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CHAPTER 3: DIAPHRAGM MUSCLE FUNCTION  

 

3.1 Introduction 

As discussed in Chapter 1, the pathophysiology of sepsis-induced 

respiratory failure is multifactorial (Hermans, De Jonghe et al. 2008; 

Griffiths and Hall 2010). Intrinsic neuromuscular dysfunction leads to 

respiratory failure, which is further compounded by changes in lung and, 

in cases of intra-abdominal sepsis, abdominal compliance (Hussain 1998; 

Stamme, Bundschuh et al. 1999).  

Bioenergetic changes are reported in skeletal muscle isolated from 

septic humans and rodents. Brealey et al (Brealey, Brand et al. 2002) 

reported that ATP levels were lower in skeletal muscle of septic patients 

who went on to die. However, the low ATP levels do not indicate whether 

this is due to increased utilization and/or reduced production. Respiratory 

chain protein depletion and dysfunction (Brealey, Karyampudi et al. 2004; 

Callahan and Supinski 2005) imply reduced energy supply. However, 

these studies assessed maximal respiratory capacity in isolated 

mitochondria or tissue homogenates, and do not take account of the 

dynamic supply-demand equilibrium occurring in vivo. Therefore, the aim 

of the work presented in this chapter was to investigate bioenergetic 

capacity in intact ex vivo diaphragm muscle from septic mice. I measured 

maximal force generation and assessed fatigue in repetitive stimulation 

protocols. Fatigue can be defined as a reduction in muscle performance 

with prolonged or repetitive use (Place, Yamada et al. 2010).  
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The diaphragm undergoes repetitive cycles of lengthening and 

shortening in a sinusoidal fashion. During muscle shortening, ‘positive 

work’ is performed by the muscle as it contracts. To restore it to its 

original length, it experiences ‘negative work’ performed by other 

structures on the muscle. Therefore, net work performed in vivo during a 

cycle of contraction is the result of positive work during the shortening 

phase, minus negative work during the lengthening process (Stevens and 

Faulkner 2000). Net work is affected both by force and work generated by 

the muscle during contraction, as well as by passive tension of the 

muscle.  

Here I measured fatigue as the reduction in force or power during 

a series of brief contractions. I utilized the work-loop technique described 

by Josephson (Josephson 1993), which combines various factors that 

determine in vivo muscle performance, to measure ex vivo power 

production. This technique involves imposed sinusoidal changes in 

muscle length with concurrent electrical stimulation which creates a 

cyclical pattern of contraction that closely mimics muscle contraction and 

relaxation in vivo. It also allows programming of cycle frequencies 

appropriate to the muscle in question to study muscle fatigue (Askew and 

Marsh 1997). 

Contractile dysfunction in sepsis has also been linked with 

membrane inexcitability and abnormalities in Ca2+ regulation (Callahan 

and Supinski 2009). However, different investigators report conflicting 

results as to the nature of this calcium dysregulation (Friedrich 2006; 

Rossignol, Gueret et al. 2008; Zink, Kaess et al. 2008). Release of Ca2+ 
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through ryanodine receptor activation on the sarcoplasmic reticulum 

leads to muscle contraction. To test whether this mechanism was 

affected in my model of sepsis, I measured isometric force generation 

following ryanodine receptor activation using caffeine. I also attempted to 

investigate calcium signals using fluorescent indicators. 

To make the model more clinically relevant, I used older mice and 

also assessed the effect of starvation on muscle function as previous 

work discussed in chapter 2 showed that septic mice become anorexic. 

 

3.2 Methods 

3.2.1 Solutions and reagents 

 Physiological saline solution (for storage and superfusion) was 

made fresh daily by mixing stock solutions previously prepared and made 

up to 1 litre with double distilled water (Table 3.1). This was continuously 

gassed with carbogen (5% CO2/95% O2) at pH 7.4. Table 3.2 shows final 

ionic constituents. Glucose and pyruvate were added as substrate, and 

tubocurarine (Sigma T2379) to prevent spontaneous activity. 
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Compound MW Final concentration 
(mmol/L) 

Stock 
concentration 

ml of 
stock 

NaCl 58.44 110 1M 110ml 

KCl 74.55 4 100mM 40ml 

NaHCO3 84 25 200mM 125ml 

MgSO4 246.5 1 100mM 10ml 

KH2PO4 136 1 100mM 10ml 

CaCl2 147 2 100mM 20ml 

Na Pyruvate 110 10  1.1g/L 

Glucose 180 10  1.8g/L 

Tubocurarine 771.1 2.5 µM 2.5mM 1ml 

Table 3.1 Constituents of the physiological saline solution. KH2PO4 stock 

solution was neutralised to pH 7.2. CaCl2 was added after the saline 

solution had been bubbled with O2/CO2 (95%/5%) for 20 mins.  

 

Ionic constituent Final concentration (mM) 

Na+ 145 

K+ 5 

Ca2+ 2 

Mg2+ 1 

HCO3
- 25 

Cl- 118 

SO4
2- 1 

PO4
3- 1 

Table 3.2 Final ionic constituents of the saline solution. 
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3.2.2 Mouse septic model 

Sepsis was induced in 32-36 week old male C57 black mice by i/p 

injection of faecal slurry (20 ml/kg) under general anaesthesia (described 

in chapter 2). Sham mice received 20 ml/kg of 0.9% saline i/p. All mice 

received 0.9% saline 10ml/kg s/c at time 0h, and subsequently received 

50 ml/kg of 5% dextrose/ 0.81% saline at 6h and 18h time-points.  

At 24 h post-i/p injection, mice were anaesthetised, weighed and 

had rectal temperature measured. After a midline laparotomy to expose 

the peritoneal surface of the diaphragm, they were euthanized by direct 

cardiac puncture. The diaphragm was excised en-bloc with the ribs 

laterally. It was then pinned at the edges in a petri dish with Sylgard™ 

base using 27G needles (WPI, Sarasota, USA) so that it was taut without 

excess stretch (Fig 3.1). The whole preparation was then kept in a plastic 

dish filled with saline solution and bubbled with carbogen. Figure 3.2 

shows a haematoxylin & eosin-stained longitudinal section. 

Animal experiments and tissue harvesting took place at UCL. 

Diaphragms were transported to Prof Curtin’s lab at Imperial College for 

force/power measurements using saline solution fully equilibrated with 

carbogen (20:1 ratio of solution volume to Sylgard dish volume) to ensure 

a large oxygen and buffering capacity for the pinned diaphragm. The 

storage vessel was fully sealed and transported (average time 40 mins).  
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Figure 3.1 Diaphragm taken en-bloc and pinned onto a Sylgard chamber 

filled with physiological saline.  

 

 

 

Figure 3.2 Haematoxylin and Eosin stain of longitudinal cross-section of 

mouse diaphragm muscle showing rib with its muscular attachment (left 

panel). The diaphragm is some six fibres in cross-section (right panel). 
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3.2.3 Tissue preparation 

On arrival at Prof Curtin’s lab, the storage chamber was 

immediately bubbled with carbogen. The diaphragm muscle was 

dissected using a stereomicroscope and cut into 1mm wide strips with the 

ribs at one end and the central tendon at the other. The strips were 

subsequently pinned onto pieces of Sylgard and allowed to rest for at 

least 30 mins, following which aluminium foil T-clips were attached to 

both ends using cyanoacrylate glue. The edges were folded for extra hold 

(see Figure 3.3). Each  T-clip had a central hole created to allow the 

preparation to be held at both ends using hooks. 

 

 

Figure 3.3 Diaphragm muscle strip (~1mm wide) held at both ends with 

aluminium T-clips used to sling the muscle strip onto the motorized force 

transducer. The rib and central tendon are held onto the T-clips using 

cyanoacrylate glue and the clip edges folded in for extra hold. 
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3.2.4 Equipment setup 

 The muscle preparation was mounted in a temperature-controlled 

(23°C) Perspex bath between a combined motor and force transducer 

(model 300B, Cambridge Technology, Inc., Watertown, MA, USA) and a 

hook mounted onto a micrometer allowing alteration of resting muscle 

length (Fig 3.4). The muscle was superfused with physiological saline that 

was continuously circulated and bubbled with carbogen, both in the 

muscle chamber and the saline reservoir tank (Fig 3.5).  

 

 

Figure 3.4 Picture showing the position of the muscle strip with the 

aluminium foil T-clips at both ends attached to hooks. The muscle strip is 

bathed in physiological saline bubbled with 95% O2/5% CO2. The 

platinum stimulating electrodes are placed above and below the belly of 

the muscle in the bath. 
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Figure 3.5 View from above the heated Perspex bath. The force-

transducer is motorized and can be programmed to change muscle fibre 

length in sinusoidal cycles while measuring force generated by it. 

 

The muscle was stimulated electrically by two platinum electrodes 

(MultiStim System-D330, Digitimer, Herts, England) placed in the bath 

just above and below the belly of the muscle. A program written in 

TestPoint (Keithley Instruments, Berks) controlled stimulation and motor 

arm position and recorded force, length and stimulation. A DAS-1800AO 

Series A/D board (Keithley Instruments) was used. The computer 

program could be altered for protocols including: single stimulus and 

force recording, or force recording during complex cyclical tetanic 

stimulations while making controlled changes to muscle length. These 

complex patterns mimic in-vivo muscle activity and thus allow better 



 127 

understanding of muscle function under normal movement and 

mechanics.  

 

3.2.5 Experimental protocol 

Baseline voltage output from the force transducer with the muscle 

strip held slack (i.e. no force from muscle) was measured and subtracted 

from all subsequent force output measurements. Optimal stimulation 

voltage, which activated all the live muscle fibres, was identified at the 

start of experiments in each muscle strip by recording force generated in 

response to a single 1ms stimulus of varying voltage (0-8V) [Fig 3.6A].  

 

3.2.5.1 Length/Tension relationship 

The length/tension relationship for each muscle strip was 

measured to identify the fibre length (L0) at which filament overlap was 

optimal for tetanic force development (Fig. 3.6B). Tetanic force was 

generated by pulsed electrical stimulation at 96Hz for 65ms. After each 

measurement, muscle fibre length was increased by 0.2-0.4 mm 

increments. When L0 was identified, the muscle strip was rested for 10 

mins. A single 350ms-long 96Hz tetanic stimulation was then applied and 

the maximal tetanic force achievable by that particular muscle strip was 

measured (Fig 3.7). Preliminary experiments showed that 350ms were 

necessary to achieve the maximal force plateau. 
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Force generated by a muscle strip is dependent on its cross-

sectional area. Therefore, at the end of each experiment, the length and 

weight of each strip was measured and cross sectional area calculated. 

Measurements were made by removing the muscle strip from the 

experimental bath, restretching and pinning it at L0 on a Sylgard chamber. 

The strip was fixed in physiological saline with 5% formaldehyde for 24 

hours. After washing with distilled water and removing rib and central 

tendon attachments, muscle length was measured using a stereo-

microscope. It was then fully dried and weighed using a micro-balance. 

Cross-sectional area (CSA) was calculated as 4.9Md/L0 where M is dry 

mass, d is density (assumed to be 1 mg/mm3), and 4.9 is the wet-to-dry 

ratio (Woledge and Curtin 1993).  

     

Figure 3.6 (A) At the start of each experiment the minimal voltage 

producing optimal force was identified by stimulating the muscle strips 

with increasing voltage and plotting the above force/voltage graph. The 

arrow points to the selected voltage for this particular strip. (B) Repeated 

tetanic stimuli (65ms, 96Hz) given after manually increasing the length of 

the muscle (0.2-0.4 mm steps) were used to identify the muscle length 

that produced optimal force (L0). 
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Figure 3.7 Once L0 was identified using 65 ms-long tetanic stimuli, the 

muscle was rested for 10 mins. Following this, the muscle was stimulated 

for 350 ms (96Hz) to obtain maximal achievable isometric force.  

 

3.2.5.2 Caffeine stimulated force generation 

Following the 350ms stimulation at L0, the muscle strip was rested 

for a further 10 minute period and subsequently stimulated with caffeine. 

This was done by rapidly changing the bathing solution to carbogen-

bubbled physiological saline containing 30mM caffeine and continuously 

recording force generation by the muscle strip. This concentration of 

caffeine was previously reported to produce maximal contraction in 

diaphragm strips (Rossi, Bottinelli et al. 2001). After 3 mins, the caffeine 
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solution was washed off and replaced by caffeine-free physiological 

saline. All force values were normalized to cross-sectional area. 

