratios. Figure 3-22 shows that the protein concentration (0.06-

I.24 mglmL) did significantly affect F¡/ Fo and FulF6 values. The values of the changes

obtained after the addition ofhepatocytes (1- FE / Fo) as well as the change in ratio upon

the addition ofFCCP (1- Fu / Fo) to the hepatocytes were plotted against the protein

concentration. The value for energized hepatocytes increased fiom 0.14 + 0.01 at protein

concentration of 0.06 mg/ml to 0.53 + 0.04 at the concentration of 0.72 mg /mL.

However, at protein concenhations above 0.72mglml, the value slightly decreased from

0.52 + 0.1 to 0.41 + 0.03 with increasing protein concenhation to 1.24 m{mL. Similarly,

the value for uncoupled hepatocytes was increased from 0.13 + 0.01 at protein

concenfation of 0.06 mglml- to 0.33 + 0.01 at the concentration of 0.72 mg /mL. Then,

the value was slightly decreased ûom 0.33 + 0.01 to 0.22 + 0.01with increasing protein

concenhation to 7.24 mglmL.
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Figure 3-22. ÁF/lo for energized (r) and uncoupled hepatocfes (o) as a function ofprotein
concentration (0.06- L24mglrr,l). Hepatocfes were energized by l lmM glucose and uncoupled
with 1¡rM FCCP. Average cell viabllity was 630/o. Data are presented as mean + S.E.
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The Íïaction ofbound MFFR increased up to 79 and 64 To (o/o of total bound,

MFFR plus free MFFR) in the energized and the uncoupled hepatocytes, respectively in

response to increase in the protein concentration to 0.87 + 0.1 mg/ml (Figure 3-23).
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Figure 3-23. The relationship between the amounts of MFFR bound to energized and uncoupled
hepatocles and protein concentrations (0.04 - 1.24 mg/mI-). The percentage ofbound MFFR
was calculated as a ratio ofthe amount ofbound MFFR to the total amount of MFFR (bound plus
flee). Average cell viability was 63%.
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To investigate the relationship between the changes in the fluorescence ratios Fs

and Fu to Fo and the amount of MFFR bound, MFFR binding was measured.

Subsequently, hepatocytes were separated and the amount of MFFR determined as

described insection2.2.1. Increases in the amount of bound MFFR conelated with an

increase in the fluorescence change. A positive correlation (R2 : 0.64) was obtained

between the change in the fluorescence ratio and the amount ofMFFR bound in the range

of32-80 %binding (Figure 3-24). Mean values of the fluorescence change between

energized and uncoupled hepatocles plotted over the amount ofMFFR bound were

significantly different at a level ofP<0.05. In general, higher MFFR binding to the cells

resulted in greater changes in fluorescence.
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Figure 3-24. The relationship between the amounts of MFFR bound to energized and uncoupled
hepatocytes and fluorescence changes. The fraction ofMFFR bound was calculated as the
percentage ofthe amount ofMFFR bound relative to the total amount of MFFR (bound plus Aee).
Binding and fluorescence were varied by changing cell concenhation from 0.06 to 1.24 mg
protein / mL. Average cell viability was 63%. Data are presented as mean r S.E.



t03

CHAPTER 4

DISCUSSION

4.1 Summary of Major Findings

MFFR binding measurements allowed quantitative estimation of ÂY. in

isolated mitochondria. In the studies that were undertaken to investigate the relationship

between ÀY'n and MFFR binding in isolated mitochondria, it was shown that MFFR

binding was dependent on ÁY* (Figure 3-1). The dependence of MFFR binding on ÂY-

was not affected by two incubation buffers representing the physiological cellular

environment (high K) and iso-osmotic sucrose buffer. The generation ofÂV- in

energized mitochondria by subshate oxidation, ATP hydrolysis or both resulted in

accumulation of MFFR in the mitochondria. Changes in ÀY,n induced changes in the

magnitude of MFFR binding to the mitochondria. Ir mitochondria energized by

respiration and ATP hydrolysis, FCCP depolarized ÀY-by approximately 140 mV

(Figure 3-2), which is similar to the literature value (-160mV). kr addition, FCCP

decreased ÄY,nby about 104 mV in mitochondria energized by respiration alone and by

about 8lmV in mitochondria energized by ATP hydrolysis alone (Figure 3-3). These

values are lower than those mitochondria energized by both respiration and ATP

hydrolysis.