 

3.2.5.3 Length/Power relationship 

The aim of these studies was to find the muscle length at which 

optimal work and power output were generated (LW). Length was  

incrementally increased in 0.2mm steps with power loops generated at 

each length. Here, the muscle strips underwent a single sinusoidal cycle 

of controlled length change of ±0.4mm at a frequency of 4Hz (equivalent 

to 240 breaths/min). The duty cycle (the fraction of the length change 

cycle where the muscle is stimulated) was set to 0.25 (or 25% of cycle 

length). The phase of stimulation was kept constant at 12%. This value 

refers to the point in the length change cycle that stimulation was started. 

As shown in Figure 3.8, lengthening occurs at 0-25% and at 75-100%, 

while muscle shortening occurs at 25-75%. Electrical stimulation of the 

muscle strip occurs from 12-37% of the cycle at a frequency of 96. These 

values were previously optimized by Stevens and Faulkner (Stevens and 

Faulkner 2000) for diaphragm muscle strips taken from C57 black mice. 

The 4 Hz length change cycle was also shown to produce the optimum 

power output. 

To produce these patterns of movement and measure force 

generation by the muscle, the motor-force transducer  runs in “length-

control mode”. This means that its arm moves according to the pattern 

sent to it by the TestPoint program (in this case sinusoidal pattern).  The 
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torque the motor has to produce (i.e. the electric current it needs) to make 

the movement depends on how much force the muscle is producing 

resisting the movement.  So the current used by the motor is proportional 

to the force the muscle produces. This is used to calculate the force 

produced and plot against length of muscle. 

At each length, two records of force over time were generated. The 

first record was with forced length changes without electrical stimulation, 

while the second was with forced length changes with electrical 

stimulation (Figure 3.8C). The unstimulated record was subtracted from 

the stimulated record to give the active force value; this was plotted 

against length changes measured during the cycle (Fig 3.8D).  

 

The work performed during the cycle was derived by integrating 

active force and length change (i.e. area circumscribed by the active 

force vs. length graph). The average power output from the muscle strips 

is calculated by dividing work done by cycle duration. This value is 

normalized to wet weight, as described above, namely: 

  Wet weight = Dry weight x 4.9  

4.9 is the dry to wet weight conversion factor (Prof Curtin’s calculations).  
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Figure 3.8 Work loop cycles to study diaphragm muscle strip function 

under in vivo conditions. The above traces summarize the protocol. The 

motorized force transducer imposed length changes of ±0.4mm in a 

sinusoidal pattern (A). The muscle was stretched between phases 0-25% 

and 75-100% (equivalent to 0-0.0625s and 0.1875-0.25s) and shortened 

between phases 25-75% (0.0625-0.1875s). The muscle was stimulated at 

96 Hz starting at phase 12% (B), consisting of seven pulses over 0.065s. 

The unstimulated force generated was subtracted from the stimulated 

force to derive active force (C), which was plotted against length change 

as a work loop (D). The area inside the work loop is the net work 

performed during the cycle (adapted from (Stevens and Faulkner 2000)). 
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3.2.5.4 Power output during repeated stimulation 

To investigate changes in power output with repeated stimulation 

and fatigue, loop cycles were repeated over a one-minute period at length 

LW. This simulated in vivo work of the diaphragm with cyclical changes in 

length and tension during respiration. The average respiratory rate of 

three septic mice was 115 breaths/min. Therefore, the cycle frequency of 

controlled length change was set to 2 Hz (duration 0.5s, comprising of 

25% stimulus duty cycle phase 12%, stimulation frequency 96 Hz 

equivalent to 13 stimulation spikes over 0.125s, amplitude=LW ± 0.4mm). 

This was repeated 119 times making a total of 120 cycles over one 

minute (i.e. 120 breaths/min). The force generated during unstimulated 

cycles was subtracted from that during stimulated cycles. The power 

output for each of the 120 cycles was calculated, normalized and plotted 

against time for each muscle strip. 

 

3.2.5.5 Hypoxia experiments 

To understand how altered cellular metabolism and mitochondrial 

function affect the ability of the muscle to do work and generate power, 

the above study was repeated under hypoxic conditions. I envisaged that 

hypoxia would lead to inhibition of mitochondrial respiration and thus 

affect the ability of the muscle cells to maintain power output. 

For each muscle strip, three fatigue runs were performed as 

described above. A single baseline repetitive stimulation cycle (1 minute 

comprising of 120 repeated work loop cycles) was followed by 10 mins’ 
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rest.  The strip was then made hypoxic by switching the bubbling gas to 

95% N2/5% CO2 for 15 mins. A re-run of the repetitive work loop cycles 

was followed by another 15 min rest period switching back to 95%O2 /5% 

CO2. The work-loop cycle was repeated to assess recovery.  

Only a limited number of samples were used due to time 

constraints. The partial pressure of O2 in the bathing solution was 

measured continuously using a large-area-surface (LAS) O2 sensor (0.7 

mm diameter) connected to a monitor (Oxylite, Oxford Optronix, Oxford, 

UK). The sensor sends short pulses of light (475 nm) along a fibre-optic 

cable to a platinum-complex fluorophore located 2 mm from the tip of the 

probe and with a surface area of 8 mm2 in contact with the solution. On 

interaction with O2, the fluorophore emits light (600 nm) back to the 

detection unit, the lifetime of which is inversely proportional to the pO2 

within the solution (Stern-Vollmer equation). Accurate measurements can 

be made in the 0–60 mmHg range. 

 

3.2.5.6 Timing of experiments 

To preserve tissue sample viability, the time taken for each study 

was optimized to allow the muscle to relax and recover adequately, and 

to allow the various protocols to be carried out as quickly as possible. The 

time bias was made to favour the septic tissue so that the first diaphragm 

strips to undergo experiments each day were the septic tissues followed 

by sham tissues. At most, three diaphragms were studied per day. 
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3.2.6 Calcium imaging by fluorescence confocal microscopy 

Calcium-sensitive fluorophores were used to investigate the role of 

calcium signalling in septic myopathy. Diaphragm muscle strips were 

pinned onto a 5 cm diameter Sylgard™ Petri dish filled with oxygenated 

saline solution and transferred to the microscope stage (Zeiss Axioskop, 

Jena, Germany). Dish temperature was maintained at 23°C using a QE-2 

quick exchange heated platform with an SH-27B perfusion and fluid 

warmer connected to a CL-200 dual channel bipolar temperature 

controller (all Warner Instruments, Hamden, USA). 

The chamber was continuously superfused at a rate of 8 ml/min 

with oxygenated (95% O2/5% CO2) saline solution. Preliminary studies 

were performed to obtain optimal conditions for maintaining good viability 

of these diaphragm preparations. 

Pinned muscle strips were bath-loaded with one of the following: 

Calcein (2µM), Fluo-3 and Fluo-4 (5-20µM), Calcium Green (5µM), Rhod-

2, Rhod 5N and Rhod-2FF (all at 5µM) (Invitrogen, Paisley, UK) in a dark 

humidified chamber continuously aerated with 95% O2/5% CO2 for up to 

1 hour. These dyes are conjugated with an acetoxymethyl ester group 

(AM) to make them lipid-soluble and cell-permeable. Once inside the cell, 

the AM group is cleaved by non-specific esterases, releasing the active 

dye that becomes trapped inside the cell. Calcein-AM was used as a 

marker of viability and to study anatomical variations in the muscle strips. 

Fluo-3, Fluo-4 and Calcium Green were used to study cytosolic Ca2+, 

while the Rhod dyes accumulate in mitochondria and allow study of 

mitochondrial Ca2+ (Babcock, Herrington et al. 1997). 
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Pluronic 0.02% (Invitrogen) was added to improve dye loading by 

improving solubilization of these dyes to assist their crossing of the cell 

membrane. Blebbistatin (40µM) (B0560, Sigma Aldrich) was added to 

block muscle contraction as it specifically inhibits actin-myosin interaction 

without interfering with Ca2+ signals (Dou, Arlock et al. 2007; Farman, 

Tachampa et al. 2008). Following dye loading, the muscle strips were 

washed with physiological saline for 15-20 minutes prior to imaging to 

allow equilibration of the dye at its final concentration.  

Fluorescence measurements were made on a Zeiss 510 NLO built 

around an upright epifluorescent microscope (Zeiss Axioskop) with x10, 

x40 and x63 Achroplan water immersion/dipping objectives and 0.4, 0.8 

and 0.9 numerical apertures, respectively.  

Calcein, Fluo-4 and calcium green were excited with a 488nm 

laser line from an argon laser while Rhod dyes were excited with a 

543nm laser from a He-Ne laser. Green fluorescence signals from 

calcein, Fluo-4 and calcium green were collected in a photomultiplier tube 

after passing through a long pass filter set at 505-550 nm. Rhod dye 

signals passed through a long pass 560nm filter prior to detection. The 

pinhole size was adjusted to optimize image resolution and optical slice.  

NADH autofluorescence and Hoechst (nuclear dye) were excited 

by a Chameleon femtosecond pulsed Ti:sapphire multiphoton laser 

(Coherent, Santa Clara, USA) set at 720nm. Illumination intensity was 

kept to a minimum to prevent bleaching or phototoxicity. Emitted light was 

split using a long pass 510nm dichroic mirror. A band pass filter of 435-
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485nm was used for the NADH autofluorescence and Hoechst nuclear 

dye and light collected in a photomultiplier tube. 

Various methods were used to stimulate the muscle strips:  

• Tetanic electrical stimulation was produced using two platinum 

electrodes connected to a signal generator delivering 

monopolar signal at 100Hz over 300ms. The muscle was 

allowed to rest for 2 mins after each tetany; 

• Caffeine stimulation by caffeine (30mM) to perfusion fluid; 

• Potassium depolarisation using potassium (20mmol). 

 

3.2.7 Statistical analysis 

All data were normally distributed. Statistical analysis was 

performed using SPSS 18.0 (IBM) software. Analysis of variance 

(ANOVA) was used to test for statistical significance with the alpha error 

set to <5% (p<0.05).  
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3.3 Results 

3.3.1 Force/Power experiments 

Experiments were performed on two diaphragm strips per mouse. 

The values from the better of the two strips were chosen and analysed as 

various technical problems (such as damage during handling, excess 

glue, T-clip failure etc.) could influence the results from a single strip. 

3.3.1.1 Demographic data  

There was no statistical difference in age or weight between 

groups (Table 3.3).  

 Fed Sham Starved Sham Starved Septic 

Number 9 8 9 

Age (weeks) 35.7 ± 0.8 33.8 ± 0.7 34.4 ± 0.7 

Weight (g) 31.6 ± 1.4 31.2 ± 1.2 33.5 ± 1.5 

24h Temperature (°C)  36.9 ± 0.3 27.5 ± 0.2 * 

Table 3.3 Demographic data of the three groups of mice used in the 

muscle force/power studies ± SEM. *p<0.05 independent sample T-test 

comparing starved septic to the starved sham. 

 

All septic mice were severely ill at 24 hours with clinical scores of 5-6 

(see Chapter 2). This was also evident from their low core temperature. 

One mouse died before the 24-hour time-point. 
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3.3.1.2 Maximal isometric force is reduced in sepsis but not by 

starvation alone 

The maximal isometric force generated by diaphragm strips from 

severely septic mice at 24h was 28% lower than the fed and starved 

sham mice (Figure 3.9 and Table 3.4). This difference was observed in 

both the 65ms and 350ms tetanic stimulations. 

 

 

Figure 3.9 The average isometric force generated by 65ms and 350 ms 

tetanic stimuli of diaphragm muscle strips taken from fed sham, starved 

sham and starved septic mice. Force values are normalized to the cross-

sectional area of the muscle strip. (*p<0.05 one-way ANOVA). 
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 Fed Sham Starved Sham Starved Septic 

L0 (mm) 9.51 ± 0.23 10.1 ± 0.3 9.43 ± 0.25 

Dry mass (mg) 0.667 ± 0.105 0.646 ± 0.086 0.614 ± 0.053 

Cross-sectional 
area (mm2) 

0.343 ± 0.042 0.311 ± 0.034 0.320 ± 0.027 

Resting Force 
(mN/mm2) 

8.1 ± 0.7 7.1 ± 0.8 9.5 ± 0.9 

% F65ms/F350ms 87 ± 2 86 ± 2 82 ± 3 

 

Table 3.4 Characteristics of the diaphragm strips used to measure force 

and power output. There was no statistical difference between groups. 

 

3.3.1.3 Force generation by caffeine stimulation is maintained in 

septic diaphragm muscle strips 

Caffeine directly opens the ryanodine receptor, leading to an 

increase in cytosolic calcium and muscle contraction. Diaphragm muscle 

strips isolated from three of each fed sham, starved sham and starved 

septic mice were used.  

 Figure 3.10 shows the force/time traces of contraction with 

caffeine. These were 20 ± 2%, 14 ± 6% and 40 ± 12% of the isometric 

force generated by tetanic stimulation in fed sham, starved sham and 

starved septic diaphragms, respectively. Despite the reduction in 

electrically stimulated tetanic isometric force generated by septic 
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diaphragms, there was maintained and even improved force generation 

with caffeine.  

 

 

 

Figure 3.10 Isometric force generation in response to tetanic stimulation 

(A) or stimulation with caffeine 30mM (B) of diaphragm muscle strips 

isolated from fed sham, starved sham and starved septic mice. The 

maximum values are summarized in (C) and the ratio of caffeine-

stimulated force to tetanic stimulation is shown in panel (D). Error bars 

are standard deviation. *p<0.05 one-way ANOVA. 
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3.3.1.4 Power output measurements using the work-loop technique 

is lower in muscle strips from septic mice 

The power output of muscle strips isolated from severely septic 

mice at 24 hours performing the 4Hz work loop cycle was 26% and 36% 

lower than from starved sham and fed sham mice, respectively (p<0.05, 

Fig. 3.11A). However, the shapes of the work-loop cycles were similar, 

implying similar contraction and relaxation profiles (3.11B). Although 

there was a trend to a lower power output in starved sham animals when 

compared to fed sham mice, this was not statistically significant. 

 The muscle length at which power output was maximal (LW) was 3-

5% lower than the length producing the maximal isometric force (L0). 

 

Figure 3.11 (A) Power output of diaphragm muscle strips from fed sham, 

starved sham and starved septic mice undergoing work loop cycles at 

4Hz normalized for wet weight of the muscle strip. (B) Representative 

work loop graphs from a mouse diaphragm strip of each group where the 

muscle length was changed throughout the cycle about Lw.  

(Error bars = SEM; *p<0.05 one-way ANOVA). 
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3.3.2 Power output with repeated stimulation over one minute starts 

lower and decline more rapidly in septic muscle strips. 

While the ability of the muscle to do work and generate force is 

vital to its function, its ability to maintain work output is paramount, 

especially in endurance muscles such as the diaphragm. Therefore, the 

power output of the muscle strips during a one-minute repeated work 

cycle, i.e. similar to what it has to perform in vivo, was tested. The cycle 

program was altered (from 4Hz to 2Hz) to simulate the in vivo situation at 

the high respiratory rate seen in severely septic mice (100-120 

breaths/min). Power output with the new program (2Hz length change 

cycles vs. 4Hz cycles used in Section 3.3.5) was 50% lower in all three 

groups. This was also noted by Stevens and Faulkner (Stevens and 

Faulkner 2000) who found that increasing cycle frequency produced 

higher power outputs, peaking at 4-6Hz cycle frequency. 

 Figure 3.12A shows the results of repeating the work cycle loops 

over a one-minute time-course (120 cycles). As seen previously, power 

output was highest in the naïve group, followed by starved sham and then 

starved septic groups. Power output was initially high but rapidly declined 

to a first plateau within 15-20 cycles. This initial decline was similar in all 

three groups, although flatter in the starved septic mice. The length of the 

first plateau was equal in fed and starved sham groups but 15 cycles 

shorter in the septic group (Figure 3.12B). The peak force always 

declined with increasing cycle number and Fig. 3.13 shows how the 

shape of the force length graph changes during a cycle of stimulation. 
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Figure 3.12 (A) Graph showing average power output of diaphragm strips 

taken from fed sham, starved sham and starved septic mice over a 1 

minute period with 120 repeated work-loop cycles. There are three 

phases to the curve. The initial rapid decline into the first plateau, the first 

plateau, and the second decline with the second plateau. (B) The ratio of 

septic to starved sham power output for each cycle shows that the initial 

rapid decline is shallower and the first plateau ends earlier (cycle 30) in 

the starved septic group. By contrast, the plateau ends at cycles 45-50 for 

the fed and starved sham mice. (Error bars represent SEM). 
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Figure 3.13 Representative work-loop cycles of a single mouse muscle 

diaphragm strip from fed sham, starved sham and starved septic mice 

undergoing repetitive work loop stimulation over one minute. The 

numbers correspond to the cycle number. 

 

 

3.3.3 Hypoxia reduces power output with earlier fatigue in repetitive 

work-loop cycles 

Diaphragm strips from three fed sham and two septic mice were 

made hypoxic. The solution pO2 fell to a plateau of 15-20 mmHg (2-2.67 

kPa) after 10 mins of bubbling with the hypoxic mixture. Despite all 

attempts, it was not possible to make the solution more hypoxic as the 

bath was open to air, The fatigue-run program was repeated 15 min after 

gas switching, and for a third time after re-oxygenation for 15 min by 

switching back to 95% O2/5% CO2 (Fig 3.14). Of note, repeated fatigue 

runs at 15 min intervals under the initial hyperoxic conditions had minimal 

effects on power output in successive cycles [Fig. 3.17]). 
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From the outset, hypoxia led to reduced power output (60±5% of 

pre-hypoxia values, p<0.05). The first plateau was significantly shorter 

(ended at cycle 20), while the power output during the second plateau 

was approximately 75% lower, implying that the later part of the fatigue 

cycle programme is significantly more affected than the earlier parts (Fig 

3.15). Similar changes were seen in the two septic tissues.  

 

  

Figure 3.15 Ratio of power output of fed sham muscle strips at different 

cycle numbers to the initial power output of pre-hypoxia, hypoxia and re-

oxygenation treatments. The pattern of power loss during repetitive 

stimulation was similar for the pre-hypoxia and re-oxygenation groups. 

However, stimulation during hypoxia leads to a rapid loss of power.    

 

Upon re-oxygenation, power output improved significantly but only 

achieved 80±5% (p<0.05) of its pre-hypoxia value in naïve mice. In septic 

diaphragm strips, no improvement in power output was seen in the first 
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40 cycles following re-oxygenation (Fig. 3.16), though an improvement 

was seen during the latter parts of the cycling program.  

As expected, these data suggest that mitochondrial inhibition does 

affect the ability of the muscle strips to maintain power output. Re-

oxygenation led only to a partial recovery of function. The small numbers 

studied do not however allow firm conclusions to be drawn. 

 

 

Figure 3.16 Power output of fed sham (left panel) and starved septic 

(right panel) diaphragm muscle strips pre-hypoxia, after 15 min hypoxia 

and following 15 min re-oxygenation. Only 3 naïve and 2 septic muscle 

strips were used in these studies.  
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Figure 3.17 Power output of a diaphragm muscle strip from a fed sham 

mouse undergoing 3 fatigue-runs 15 minutes apart. This was done as a 

control experiment to investigate the effect of repetitive fatigue runs on 

power output under hyperoxic conditions, i.e. 95% O2/5% CO2.  

 

 

 

3.3.4 Live cell imaging to study Ca2+ signal changes in muscle cells 

I spent considerable time and effort to develop and optimize 

techniques to study [Ca2+]c signals in diaphragm muscle strips. Initial 

experiments were focused on improving conditions to maintain tissue 

viability and to understand the anatomical features of the muscle strips. 

Figure 3.18 summarizes some of these anatomical features. A striking 

difference observed between sham and septic tissue was a significant 

pleural hyperplasia found in septic tissue (Figs 3.18C and D).  
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Studying and measuring the Ca2+ signals were significantly 

hampered due to:  

1. Poor loading of cytoplasmic Ca2+ dyes (Fluo-3, Fluo-4 and 

calcium green), even at high bath concentrations of 20µM 

(most investigators use 5µM in adherent cell culture). Methods 

to facilitate dye loading (such as mild tissue digestion using 

collagenase and trypsin to disperse pleural cells) prolonged 

dye loading, and adding surfactant were unsuccessful.  

2. Mitochondrial Ca2+ dyes (Rhod-family) loaded much more 

consistently and concentrated within the mitochondria. The dye 

also equilibrated in the cytoplasm. As it was not possible to 

load cytoplasmic dyes, making a distinction between 

mitochondrial and cytosolic signal was not possible. 

Permeabilization of the muscle fibres provided one avenue for 

study of mitochondrial Ca2+ alone, but the process of 

permeabilization resulted in early opening of the permeability 

transition pore and depolarisation of the mitochondria with 

minimal amounts of Ca2+ (250nM). See CD-ROM for some 

videos of these experiments.   

3. Contraction of the muscle strips with stimulation resulted in the 

muscle fibres moving in and out of the focal plane. This led to 

artefactual changes in the fluorescent signal and persisted 

even after the addition of blebbistatin and maximizing the 

pinhole of the confocal microscope. 
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Figure 3.18 Two dimensional projections of z-stack images of freshly 

isolated and superfused living mouse diaphragms. Image A is from a 

mouse expressing axonal yellow fluorescent protein (YFP), showing the 

course of the phrenic nerve axon and motor-end-plate. NADH 

autofluorescence shows the distribution of mitochondria in the muscle 

fibres. Muscle strips loaded with calcein (cytoplasmic dye) and Hoechst 

(nuclear dye) were imaged at x10 (B) and x40 (C & D). Straight muscle 

fibres can be seen covered by a sheet of pleural cells. Specimens from 

septic mice (C) show a much more confluent layer of pleural cells 

compared to those taken from sham animals (D). Bars indicate 20µm. 
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3.4 Discussion 

Isometric force and power generation were reduced in mouse 

diaphragm muscle strips taken 24 hours after induction of severe intra-

abdominal sepsis and organ failure. The ability to maintain power output 

during repeated cycles of contractions was also reduced in sepsis, 

implying increased fatigue. However, force generation to caffeine 

stimulation was preserved, if not marginally increased.  

 The study was performed in a murine model of intra-abdominal 

sepsis that exhibits biochemical and physiological evidence of multi-organ 

failure. The incidence of severe sepsis rises with age (Angus, Linde-

Zwirble et al. 2001), and although it would have been more realistic to 

have even older mice, a compromise had to be reached with the high 

cost of housing for prolonged periods.  In fact, the age of the mice used 

was equivalent to 40 human years (Turnbull, Wlzorek et al. 2003). Of 

note, in this model severely septic mice at 24h display signs of respiratory 

compromise with visible in-drawing of the chest wall with inspiration as 

well as rising pCO2 levels (4.0 ± 0.6 kPa in starved sham vs. 9.2 ± 2.0 

kPa in severe septic) but maintained pO2 values (Table 2.3).  

 

3.4.1 Muscle force in starvation and sepsis 

The values obtained for maximal force of contraction in fed sham 

mice were much lower than those reported by Stevens & Faulkner 

(Stevens and Faulkner 2000) [118.9 ± 5.6 vs. 207.4 ± 13.4 mN/mm2]. 
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This discrepancy may be due to the older mice in my study (34-36 vs. 9-

12 weeks), marginally lower bath temperatures (23°C vs. 25°C), and a 

40-60 minute delay in starting the experiments due to travel time. At the 

outset I performed a series of optimization protocols to improve these 

force values and my own technical skills to ensure best possible 

conditions for the strips. 

 

3.4.1.1 Effect of starvation on muscle force 

As discussed in the previous chapter, septic mice become 

anorexic soon after i/p injection of faecal slurry. To account for the effect 

of starvation on muscle function, I compared septic mice against both fed 

and starved mice to ensure that observed changes were not purely due to 

starvation. Force generated by the diaphragm strips taken from 24h 

starved sham mice were very similar to that generated by fed sham mice. 

This implies that 24h of starvation has little effect on the ability of the 

diaphragm to generate force, despite a 7.5±1% reduction in body weight.  

Fasted rats, or those fed a hypocaloric diet produced less force of 

contraction at high frequencies of stimulation and showed a faster loss of 

force generation with repetitive stimulation (Jeejeebhoy 1986). Chronic 

malnutrition in Syrian hamsters led to a reduced ability of the diaphragm 

to generate tension (Kelsen, Ference et al. 1985). However, when 

tension was corrected to muscle cross-sectional area (as also done in my 

study) there was no observed change in the tension achieved. The same 
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results were found in adult and adolescent rats starved of food for 90 hr 

(Lewis and Sieck 1990; Lewis and Sieck 1992).  

Thus, short-term starvation has little effect on the ability of the 

diaphragm to generate force when values are corrected for cross-

sectional area.  