It is recognized that TMRM is the most reliable dye for measurements of ÀY,n due

to its lower toxicity to mitochondria than rhodamine 123 and TMRE [131]. A linear

relationship between ÀY. and fluorescence of TMRM was demonshated. Therefore,

TMRM was selected as an indicator for comparing with MFFR. We compared the
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binding of MFFR and TMRM to mitochondria as a function of ÀY- in isolated

mitochondria using our protocol ofdirectly measuring the dye content in the

mitochondria. The results showed that MFFR is comparable with TMRM because ÀY.

values determined from MFFR and TMRM binding showed iinear correlations with

similar slopes (Figure 3-4).

Inhibitory analysis with oligomycin, atractyloside and P-1075 allowed us to

estimate changes in ÂY- in MFFR binding measurements. Oligomycin, an inhibitor of

ATP synthase and atractyloside, an inhibitor of ATP/ADP hanslocase partially decreased

ÂYn,by approximately 60 and 50 mV, respectively (Fig 3-3). P-1075, a mito-K¡1p

opener slightly depolarized ÀY-by approximately 7 mV. By using these agents we were

able to estimate ÀY., which allowed us to investigate the relationship of MFFR binding

to the membrane potential. Based on the results from these studies we conclude that

accumulation of MFFR depends on ÂY- in mitochondria. Therefore MFFR binding is

useful for the quantitative estimation of ÂY. in isolated mitochondria.

MFFR binding measurements allow only qualitative estimation of ÀY,n in cells.

After demonstrating that MFFR binding in isolated mitochondria was dependent on 
^Ym,

the experiments were conducted in cardiomyocles and hepatocytes to determine

dependence of MFFR binding on ÂY^in the cells. The bound/free ratio of MFFR was

lower in cardiomyocytes and hepatocytes than in mitochondrial suspension indicating

that there \üas less MFFR binding in the cells (Table 3-3). Seventy five percent was

bound to the cells after correction for cell viability whereas 99%o of the tofal MFFR was

bound in the isolated mitochondria (Figure 3-1).
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MFFR binding to mitochondria and cells ¡esulted in decreases in its fluorescence.

It was demonstrated that the fluorescence intensity decreased upon addition of the

mitochondria and cells energized by oxidizable subshates whereas fluorescence intensity

increased upon addition ofFCCP, which caused release ofbound MFFR (Figures 3-10,

3-I4, and 3-20). However, the magnitude ofchanges in fluorescence intensity was

different. The MFFR fluorescence intensity decreased by 86 % of that in the buffer

(100%) by the addition of mitochondria and recovered to 70Yo of that in energized

mitochondria in response to FCCP. The degree of changes in MFFR fluorescence due to

different mitochondrial energy states was similar to that found by Sakanoue et al. 1997.

In the cell suspensions, the fluorescence intensity decreasedby 24% and 40Yo ofthat in

the buffer by the addition of cardiomyocytes and hepatocytes, respectively and recovered

to 84%o and 72o/o of fhat in the energized cells in response to FCCP addition, respectively.

It showed that more binding corresponds to larger changes in fluorescence.