 

3.4.1.2 Effect of sepsis on muscle force 

The maximal isometric tetanic forces generated by muscle strips 

from septic mice were 72% of those generated from fed or starved sham 

mice. However, the force produced by high concentration caffeine 

stimulation was equivalent, if not higher, in septic mouse diaphragms, 

compared to both fed and starved sham groups. The ratio of caffeine-

stimulated to tetanic-stimulated force (relative force) was higher in the 

septic diaphragms. This may be a result of reduced membrane excitability 

whereby electrical stimulation produces less influx of calcium than direct 

stimulation of ryanodine receptors by caffeine. Alternative explanations 

may be a higher sensitivity or higher abundance of ryanodine receptors, 

or larger calcium stores in the septic mouse sarcoplasmic reticulum.  

Various factors including membrane inexcitability (Lin, Ebihara et 

al. 1998; Bednarik, Lukas et al. 2003; Rossignol, Gueret et al. 2007), 

altered cellular signalling including Ca2+ dysregulation (Liu, Lai et al. 

2002; Reid, Lännergren et al. 2002; Zhu, Bernecker et al. 2005; Hassoun, 

Marechal et al. 2008; Zink, Kaess et al. 2008), reduced protein production 
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plus proteolysis affecting the contractile apparatus (Tiao, Fagan et al. 

1994; Minnaard, Drost et al. 2005; Rossignol, Gueret et al. 2008), and 

excess reactive oxygen species production (Nethery, DiMarco et al. 1999; 

Supinski and Callahan 2007) have been implicated.  

Excitation-contraction coupling in skeletal muscle starts with 

depolarisation of the sarcolemma and a small influx of extracellular Ca2+ 

into the cell. This Ca2+ binds to and activates ryanodine receptors on the 

sarcoplasmic reticulum (SR), leading to calcium-induced calcium release 

from the SR and muscle contraction (review by (Berchtold, Brinkmeier et 

al. 2000)). Caffeine-stimulated force and Ca2+ transients were both 

reduced at 2-3 days in a sublethal murine sepsis model of caecal ligation 

(Zink, Kaess et al. 2008). This was considered to be due to either 

impaired function or abundance of the ryanodine receptors. They also 

reported an increased sensitivity of the contractile apparatus of the 

muscle fibres to calcium yet the overall effect was a reduction in force 

transients. Similar reduction in twitch strength and Ca2+-induced 

contracture were found in mouse diaphragms 24h following i/p injection of 

lipopolysaccharide (Liu, Lai et al. 2002). Notably, the ryanodine response 

and binding in the SR were also diminished.  

My findings contradict the above studies. This may be related to 

the greater degree of illness severity and organ failure in my model of 

sepsis with a greater effect on sarcolemmal excitability than the SR and 

ryanodine receptors.  Interestingly, Rossignol et al (Rossignol, Gueret et 

al. 2008) showed a 2.4-fold increase in ryanodine receptor-1 mRNA 
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expression with increased passive and active force generation and 

excitation-contraction coupling in muscle of rats after 10 days of sepsis.  

3.4.2 Measuring intracellular Ca2+   

There are few studies of Ca2+ changes in skeletal muscle. In septic 

cardiomyocytes, reductions in L-type Ca2+ currents and Ca2+ transient 

amplitude, reduced SR Ca2+ content, abnormalities in of cytosolic Ca2+ 

removal, Ca2+ leakage from the SR and Ca2+ desensitization of the 

contractile apparatus are all reported (Rudiger and Singer 2007; Flierl, 

Rittirsch et al. 2008). 

To further study changes in diaphragm muscle strips during 

sepsis, I attempted live-cell imaging using confocal microscopy and 

various fluorescent dyes sensitive to changes in cellular Ca2+. Few 

investigators have done this in intact muscle, and none in complex 

preparations such as the diaphragm where muscle is sandwiched 

between two epithelial layers (pleura, peritoneum). Despite considerable 

efforts, my attempts to optimize conditions for consistent dye loading 

were in vain. Fluorescent dyes are made lipid-soluble by adding an 

acetoxymethyl (AM) ester group. This allows the dye to penetrate the cell 

outer membrane. Cytoplasmic esterases break off this ester, thereby 

releasing and trapping active dye molecule in the cell. While this may be 

an efficient way to load dye in monolayer cell cultures, in complex tissues 

with large amount of esterase activity outside the cells, the AM group is 

cleaved before the dye has had a chance to enter the cell (Jobsis, 

Rothstein et al. 2007). 
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In line with Bruton et al (Bruton, Tavi et al. 2003), I found the Rhod 

family of Ca2+ indicators loaded more consistently, achieving higher 

concentrations in the mitochondria. The signal also showed good 

dynamic change with muscle stimulation but it was not possible to 

distinguish the cytosolic from the mitochondrial signal. As cytosol-specific  

Ca2+ dyes were technically difficult to load, the cytosolic signal could not 

be measured separately, and no conclusions about cellular Ca2+ 

homeostasis could be made.  

 

3.4.3 Reduced power output in septic diaphragms  

 The work-loop cycle technique allows measurement of power 

(work per unit time) by muscle strips under conditions that mimic in vivo 

muscle function (Josephson 1993). Power outputs in these experiments 

depend on cycle frequency, muscle length, strain trajectory, phase 

pattern of stimulation, and muscle temperature. For experiments 

performed in this study, parameters already optimized for mouse 

diaphragm were used (Stevens and Faulkner 2000).  

Similar to results obtained for the force experiments, the power 

output of the diaphragm muscle strips was lower than those reported by 

Stevens & Faulkner (10.8±0.6 vs. 21.3± 1.2 mW/g). Again, reasons for 

this difference may be related to age or the temperature at which studies 

were performed (Ranatunga 1998).  
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The power output of diaphragm muscle strips taken from septic 

animals was 64% and 74% of those from fed and starved sham animals, 

respectively. The power output expressed here is a reflection of net work 

done by the muscle, and depends on the maximum force that the muscle 

strips can generate. Therefore, it is not surprising that muscle strips from 

septic animals could do less work and generate less power than those 

taken from sham and naïve animals. 

3.4.4 Diaphragm muscle fatigue in sepsis 

 Muscle fatigue was reported in spontaneously breathing dogs 

given endotoxin (Hussain 1998). However, in a study of patients with 

multi-organ failure, the adductor pollicis muscle did not show any 

fatiguability after 20 minutes of repetitive stimulation, even though 

maximal muscle force was markedly reduced (Eikermann, Koch et al. 

2006).  

I used repetitive work-loop cycles over a one-minute period to 

simulate the in vivo pattern of diaphragm activity. This produced a 

characteristic pattern of power reduction seen in all groups (Fig 3.12) and 

which was reversible with almost full recovery following a short  rest 

period. This pattern, described by Lannergren and Westerblad 

(Lännergren and Westerblad 1991), has three characteristic phases: an 

initial decline (phase 1), a first plateau (phase 2) and a second decline 

(phase 3) (Fig. 1.7). Cellular mechanisms responsible for fatigue were 

discussed in Chapter 1, and are summarized here. During the initial steep 

decline in force/power generation, intracellular Ca2+ rises. This is 
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accompanied by a rapid accumulation of inorganic phosphate (Pi) due to 

breakdown of phosphocreatine to form ATP, and also to breakdown of 

ATP to release energy (Dahlstedt, Katz et al. 2001; Allen, Lamb et al. 

2008). Increasing Pi concentration results in reduced contractile 

apparatus Ca2+ sensitivity and force generation (Martyn and Gordon 

1992). 

After this initial fall, the power output in the muscle strips stabilizes 

to a plateau (phase 2). This is likely a result of recruitment of oxidative 

metabolism that takes seconds to become fully functional. This phase is 

the most affected by hypoxia (Figure 3.14 & 3.15) or treatment with 

cyanide (Lännergren and Westerblad 1991). The switching-on of 

oxidative metabolism can maintain force generation for a short period 

before becoming exhausted in-vitro. Phase 3 of the fatigue cycle is 

therefore characterized by a further drop in force generation and power 

output leading to a second plateau. Importantly, this phase started earlier 

in tissue isolated from septic mice; the ratio of power output during this 

second plateau to the starting power output was lower in septic tissue. 

The reversibility of these changes suggests they may be due to 

depletion of high energy substrates as well as a result of accumulated 

phosphate and other end-products of metabolism (Barclay, Constable et 

al. 1993).  

The mouse diaphragm muscle is predominantly an oxidative 

muscle (Kolbeck and Nosek 1994). Large amounts of mitochondria are 

packed between the contractile apparatus and in the subsarcolemmal 
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space. Hypoxia had a profound effect on all phases of the fatigue curve. 

The initial power output was significantly reduced and phases 1 and 2 

were much shorter. This is likely to be due to reduced availability of high 

energy substrates and their rapid exhaustion. Phase 3 started much 

earlier with a steeper slope, ending in the 2nd plateau where the muscle 

only generated negligible force/power. Clearly, mitochondria are vital to 

sustained muscle contraction by generation of ATP and cycling 

phosphate. Reduced ATP production also affects the SR, where a 

reduction in Ca2+ release and re-uptake leads to less force generation 

and delayed relaxation (Zhang, Bruton et al. 2006).    

 Of note, reoxygenation of the strips over 15 minutes did not fully 

reverse these changes, perhaps due to ischemia-reperfusion injury and 

increased ROS production during re-oxygenation (Walker 1991). 

 Diaphragm strips from the septic mice had a shorter phase 2 and a 

disproportionately lower power generation in phase 3. Applying findings 

from the hypoxia experiments to these results would lead to the 

conclusion that impaired mitochondrial function with reduced ATP 

generation and phosphate cycling likely to play a role in muscle 

dysfunction and fatigue in sepsis. 

 

3.4.5 Limitations of this study 

 Muscle strips were stored and experimented upon in a hyperoxic 

environment. While important to have a high diffusion gradient for oxygen 
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to enter all muscle layers of the preparation, high oxygen levels can 

cause damage through increased ROS production (Amicarelli, Ragnelli et 

al. 1999; Flandin, Donati et al. 2005). All muscle strips from naïve, 

starved sham and septic mice were exposed to the same external 

conditions, though ROS production in septic muscle is higher (Supinski 

and Callahan 2007). Taking this into consideration, I deliberately 

arranged the experimental timings to favour tissue isolated from septic 

animals so they had a shorter exposure time to hyperoxic conditions. 

 Another limitation is that experiments were performed at 23°C 

rather than at in vivo operating temperatures. This has a profound effect 

on muscle function (Ranatunga 1998), but as I was predominantly 

interested in differences in cellular and contractile function between the 

three groups of mice, I selected the low temperature as experience within 

the lab showed this to offer greater viability, thus allowing time for all the 

experimental procedures to be performed. Septic mice also become 

hypothermic (see Chapter 2); this is likely to contribute further to the 

already depressed muscle function, resulting in profound muscle 

dysfunction in vivo. 
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3.5 Conclusion 

Diaphragm muscles isolated from septic mice generate less force 

and power and are more easily fatigued when compared to fed or starved 

sham mice. These changes are independent of anorexia and starvation 

response seen in septic mice and represent a pathophysiological 

response that affects many cellular processes from energy generation to 

membrane integrity, cellular signalling and contractile coupling. Although 

ex vivo data show reduced maximal oxygen consumption and ATP levels 

in skeletal muscle of septic rodents and humans (Brealey, Brand et al. 

2002; Callahan and Supinski 2005), changes in vivo remain poorly 

understood. The data presented here hint at abnormalities in oxidative 

metabolism and energy provision. 

In my study, reduced electrical force generation in septic mouse 

tissue was associated with increased contraction strength with caffeine 

stimulation. These calcium-signalling changes could be of vital 

importance in understanding the pathophysiology of muscle dysfunction, 

and may lead to therapeutic options that may reverse or ameliorate the 

dysfunction seen in sepsis. 
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CHAPTER 4: MITOCHONDRIAL FUNCTION IN SEPTIC MICE 

4.1 Introduction 

Despite many studies describing mitochondrial dysfunction or 

ultrastructural damage in sepsis (e.g. (Brealey, Brand et al. 2002; 

Brealey, Karyampudi et al. 2004) reviewed by (Callahan and Supinski 

2009)), few have shown how these changes affect cellular energy 

turnover and the processes that govern them (reviewed by (Carré and 

Singer 2008)).  

The ability of the mitochondrion to generate a membrane potential 

(Δψm) is paramount in producing ATP (reviewed by (Nicholls and 

Ferguson 2002; Duchen 2004)). Therefore, any process interfering with 

production or maintenance of Δψm may significantly impact on cellular 

energy supply. Lower levels of skeletal muscle ATP (Brealey, Brand et al. 

2002) and an increased population of monocytes with depolarized 

mitochondria (Adrie, Bachelet et al. 2001) in patients with severe sepsis 

suggest mitochondrial dysfunction. However, there is little direct evidence 

of how sepsis affects Δψm in different tissues.  

Skeletal muscle utilizes 30% of resting body energy expenditure 

and is a major producer of heat. In the resting state, this is likely to arise 

predominantly from mitochondrial proton leak that may account for 50% 

of muscle oxygen consumption (Rolfe and Brown 1997). Proportional 

effects on mitochondrial oxidative phosphorylation (coupled respiration) 

and proton leak (uncoupled respiration) in sepsis are uncertain. Increased 

expression of uncoupling proteins 2 and 3 suggest that proton leak may 
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be increased (Yu, Barger et al. 2000; Sun, Wray et al. 2003). Indeed, 

activation of these mitochondrial proteins by superoxide and lipid 

peroxidation products may induce mild uncoupling that may act in a 

negative feedback loop to reduce mitochondrial ROS production by 

lowering Δψm (Brand and Esteves 2005).  

Skeletal muscle dysfunction and wasting in sepsis contribute to 

respiratory failure, a reduced ability to wean patients from mechanical 

ventilation, and long-term weakness (Lanone, Taillé et al. 2005; 

Fredriksson and Rooyackers 2007). The contribution of mitochondrial 

dysfunction and increased uncoupling on sepsis-induced myopathy is 

unknown. However, the generation of ROS is a factor in the development 

of contractile dysfunction in sepsis (Supinski, Murphy et al. 2009).   

The aim of the work described in this chapter was to study the 

interaction between mitochondrial membrane potential, respiratory chain 

activity and ROS production in muscle from septic mice. 

Assessing Δψm in living cell monolayers using fluorescent dyes is a 

well-established technique (Duchen, Surin et al. 2003). However, 

performing such measurements in vivo or in freshly isolated organs and 

tissues represents a significant technical challenge. Therefore, an 

important objective was to develop methods to assess Δψm in freshly 

isolated respiratory skeletal muscle to allow subsequent exploration of the 

impact of sepsis on Δψm.  

These studies were supplemented by modular kinetic studies 

performed in isolated mitochondria that interrogate mitochondrial 
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oxidative phosphorylation in three separate modules: (i) reactions that 

generate Δψm, (ii) reactions that consume Δψm to generate cellular ATP, 

and (iii) reactions that consume Δψm without ATP production (proton leak) 

(Brand 1997; Brand 2010). Simple respirometric measurements were 

also made in permeabilized muscle fibres and isolated mitochondria 

taken from fed sham, starved sham and septic mice. In the isolated 

mitochondria I also examined ROS production under different redox 

conditions by using a variety of substrates and respiratory complex 

inhibitors. Finally, I studied mitochondrial morphology to relate changes in 

function to any ultrastructural damage.  

 

4.2 Methods 

4.2.1 Mouse septic model 

Sepsis was induced in adult (22-25 week old) male C57 black mice 

by i/p injection of faecal slurry (20 ml/kg) under general anaesthesia 

(described in detail in Chapters 2 & 3). Sham mice received 20 ml/kg of 

0.9% saline i/p. All mice received 0.9% saline 10 ml/kg s/c at time 0h, and 

50 ml/kg of 5% glucose/0.81% saline at 6h and 18h time-points.  

 All animals underwent severity scoring at 24h comprising clinical 

scoring according to appearance and behaviour (see Chapter 2), 

measurement of core temperature and weight. This classified the septic 

mice into mild, moderate or severe groups. Increasing severity was 

correlated with worsening biochemical parameters of organ function, 

myocardial performance and muscle function (see chapter 2).   
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4.2.2 Live-cell imaging 

4.2.2.1 Measuring mitochondrial membrane potential (Δψm)  

To directly compare mitochondrial membrane potential (Δψm) of 

septic and sham diaphragm muscle, sham and septic mice were set up in 

pairs. The sham animals had free access to food and water. Twenty-four 

hours after induction of sepsis, mice underwent a midline laparotomy 

under GA to expose the peritoneal surface of the diaphragm. Direct 

cardiac puncture through the central tendon of the diaphragm was 

performed for blood gas analysis and euthanasia.  

The diaphragm was excised en-bloc with the attached ribs forming 

the lateral borders and pinned at resting length onto a Sylgard™ Petri 

dish (Fig 4.1.A) filled with buffered saline solution (final constituents 

(mM): Na+ 145, K+ 5, Ca2+ 2, Mg2+ 1, HCO3
- 25, Cl- 126, SO4

2- 1, PO4
3- 1, 

Glucose 10mM, tubocurare 2.5µM; see table 3.1). Tubocurare was added 

to prevent spontaneous activity of the neuromuscular junction. The 

pinned preparations were stored in buffered saline and continuously 

bubbled with 95% O2 / 5% CO2.  

Strips of muscle (3-4mm wide) from paired sham and septic 

diaphragms were dissected along the length of the muscle fibres with the 

ribs and central tendon forming each end. A strip from each mouse was 

then pinned onto another Sylgard™ imaging chamber (Petri dish) and 

transferred to the microscope stage. This ensured that imaging conditions 

were equal. The tissues were continuously superfused at a rate of 8 

ml/min with oxygenated buffered saline solution (see fig. 4.1B & C).  
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Figure 4.1 Mouse diaphragm pinned onto a Sylgard™ Petri dish (A). 

Strips of diaphragm muscle from septic and sham animals were dissected 

parallel to the muscle fibres and pinned onto the same Sylgard™ imaging 

chamber, thus maintaining the same condition for both (B). Microscope 

and perfusion set-up used for dye loading and imaging the muscle strips 

(C). The perfusion manifold consisted of multiple 60ml syringes 

connected to the imaging chamber with 3-way taps to select the perfusion 

solution. All syringes contained saline solution (± oligomycin or FCCP) 

and were gassed continuously with 95% O2 / 5% CO2.  

 

Preliminary studies were performed to optimize imaging and 

storage conditions to improve tissue viability. Muscle preparations were 

stored at room temperature and imaged at 23°C. The muscle strips 



 168 

remained viable for longer at this temperature rather than 37°C, and it 

was technically easier to keep a constant temperature in the imaging 

chamber. Temperature was maintained using a quick exchange heated 

imaging platform (QE-2, Warner Instruments, Hamden, USA) and fluid 

warmer for perfusion fluid (SH-27B, Warner Instruments) connected to a 

dual channel bipolar temperature controller (CL-200). 

Tetramethylrhodamine methyl ester (TMRM) (Invitrogen, Paisley, 

UK) was used to assess Δψm. This lipophilic cationic dye freely crosses 

cell membranes and accumulates in the cytoplasm and negatively 

charged mitochondrial matrix. Accumulation of TMRM in mitochondria 

therefore depends on the plasma membrane potential and Δψm (Fig. 4.2). 

At low bathing concentrations of TMRM (50-100nM used in these 

experiments) the dye fluorescence intensity is linear to its concentration 

(Duchen, Surin et al. 2003). As the concentration of TMRM is not linearly 

related to Δψm, it is not possible to calibrate the signal to obtain exact 

values of Δψm. However, the approach can be used to compare Δψm in 

groups of cells/tissues (Duchen, Surin et al. 2003). 
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Figure 4.2 TMRM is a highly lipophillic cationic fluorescent dye that easily 

crosses cell membranes and accumulates in negatively charged 

compartments. It is concentrated ~10x in response to the plasma 

membrane potential and from there into the mitochondria. The more 

negative the value of Δψm, the larger the accumulation of TMRM in the 

mitochondrial matrix.  

 

4.2.2.2 Measuring mitochondrial redox state 

Measurements of mitochondrial redox state by NADH and FAD2+ 

(flavoprotein) autofluorescence intensity in living cells can help identify 

defects in the mitochondrial respiratory chain. NADH and FADH2 are 

oxidized by complexes I and II, respectively, to form NAD+ and FAD2+. 

Only the reduced form of NADH and the oxidized form of FADH2 (i.e. 

FAD2+) are fluorescent. Thus, under high reducing conditions such as 

hypoxia, as the respiratory chain becomes inhibited, [NADH] 

autofluorescence rises, while [FADH2] increases and FAD2+ 
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autofluorescence drops (Fig 4.3). The opposite configuration occurs when 

the respiratory chain becomes highly active (e.g. after addition of the 

uncoupling agent- FCCP), where NADH is oxidized to NAD+ and FADH2 

oxidized to FAD2+ (Duchen 2004). 

Excitation of NADH and FAD2+ autofluorescence in the diaphragm 

muscle strips proved to be a significant challenge. The FAD2+ signal was 

very weak, even at high laser powers where phototoxicity was commonly 

seen. Excitation of NADH autofluorescence also required high laser 

energy levels, but phototoxicity was not observed. Therefore, only NADH 

autofluorescence was measured. 
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Figure 4.3 A) Diagram showing respiratory chain with substrates in the 

form of NADH and FADH2 supplied to complexes I and II by the Krebs’ 

cycle. Hypoxia or the addition of cyanide leads to inhibition of complex IV 

resulting in rising levels of NADH and FADH2.  

B) Traces showing NADH (blue trace) and FAD2+ (green trace) 

autofluorescence changes following addition of cyanide (CN-) and the 

uncoupling agent FCCP (carbonyl cyanide 4-(trifluoromethoxy) 

phenylhydrazone). Addition of CN- results in maximal reduction of NADH 

and flavoproteins while FCCP results in maximal oxidation with reciprocal 

changes in the autofluorescence signal (taken from (Duchen 2004)). 
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4.2.2.3 Fluorophore excitation, microscope set-up and experimental 

protocol to measure Δψm and NADH autofluorescence 

Fluorescence measurements were made on an upright 

epifluorescent microscope (Zeiss Axioskop, Carl Zeiss International, 

Herts) with a x63 Achroplan water dipping objective and 0.9 numerical 

aperture. Fluorophore excitation was provided by a femtosecond pulsed 

Ti;sapphire tunable multiphoton laser (Coherent Chameleon, Santa Clara, 

USA). Excitation wavelength of 720nm was used for both NADH and 

TMRM excitation with illumination intensity kept to a minimum to achieve 

good signal/noise ratio and to prevent photo-bleaching. Two separate 

photomultiplier tubes detected the emitted light, which was first split by a 

long pass 510nm dichroic mirror. A band pass filter of 435-485nm was 

placed before the photomultiplier tube detecting NADH autofluorescence 

and 560-615nm for TMRM fluorescence.  

TMRM dye-loading in resting diaphragm muscle strips took 45 

mins to reach steady state, after which baseline measurements of TMRM 

and NADH fluorescence were made. The ATP synthase inhibitor, 

oligomycin (10 µg/ml, Sigma-Aldrich, Dorset, UK), was then added to 

observe changes in Δψm and NADH autofluorescence following inhibition 

of ATP production. Under normal conditions, ATP synthase inhibition by 

oligomycin reduces consumption of the proton-motive force and results in 

a rise in Δψm. The rising Δψm also results in reduced flux through the 

respiratory chain, thereby increasing NADH autofluorescence. However, 

as discussed in chapter 1, under conditions where mitochondria become 
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depolarized the ATP synthase reverts back to its ATP hydrolysing 

function whereby the complex consumes ATP to pump protons out of the 

mitochondrial matrix and maintain Δψm to avoid apoptosis. Addition of 

oligomycin under these conditions results in complete depolarization of 

the mitochondria. Therefore, addition of oligomycin can differentiate 

states where mitochondria are depolarized as a result of high ATP 

production and flux through the respiratory chain, from other states where 

a pathological process has resulted in ATP synthase to switch back to its 

native ATPase activity (Garedew, Henderson et al. 2010).   

 Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) 

(1µM, Sigma-Aldrich, Dorset, UK), a protonophore that allows free 

movement of protons across membranes, was added to dissipate Δψm. 

This ensured that the TMRM signal was truly mitochondrial and allowed 

measurement of NADH autofluorescence under oxidizing conditions and 

high flux through the respiratory chain. Furthermore, at high 

concentrations, TMRM molecules form non-fluorescent aggregates, 

which have the effect of quenching the fluorescent signal. Mitochondrial 

depolarization with FCCP and the resulting redistribution of the dye into 

the cytosol, relieves the quench and is seen as an increase in signal 

intensity. Therefore, addition of FCCP helps to ensure that a low TMRM 

signal is not a result of quenching of the fluorescence due to high Δψm. 