4.2 MFFR Binding and 
^Ym

Dye binding is determined by two components, ÁY,n- dependent (matrix

accumulation) and ÀY.- independent (membrane and non-mitochondrial binding). AY--

dependent binding is determined by an increase in the matrix dye concenhation. In

isolated mitochondria, the ÀY-- independent component can be expressed through the

partition coefficient, P = [C]..-uon" / [C],n"6* where [C]¡¡66¡¿¡¿ and lc]m¿nìx are dye

concentrations in mitochondrial membrane and matrix, respectively. Since [C].".6."n" =

P x [C],nu¡j*, [C]-".u,.n. and [C]-"¡;* are functions of ÀY-. Combined with the Nemst

equation it gives us: Mitochondrial dye content (MDC) / [C]r¡6p1¿5,¡ = CV-"t i* * P x
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V-".b,"n") x exp (-^Vm x F/RT) where[C]"¡oror is an equilibrium cytosol dye concenhation,

V¡¡¡¡¡* and V¡s¡b¡sne are volumes of matrix and membrane, respectively, F is a Faraday's

constant, R, gas constant and T, absolute temperature.

In cells there is truly a ÁY.- independent component, which includes binding to

non-mitochondrial constituents: cell membranes, DNA,/RNA, cytosol and othe¡ cell

structures. This component comprises a considerable portion of dye binding and remains

constant in response to cell de-energization o¡ even increases as the extra-mitochondrial

dye concentration increases upon de-energization. In other words, uncoupling causes

considerable dye redistribution between mitochondria and other cell structures rather than

its significant efflux from the cells. This makes quantitative evaluation ofÂY- in cell

suspensions extremely difficult.

4.3 Relationships between Dye Binding and

Fluorescence

In general, there is a correlation between dye binding to mitochondria and cells

and a fluorescence decrease (ÁF). This can be explained by fluorescence quenching

(dimer formation and self-quenching) during dye accumulation in mitochondria [117,

1181 and lack thereofduring diffusion into the closol and binding with cell shuctures.

Indeed, the mitochondrial volume fraction in the cells is 10-30%, which inevitably allows

binding of only a fraction ofcell dye to mitochondria. Ifdye binding with non-

mitochondrial cell structures and its fluorescence remain relatively constant, the response

to the uncoupler should be significantly smaller as compared to mitochondria.
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4.4 Effects of Mitochondrial and Cell Concentrations on

Dye Fluorescence

Theoreticall¡ in the closed system (total dye amount = constant) the

dependence of any fluorescence decrease (ÂF/F¡) on mitochondriaVcell concentration

should be a bell-shaped function. I¡deed, as the cell protein concentration increases from

zero, ÀF increases due to an increase in the intra-mitochondrial dye content and

concentration that results in net fluorescence quenching. However, at high protein

concentrations (high intra-mitochondrial volume), when nearly al1 dye is already inside

mitochondria, matrix dye concentration is low and dimerization and self-quenching are

reduced. This should result in a ÀF decrease. At intermediate protein concentrations

effects ofdye accumulation and dilution in the mitochondrial matrix cancel each other.

Experimentally this kind ofdependence was observed in hepatocytes (Figure 3-22) and

cardiomyocytes (Figure 3-16). Howeve¡ in the isolated mitochondria the dependence

was flat (Fig. 3-13), perhaps due to sigrificant dye binding even at the lowest

concentration of 0.03 mg/ml.

4.5 Conclusions

MFFR is suitable for quantitative measurements of ÀY'n in isolated mitochondria.

Advantages ofthis dye are as follows: a) its NIR absorption (-680 nm) and fluorescence

(708-720 nm) eliminate interference from endogenous chromophores (myoglobin and

cfochromes), which strongly absorb visible light but not the NIR one; b) reduced NIR
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light scattering in comparison with visible light, which allows the use of more

concentrated cells/mitochondria suspensions. A major disadvantage of MFFR is its high

hydrophobicity, which causes its shong binding to mitochondrial memb¡anes and cell

structures making ÁYm -independent binding dominant.

lVe conclude that MFFR can be used for evaluation ofenergetic changes and viability

in isolated cells, however quantitative ÀYm measurements are problematic. NIR dye(s)

with similar optical properties but lower hydrophobicity would be mo¡e suitable than

MFFR for cellular and tissue applications.
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