 Stepped z-stacked images (10 at 4µm apart) were taken in all 

three states (baseline, after oligomycin, after FCCP) and assimilated to 

form a single projection for measurement of TMRM and NADH 
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fluorescent intensity. For each diaphragm strip three different fields of 

muscle cells corresponding to the brightest regions of the specimen were 

imaged. Intensity measurements were made from at least 5 cells per field 

using the region of interest tool (Zeiss LSM software); values from the 

three fields of cells were averaged to give a single result per specimen. 

Average, standard deviation and standard error of mean were calculated 

and statistical comparison made within the group (i.e. sham or septic) 

using ANOVA with repeated measures and between the two groups using 

Student’s t-test for each state (baseline, +oligomycin, +FCCP). No power 

calculations were made prior to these experiments as it was unclear how 

Δψm would vary between subjects and in sepsis. An arbitrary number (8 

subjects per group) was chosen and results analyzed once enough 

animals had been recruited. 

 

4.2.3 Permeabilized skinned muscle fibre respirometry 

These experiments were performed early in my project using the 

original sepsis model (see chapter 2.2.1.2) with tunneled intravascular 

lines and IV fluid resuscitation. At 24h post-induction of sepsis, mice were 

euthanized and tibialis anterior muscle from both legs dissected and 

placed into a Petri dish with ice-cold relaxation and preservation solution 

(BIOPS, Table 3). The muscle was then dissected using two sharp 

forceps into individual fibre bundles. The paler the fiber bundles became, 

the higher the degree of fibre separation (Kuznetsov, Veksler et al. 2008).  
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Saponin (50µg/ml final concentration) was used to permeabilize 

the plasma membrane. This concentration has a selective affinity for 

cholesterol-rich membranes, thus permeabilizing the cell membrane but 

leaving mitochondrial membranes intact (Saks, Veksler et al. 1998). 

Ultrastructural studies show good preservation of mitochondrial 

morphology in saponin-permeabilized cells (Veksler, Kuznetsov et al. 

1987; Lin, Krockmalnic et al. 1990). Saponin was applied for 20 minutes 

on ice while gently stirring, and followed by 3 five-minute washes in ice-

cold mitochondrial respiratory medium (R05) [Table 4.2].   

 

Compound Concentration 
(mM) 

CaK2EGTA 2.77 

K2EGTA 7.23 

MgCl2.6H2O 6.56 

Dithiotheritol (DTT) 0.5 

K-MES 50 

Imidazole 20 

Taurine  20 

Na2-ATP 5.7 

Na2phosphocreatine 15 

Table 4.1 Constituents of relaxation solution (BIOPS) pH 7.1 at 0°C. Ionic 

strength (160mM), free Ca2+ (0.1µM). 
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Compound Concentration 
(mM) 

EGTA 0.5 

MgCl2.6H2O 3 

K-lactobionate 60 

Taurine 20 

KH2PO4 10 

HEPES 20 

Sucrose 110 

Bovine serum albumin 1g/l 

Table 4.2 Constituents of respiratory medium (R05) pH 7.1 at 30°C. 

Lactobionate is present here as a substitute biological anion for the high 

K+ concentration and reported to help preserve mitochondrial function 

(Kuznetsov, Veksler et al. 2008). Free Ca2+ (0.0µM), K+ (90mM), Na+ 

(0mM), Osmolarity (310mOsmoles).  

 

A Clark electrode (Rank Brothers, Cambridge, England) with 2.5ml 

Perspex electrode chambers was used to measure muscle fibre oxygen 

consumption. This polarographic detector consists of a central platinum 

working electrode (cathode) surrounded by a well housing a silver/silver 

chloride counter/reference electrode (anode), with potassium chloride 3M 

solution as the conductor between the electrodes. A semi-permeable 

Teflon membrane separates the electrode from the sample held in a 

temperature controlled chamber above the electrode (fig. 4.4). 
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Figure 4.4 Rank Brothers’ Clark electrode system (image from Rank 

Brothers’ manual).  

 

Polarization of the platinum electrode (-0.6V) with respect to the 

silver electrode leads to reduction of oxygen molecules that reach it from 

the sample chamber through the gas-permeable Teflon membrane 

resulting in the following reaction:  

O2 + 2H2O + 4e → 4OH-  

At the same time, oxidation takes place at the silver electrode: 

4Ag + 4Cl- - 4e → AgCl  

Thus the overall electrochemical process that occurs is as follows: 

4Ag + O2 + 2H2O + 4Cl- → 4AgCl + 4OH 
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The following expression describes the relationship between the current 

and the pO2 within the electrode: 

id = 4·F·Pm·A·pO2 / b 

where F = Faraday’s constant (9.64 x 104 C.mol-1), Pm = O2 permeability 

of the Teflon membrane (1.05 x 10-12 mol.atm-1.s-1), A = surface area of 

the platinum working electrode (0.031 cm2) and b = thickness of the 

Teflon membrane (12.5 x10-4cm). In a test medium of air-saturated water 

(pO2 0.2 atm), the oxygen electrode would have an id value of 

approximately 2mA. 

Clark electrode current readings were plotted twice per second 

using version 5 Chart software (AD Instruments, Chalgrove, Beds). The 

signal was transduced using a PowerLab AD signal transducer. The 

instrument was two-point calibrated (200µM O2 at room pressure at 30°C, 

and zero point by disconnecting the output from the electrode). The zero 

point was verified daily by adding a saturating amount of Na2S2O5 that 

rapidly de-oxygenated the medium within the chamber. The chambers 

were washed multiple times with double-distilled water and 70% ethanol 

after calibration and between experiments, and filled with 1ml of air-

saturated respiratory medium R05 for 5 mins prior to addition of the 

muscle fibres.  

Muscle fibres were blot-dried and weighed. Between 2-10mg (wet 

weight) of muscle fibres were used per run. Fibres were rapidly 

transferred to the electrode chamber that was sealed by replacing the lid. 

As muscle fibres respired, the pO2 in the chamber dropped. This was 
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plotted against time for measurement of oxygen consumption rate, and 

normalized to the wet weight of tissue added to the chamber.  

Mitochondrial function was studied using the same series of steps 

for each set of muscle fibre bundles. State 2 respiration represented the 

first slope after closure of the chamber in the presence of glutamate 

(10mM) and malate (5mM) as complex I substrates. State 3 respiration 

(ADP-sensitive respiratory rate) followed addition of ADP 2mM. Succinate 

(10mM) was then added to donate electrons to the respiratory chain via 

complex II. The increase in respiratory rate with succinate indicated 

successful permeabilization of the sarcolemma as succinate is not lipid-

soluble, and unable to enter an intact cell membrane. The same is true 

for ADP. Cytochrome c (10µM, Sigma) was added to assess the integrity 

of the outer mitochondrial membrane. Significant enhancement (>5-15%) 

of respiration with exogenous cytochrome c would imply that muscle 

fibres were over-treated, with excess permeabilization of the outer 

mitochondrial membrane and release of endogenous cytochrome c 

(Kuznetsov 2008).  

To measure the ADP-insensitive rate of oxygen consumption 

(synonymous to State 4 respiration in isolated mitochondria, or proton 

leak), oligomycin (5µg/ml, Sigma) was added to the chamber. Maximal 

oxygen consumption was then obtained by adding FCCP (0.8µM) to 

uncouple the respiratory chain from ATP synthesis and depolarize the 

mitochondria. Finally, the complex III inhibitor, myxothiazol was added to 

stop mitochondrial respiration to allow calculation of extra-mitochondrial 
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oxygen consumption. The ADP-sensitive rate of O2 consumption was 

calculated by subtracting the ADP-insensitive and extra-mitochondrial 

components from the state 3 respiratory rate (Fig. 4.5). A summary list of 

substrates and inhibitors and their mechanism of action is shown in Table 

4.3. 

 

Figure 4.5 Diagram showing the components of respiration in the 

permeabilized muscle fibres. 

At least three sets of fibre bundles were examined per animal and 

the results averaged. The results from each group (sham vs. septic) were 

pooled and mean, standard deviation and standard error calculated. 

Student’s t-test was used to look for statistical differences between 

groups. 
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4.2.4 Modular kinetic analysis of mitochondrial function in sepsis 

To further investigate the impact of sepsis on oxidative 

phosphorylation, a modular kinetic analysis method was used. Due to the 

amount of mitochondria required for these experiments, mitochondria 

were isolated from all the skeletal muscle of a mouse, including lower 

limb, back and respiratory muscles. Three groups of mice were 

examined: fed sham, starved sham and starved septic. The mouse model 

was the new model described in section 2.2.1.3. The mice underwent 

clinical severity scoring at 24h time-point and euthanized by cervical 

dislocation prior to removal of the skeletal muscle. 

4.2.4.1 Preparation of isolated mitochondria from skeletal muscle 

4.2.4.1.1 Solutions 

CP1 solution - 1 litre was made daily and cooled overnight to 4°C: 

• KCl (100mM) [7.46g in 1L of double distilled water]; 

• Tris/HCl (50mM) [6.06g/L]; 

• EGTA (2mM) [760 mg/L] 

• pH was corrected to 7.4 at 4°C using HCl. (pH 7.1 at room 

temp.)  

CP2 solution - this was used for digestion of the minced muscle slurry 

and made fresh using 100ml of the CP1 solution with the following added:  

• ATP (1mM, Sigma) 55mg 

• MgCl2.6H2O (5mM, Sigma) 102mg 

• Defatted Bovine Serum Albumin (0.5%, Sigma) 0.5g 

• Protease Type VIII [(245.7units/100ml, Sigma P 5380)] 21mg 

• pH was adjusted to 7.4 prior to addition of MgCl2.  
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All constituents were purchased from Sigma-Aldrich. Both solutions were 

kept on ice at all times. 

 

4.2.4.1.2 Skeletal muscle mitochondria isolation procedure 

 Following euthanasia, and skin preparation with 70% ethanol, all 

lower limb, back and respiratory skeletal muscles were systematically 

removed and placed in a sterile beaker filled with ice-cold CP1 solution. 

After removal of fat and connective tissue, the muscle was weighed and 

minced using sharp blades on a glass plate placed on ice. The muscle 

slurry was washed 5x with ice-cold CP1 to remove as much fat as 

possible. Remaining muscle was subsequently protease-digested by 

incubation in CP2 solution for 2.5 minutes while gently stirring on ice 

(10ml of CP2 was added per 1g of muscle tissue). The mixture was then 

homogenized using a medium fit 40ml Dounce homogenizer on ice with 

<6-7 strokes of the homogenizer.  

Homogenized tissue was spun at 4˚C for 10 min at 490g 

(Beckman Coulter, High Wycombe). Supernatant was filtered through two 

layers of muslin and spun at 4˚C for 10 min at 10,400g. The pellet was 

resuspended in CP1 medium and re-spun at 4˚C for 10 min at 10,400g. 

The final pellet (mitochondria) was resuspended in a small volume of CP1 

(0.6-0.8 ml) and the protein concentration measured using a BCA protein 

assay kit (ThermoFisher Scientific, Loughborough, Leics) using bovine 

serum albumin as protein standards, and absorbance reading at 560nm 

in a multi-plate reader (Biotek, Potton, Beds). 
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4.2.4.2 Quality control of the isolated mitochondria 

4.2.4.2.1 Respiratory control ratio 

The integrity of the isolated mitochondria was checked by 

measuring the respiratory control ratio (RCR) in a Clark electrode 

(Rasmussen, Andersen et al. 1997; Brand and Nicholls 2011). 

Respiratory control ratio has been quoted to be the single most important 

general measure of function in isolated mitochondria, where high values 

indicate good function low values imply dysfunction (Brand and Nicholls 

2011).  

The instrument set-up was the same as described for the 

permeabilized muscle fibre respirometry. Mitochondria (0.35mg/ml) were 

added to the Clark electrode chamber kept at 30°C, and energized by 

addition of the complex I substrates, pyruvate 5mM and malate 2.5mM. A 

small pulse of ADP (200µM) switched the mitochondria into State 3 

respiration (ADP-dependent respiration) until all ADP was converted to 

ATP. State 4 respiration (ADP-independent) commenced thereafter (Fig. 

4.6). The RCR was calculated as the ratio of the State 3:State 4 oxygen 

consumption rates: 

RCR =  State 3 oxygen consumption rate 
    State 4 oxygen consumption rate 

 
Ratios of 3-10 have been quoted as acceptable RCR ratios (Rasmussen, 

Andersen et al. 1997; St-Pierre 2002).  
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Finally, the chemical uncoupling agent, FCCP (1-3µM) was added 

to obtain the maximal oxygen consumption rate; a three-fold rise in 

respiratory rate has been used an indicator of good mitochondrial quality 

(St-Pierre 2002). 

 

Figure 4.6 Measuring RCR by pulsed addition of ADP (200µM) to a 

chamber containing mitochondria energized by pyruvate and malate. 

State 3 (ADP-dependent) respiration switches to State 4 (ADP-

independent) once all the ADP is converted to ATP. FCCP was then 

added incrementally to measure maximal respiratory rate. 

 

4.2.4.2.2 Citrate synthase (CS) activity 

To ensure equal recovery of mitochondria from the skeletal muscle 

homogenate in all three groups of mice, CS activity was assayed at each 

stage of the centrifugation process (graphically shown in Fig. 4.7). Citrate 
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synthase, a citric acid cycle enzyme, catalyses the condensation of 

oxaloacetate and acetyl-CoA in the mitochondrial matrix to form citryl-

CoA and free Coenzyme A.  

Acetyl-CoA + oxaloacetate + H2O → Citrate + CoA + H+ 

CS activity is often used to quantify the amount of mitochondria in 

tissues. Activity was measured in both homogenates and supernatants at 

each step of the isolation process by multiplying the volume of the sample 

by the activity calculated per ml of sample: 

 Total CS activity of sample=Activity/ml of sample x sample volume 

  

Citrate synthase activity was measured by mixing study samples 

with oxaloacetate and acetyl CoA, and plotting the rate at which free CoA 

was produced. The production of free CoA was followed by reacting it 

with 5, 5` dithio-bis (2-nitrobenzoic acid) (DTNB) to form thionitrobenzoic 

acid (TNB), with intense absorption at 412nm wavelength (Srere 1972): 

CoA-SH + DTNB → TNB + CoA-S-S-TNB 

Therefore, the change in absorption change per unit time indicated the 

rate of free CoA production and, therefore, CS activity. 
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Figure 4.7 Schematic showing the various steps of the mitochondrial 

isolation process. The volume of homogenates/supernatants were 

measured and 0.5ml frozen for CS activity measurement. CS activity per 

ml of sample multiplied by sample volume was total sample activity. 

 

4.2.4.2.2.1 Stock solutions for measuring citrate synthase activity 

Tris Buffer: 100mM Tris/0.1% v/v Triton; pH 8.0 

• Trizma base 12.011g plus Triton X-100 1ml dissolved to a final 

volume of 1L in water 

• pH adjusted to 8 with concentrated HCl at 30°C  

• stored at 4˚C 
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Frozen stocks 

Acetyl-CoA 10mM 

• Acetyl CoA 8.1 mg dissolved in 1ml of Tris buffer 

• 0.2 ml aliquots stored at -20˚C 

Fresh stocks 

Oxaloacetate 20mM 

• Oxaloacetate 5.3mg dissolved in 2ml of stock Tris buffer 

DTNB [5, 5` dithio-bis (2-nitrobenzoic acid)] 20mM  

• DTNB 7.9mg dissolved in 1mL of stock Tris buffer 

• Addition of few crystals of KHCO3 as necessary to dissolve. 

Samples were diluted and repeated in triplicate in a 96 well plate. 

Each well consisted of 10µl of diluted sample, 186µl of Tris/Triton buffer, 

2µl of acetyl CoA (100µM) and 2µl of DTNB (200µM) solution. 

Absorbance (412nm) was serially measured at 30°C for 3 mins using a 

SpectraMax M2 plate reader (Molecular Devices, MDS Analytical 

Technologies, Sunnyvale, CA, USA). This measured the oxaloacetate-

independent background absorbance and was followed by addition of 

10µl of oxaloacetate (1mM) per well for the oxaloacetate-dependent 

reaction. Calculation of CS activity used the Beer-Lambert law:  

Δc = ΔA/ε.l 

where Δc is change in concentration of TNB, ΔA is change in absorbance, 

ε is extinction coefficient for TNB (13.6 L/mol/cm) and l is the length (cm).

  



 188 

The results for each animal group were averaged and standard 

deviation and standard error of mean calculated. Statistical analysis was 

performed using one-way ANOVA.  

 

4.2.4.3 Modular kinetic analysis experimental protocol 

Modular kinetic analysis was performed in isolated mitochondria 

within a specially adapted 7ml Clark electrode chamber with a custom-

made lid that allowed placement of methyltriphenylphosphonium (TPMP+) 

and reference electrodes into the assay chamber (Fig. 4.8). TPMP+ is a 

hydrophobic cation that easily crosses cell membranes and accumulates 

within the mitochondrial matrix. The TPMP+ electrode consists of a 

platinum wire soldered onto a low-noise coaxial cable surrounded by a 

PVC tube sleeve filled with TPMP+ solution (0.5µM). The free end of the 

sleeve is covered by the TPMP+ membrane and immersed in the 

sampling solution. This set-up allows simultaneous measurement of O2 

consumption and Δψm to investigate how alterations in one, affects the 

other. 

After addition of 3.5ml assay buffer (Table 4.4) and mitochondria 

(0.35mg/ml) to the chamber, the lid was closed and the TPMP+ electrode 

calibrated with five 0.5µM sequential changes in TPMP+ concentration 

(Fig. 4.11). This was done at the beginning of each experimental run and 

allowed conversion of voltage readings by the electrode to actual Δψm 

values. The O2 electrode was also calibrated with 100% and 0% O2. 

Additions of substrate and inhibitors were made using Hamilton micro-
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syringes (World Precision Instruments, Sarasota, USA). A list of all 

substrates and inhibitors used is shown in Table 4.3 and their sites of 

action in Figure 4.9. 

 

 

 

Figure 4.8 Specially adapted 7ml Clark electrode with a lid that allows 

placement of a TPMP+ electrode to simultaneously measure Δψm and 

oxygen consumption. The chamber is surrounded by a water jacket to 

maintain temperature at 37°C.  
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Reagent Function [Final] [Stock] Vol. added 
µ l/ml 

TPMP+ Measuring Δψm 0.5µM 
pulses 

0.5mM 1 

Rotenone Inhibitor Complex I  5µM 2mM in 
ETOH 

2.5 

Nigericin Ionophore 
converting pH 
gradient into 
Voltage 

100nM 100µM in 
ETOH 

1 

Oligomycin Inhibitor ATP 
synthase 

1µg/ml 1mg/ml in 
ETOH 

1 

Potassium 
Cyanide 

Inhibitor complex IV 1mM 0.5M 2 

Myxothiazol Inhibitor complex III 
(at Qp site) 

2µM 100µM 2 

Antimycin A Inhibitor complex III 
(at Qn site) 

2µM 100µM 2 

FCCP Mitochondrial 
Uncoupler 

0.2-1µM 0.1-3mM 
ETOH 

1 

Malonic acid Inhibitor complex II 0.05-1mM 0.5M  

Succinate Substrate complex II 8-10mM 1M 28-30 

Glutamate Substrate complex I 10mM 1M 10 

Malate Substrate complex I 5mM 0.5M 10 

Pyruvate Substrate complex I 5mM 1M 5 

ADP  1-2mM 0.5M 1-2 

 

Table 4.3 Stock solutions and final concentrations of substrates and 

inhibitors used for experiments in the oxygen electrode. 
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Figure 4.9 Graphical representation of the mitochondrial respiratory chain 

showing the various sites of action of substrates and inhibitors used in the 

experiments in this chapter. 

 

Compound Final 
Concentration 

KCl 120mM 

KH2PO4 5mM 

HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) 

3mM 

EGTA (Ethylene glycol tetra acetic acid) 1mM 

Bovine serum Albumin (de-fatted) 0.3% (3mg/ml) 

 

Table 4.4 Constituents of the assay buffer used for the isolated 

mitochondria and Amplex red experiments. 
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4.2.3.3.1 Titration protocols 

Three titration protocols were used to assess the three modules 

that govern Δψm (illustrated in figure 4.10) (Brand 1995):  

1. Reactions generating Δψm (substrate kinetics) – testing 

substrate translocases, dehydrogenases and respiratory chain; 

2. Reactions consuming Δψm to synthesize ATP (phosphorylation 

kinetics), which includes ATP synthesis (F1F0-ATPase), 

transport (adenine nucleotide translocator-ANT) and turnover; 

3. Reactions consuming Δψm without generating ATP (proton 

leak kinetics). 

  

Figure 4.10 A simplified illustration of mitochondrial bioenergetic 

pathways. The various processes have been split into 3 groups of 

reactions: 1) reactions that generate Δψm (substrate kinetics), 2) reactions 

consuming Δψm to generate ATP (phosphorylation kinetics), and 3) 

reactions that consume Δψm without generating ATP (leak kinetics). 

(Adapted from (Nicholls and Ferguson 2002)) 
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4.2.3.3.1.1 Set-up protocol 

This “set-up protocol” was used each day for calibrations and 

system checks, including assessment of TPMP+ electrode response, 

TPMP+ binding correction and FCCP saturation concentration at 37°C. 

Following addition of mitochondria, rotenone (5µM), nigericin (100nM) 

and oligomycin (1µg/ml) to the respiratory medium, the 5-point TPMP 

electrode calibration was undertaken. Nigericin was added to convert the 

pH gradient across the inner mitochondrial membrane to voltage. 

Rotenone was added to block reverse electron flow to complex I following 

addition of succinate.  

Succinate (8mM) was then added to energize the mitochondria 

resulting in consumption of oxygen and generation of Δψm. The 

development of Δψm resulted in movement of TPMP+ into the 

mitochondrial matrix and a drop in the free molecule concentration in the 

respiratory medium (manifested as a drop in the TPMP+ electrode voltage 

reading). After reaching steady state, FCCP (1.5µM) was added to 

depolarize the mitochondria and increase oxygen consumption until the 

oxygen tension in the chamber reached zero. The starting oxygen level 

and the zero point were used for two-point calibration of the Clark 

electrode (100% and 0% points). FCCP was also added at the end of all 

experimental runs to depolarize the mitochondria and correct for the drift 

of the TPMP+ electrode. 
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4.2.3.3.1.2 Substrate oxidation kinetics 

This protocol examined the reactions that produce Δψm. 

Mitochondria (0.35mg/ml), rotenone (5µM), nigericin (100nM) and 

oligomycin (1µg/ml) were added to respiratory medium in the Clark 

electrode. After calibration of the TPMP+ electrode, respiration was 

initiated by addition of succinate (8mM) and Δψm titrated with five 

additions of FCCP (up to 1.0µM). Increasing proton leak (as a result of 

the sequential additions of FCCP) resulted in lowering of Δψm and 

increasing O2 consumption. A plot of corresponding steady state values of 

Δψm and O2 consumption at different concentrations of FCCP represents 

the substrate kinetics.  

 

4.2.3.3.1.3 Phosphorylation kinetics 

 For this protocol, mitochondria were added with rotenone and 

nigericin as before, but without oligomycin (Fig. 4.11). TPMP electrode 

calibration was followed by addition of succinate (8mM) to energize the 

mitochondria. Respiration was then switched to State 3 (ADP-sensitive) 

by addition of ADP (2mM) leading to a small drop in Δψm as mitochondrial 

respiration was stimulated to produce ATP. Serial additions of malonate 

(14, 28, 56, 112 and 224µM final concentration), an inhibitor of succinate 

dehydrogenase-complex II, resulted in decreasing Δψm and O2 

consumption which, when plotted, represent the state 3 kinetics.  
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 O2 consumption rates at the varying values of Δψm reflect both O2 

consumption for ADP phosphorylation as well as proton leak. Therefore, 

to calculate phosphorylation kinetics, the proton leak kinetic curve was 

subtracted from the State 3 curve. 

 

4.2.3.3.1.4 Proton leak kinetics 

Here, proton leak was measured at varying Δψm. Mitochondria 

(0.35mg/ml) were incubated with rotenone (5µM), nigericin (100nM) and 

oligomycin (1µg/ml). Respiration was initiated and Δψm generated by 

succinate (8mM). Serial additions of malonate (14, 28, 56, 112 and 

224µM final concentration) resulted in decreasing Δψm and O2 

consumption.  A plot of the corresponding values represented the proton 

leak kinetics. Changes in Δψm and O2 consumption were plotted to show 

proton leak kinetics. The TPMP-binding correction was taken to be 0.35 

(mg/µl protein). 

 

4.2.3.3.1.4 Statistical analysis 

 To test for statistical significance in the modular kinetics data 

between the three groups of mice, respiration rates between flanking 

values of Δψm were interpolated and one-way ANOVA used to test for 

differences (SPSS version 18.0 software). Tukey and Dunnet Post Hoc 

tests were used to define the significance.   
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Figure 4.11 Recordings of oxygen consumption (top trace) and TPMP 

signal (bottom trace) during a State 3 kinetic experiment and malonate 

titration. Additions to the chamber have been marked (see text for 

details).  The 100% O2 content refers to the air saturated medium at 

37°C. Each experiment started with calibration of the TPMP electrode 

with 5 concentrations of TPMP (numbered 1-5, and a typical calibration 

curve shown in the insert). The TPMP voltage reading increases with free 

concentration of TPMP in the medium. The addition of succinate 

energises the mitochondria and the development of Δψm results in 

movement of TPMP into the mitochondria. The lower free TPMP in the 

chamber is seen as a drop in voltage reading. Five malonate additions 

amounting to 14, 28, 56, 112 and 224µM final concentration inhibit 

respiration and sequentially depolarize the mitochondria with rising 

voltage reading. FCCP was added at the end to fully depolarize and 

correct for drift of the electrode. 
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4.2.4 Mitochondrial ROS production  

4.2.4.1 Measurement of Reactive Oxygen Species (ROS) production 

by isolated mitochondria using Amplex Red fluorescence 

ROS production by mitochondria isolated from the skeletal muscle 

of the three mouse groups described above were measured under a 

variety of conditions using different substrates and inhibitors. Amplex Red  

(Invitrogen, Paisley, UK) was used to measure ROS production (St-Pierre 

2002). This dye reacts with hydrogen peroxide (H2O2) in a 1:1 

stoichiometry in the presence of horseradish peroxidase (HRP). The 

oxidation product is fluorescent resorufin (excitation 571nm, emission 

587nm) (Product information A22188, Invitrogen, (Zhou, Diwu et al. 

1997)). 

Isolated mitochondria (0.3mg/ml in mitochondrial respiration buffer 

were incubated at 37°C with superoxide dismutase (SOD; 30 units/ml 

[Sigma S757]), HRP (6 units/ml; [Sigma P8375]) and Amplex® Red 

(50µM). Superoxide dismutase converts superoxide to hydrogen 

peroxide. Excess amount of SOD and HRP were used in order to convert 

all superoxide produced by the mitochondria to H2O2 (St-Pierre 2002).  

 Experiments were performed in 96 well plates and read in the 

SpectraMax M2 plate reader. ROS production was measured with 

mitochondria energized with either pyruvate-malate (5:2.5 mM) through 

complex I, or succinate (5 mM + rotenone 5µM) through complex II. The 

rate of H2O2 production with the two different sets of substrates were 

measured following addition of ADP (1mM), oligomycin (1µg/ml), 
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antimycin A (2µM), myxothiazol (2µM) or rotenone (5µM). These agents 

affect mitochondrial ROS production in different ways depending on their 

site of action (Figure 4.9 & 4.12 for principle sites of ROS production).  

  

Figure 4.12 Diagram of the respiratory chain showing the principal sites 

of superoxide production at complexes I and III. 

 

 Control readings were made with and without mitochondria and 

substrates. Measurements were performed in duplicate for each condition 

and the rates averaged. Final H2O2 production rates were calculated by 

subtracting control rates with and without mitochondria from the averaged 

rate. The layout of the 96-well plate is shown in Fig. 4.13. 

To convert the rate of fluorescent emission change to the H2O2 

production rate, calibration curves were plotted by adding known amounts 

of H2O2 (0, 0.25, 0.5, 1, 2, 3, 4, 6µM) to the assay medium with Amplex 
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Red, HRP and SOD. These were performed with and without 

mitochondria to establish interference of mitochondria with the 

measurement assay. Standard curves were linear up to 6 µM H2O2 (Fig. 

4.14). The slope of the standard curves with mitochondria was 65% that 

of control curves without mitochondria; implying they partially quench 

resorufin fluorescence. Antimycin-A inhibits complex III at the Qn site, 

allowing maximal ROS production to be measured for this site. In 

contrast, myxothiazol inhibits complex III at the Qp site resulting in lower 

ROS production (Muller, Roberts et al. 2003). 

  

Figure 4.13 Layout of 96-well plate for measuring ROS production in 

isolated mitochondria by reacting H2O2 with Amplex Red. H2O2 standards 

are in columns 1 & 2 (without mitochondria) and 3 & 4 (with 

mitochondria). Substrate added is indicated at the top of the plate and 

ADP/inhibitor addition on each well. Columns 11 & 12 were controls 

without mitochondria.  
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Figure 4.14 Hydrogen peroxide standard curves obtained by addition of 

increasing concentrations of H2O2 to standard buffer containing Amplex 

Red ± mitochondria. The higher the H2O2 concentration, the higher the 

resorufin fluorescence. Mitochondria quench some of the fluorescence so 

that the slope is less steep. The slope of the curves were used to convert 

changes in fluorescence to rates of H2O2 production.  

 

4.2.5 Diaphragm muscle electron microscopy 

Diaphragm strips from 24h septic and sham mice were pinned at 

resting length onto a Sylgard-filled Petri dish and fixed in 1.5% 

paraformaldehyde/1.5% glutaraldehyde in phosphate buffer at 5°C for 

24h. After wash with phosphate-buffered saline [Oxoid] and post-fixing 

using 1% osmium tetroxide/1.5% potassium ferricyanide, they were 

washed with distilled water and dehydrated using graded alcohols (30%, 

50%, 70% (x2) and 100% (x3)). They were then infiltrated with 50% 

alcohol / 50% Lemix (TAAB) epoxy resin mixture overnight and the next 



 201 

day infiltrated with 100% Lemix resin for at least 6h, followed by 

polymerization at 70° C overnight. 

Sections were cut longitudinally along the length of the muscle 

fibre on a Reichert-Jung ultracut E microtome and collected on 300HS, 

3.05mm copper grids (Gilder). They were stained with saturated uranyl 

acetate in 50% ethanol (TAAB) and Reynolds lead citrate, and viewed 

under a Philips CM201 transmission electron microscope. 

 

4.2.5.1 Reagents used for EM studies 

Glutaraldehyde - 20ml 20% paraformaldehyde [Analar BDH] + 16ml 

25% glutaraldehyde [TAAB] + 59mls phosphate buffered saline [Oxoid] 

Osmium tetroxide - 1% osmium tetroxide [Analar BDH] + 1.5% 

potassium ferricyanide [BDH] in PBS [Oxoid] 

Toluidine blue stain - 1% toluidine blue [Raymond Lamb] with 0.2% 

pyronine [Raymond Lamb] in 1% sodium tetraborate [Analar BDH]. 

Reynolds lead citrate – Solutions of 1.33g lead nitrate [BDH] in 15ml 

distilled water and 1.76g sodium citrate [BDH] in 15ml distilled water are 

mixed together. The resulting precipitate is dissolved with 8 ml 1M 

sodium hydroxide [BDH], to achieve a final volume of 50ml 

Lemix epoxy resin - Lemix A (25mls) + Lemix B (55mls) + Lemix D 

(20mls) are combined with 2 ml BDMA in a plastic resin bottle. 
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4.3 Results 

4.3.1 Skeletal muscle mitochondrial membrane potential is lower in 

mice with severe sepsis 

Diaphragm strips from 10 sham and 10 septic mice (2 mild, 8 

severe) were imaged. There were no differences in baseline demographic 

data for the sham and septic mice. However, similar to data presented in 

Chapter 2, the severe septic mice had gained weight at the 24h time-

point (Table 4.5). The muscle strips were loaded with TMRM 100nM for 

45 minutes. 

 Sham Septic p value 

Age (weeks) 22.8 ± 0.8 22.8 ± 0.8 1.0 

Weight 0h (g) 31.4 ± 1.1 30.5 ± 1.0 0.51 

Weight 24h (g) 30.4 ± 1.1 * 31.1 ± 0.9 0.63 

Weight change (g) -1.0 ± 0.4 0.6 ± 0.5 0.031 

Temperature 24h (°C) 37.5 ± 0.3 31.3 ± 0.8 0.001 

Severity score 24h 0 4.9 ± 0.4 0.000 

 

Table 4.5 Data of sham and septic mice used in the TMRM fluorescence 

experiments to measure Δψm. The severity score was based on a clinical 

scoring protocol in Chapter 2: mild 0-2, moderate 3-4, severe 5-6.  

 

 The cellular distribution of TMRM (Fig. 4.15) was identical to the 

distribution of mitotracker green (another cationic lipophilic fluorescent 

dye with preferential loading in mitochondria), NADH autofluoresence and 
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mitochondrial distribution in the electron micrographs (see Fig. 4.27). Two 

distinct subpopulations of mitochondria (subsarcolemmal and interfibrillar) 

were identified. The interfibrillar mitochondria, found between the 

contractile apparatus, were arranged in rows of paired mitochondria 

arranged perpendicular to the sarcolemma and running along the entire 

muscle cell. 

 Baseline TMRM fluorescence was consistently and significantly 

lower in septic diaphragms compared to sham controls (p=0.016 

independent sample t-test) [Figs 4.16 and 4.17]. This signifies a lower 

Δψm in the septic group. Addition of oligomycin led to an increase in 

TMRM fluorescence in both sham and septic tissues. The proportional 

increase in fluorescence was higher in the septic group (30±5% rise; 

p<0.001) compared to shams (16±8; p=0.056 paired sample t-test). 

However, the absolute fluorescent values obtained after addition of 

oligomycin were not statistically different between the two groups (p=0.1).  

 Addition of FCCP resulted in loss of the mitochondrial TMRM 

signal with redistribution of the dye through the cytosol forming a 

homogenous cellular signal. This confirmed that the distribution of the 

fluorescent signal was indeed mitochondrial, and that the lower baseline 

signal intensity in the septic tissue was not the result of quenching of the 

TMRM fluorescence.  
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Figure 4.15 (A) TMRM fluorescence pattern in diaphragm muscle cells 

imaged by multiphoton confocal microscopy. (B) NADH autofluorescence 

pattern in the same cell. (C) High magnification image of living muscle 

cell loaded with the mitochondrial dye, Mitotracker Green showing 

characteristic double band pattern of interfibrillar mitochondria (arrowed). 

Z-stack 3-D image projection of a diaphragm strip loaded with Mitotracker 

Green showing muscle cells and pleural cells in the periphery (D).  
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Figure 4.17 The average intensity of TMRM fluorescence in the isolated 

diaphragms of sham and severe septic mice at 24h  

*p=0.016 independent sample T-test; p<0.001 paired sample t-test 

comparing oligomycin to baseline fluorescence in the septic group.  

 

4.3.2 NADH autofluorescence in sham and septic groups were equal 

NADH autofluorescence stimulation required significantly higher 

laser power and signal averaging. Average fluorescence readings at 

baseline, after addition of oligomycin and FCCP are shown in Figure 

4.18. There were no statistically significant difference noted between 

sham and septic tissues. As expected, oligomycin led to an increase in 

signal intensity (but did not reach statistical significance) while FCCP 

resulted in a drop in intensity (p<0.01). 
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Figure 4.18 NADH autofluorescence of diaphragm muscle strips isolated 

from sham and septic mice at 24h. Fluorescence intensity increased 

following addition of oligomycin (10 µg/ml) and fell with FCCP (1 µM). 

Error bars are SEM.  

* p<0.01 repeated measures ANOVA comparing FCCP intensity values 

with the oligomycin and baseline values within the same group.  

 

4.3.3 Permeabilized muscle fibre oxygen consumption did not 

change with sepsis severity  

Tibialis anterior muscles were isolated from 5 sham, 8 mild septic 

and 5 severely septic mice at 24h. These experiments were carried out 

using the original model of sepsis where mice had tunneled vascular lines 

and received i/v fluid resuscitation (see section 2.2.1.2). This model was 

later abandoned due to a high mortality of the sham group. 
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The rate of O2 consumption by the permeabilized muscle fibres 

was dependent on the partial pressure of oxygen in the chamber, so that 

oxygen consumption rate dropped with decreasing oxygen content, 

particularly when below 150 µM O2 (Fig 4.19). This was likely to be due to 

diffusion limitation of O2 into the fibres. Saks et al (Saks, Veksler et al. 

1998) eliminated this problem by increasing the O2 concentration of their 

chamber to >400µM and re-oxygenating when O2 content fell below a 

threshold. However, high O2 concentrations (twice atmospheric) could not 

be supported in the Rank Brothers’ chamber due to rapid diffusion out of 

the chamber (data not shown). Therefore, all measurements were made 

at oxygen concentrations between 150-210 µM, corresponding to the 

linear part of the graph, and the chamber was periodically re-oxygenated 

(Fig 4.20) (Kuznetsov, Veksler et al. 2008). 

 Unlike isolated mitochondria, the addition of small pulses of ADP 

to permeabilized muscle fibres led to continuous State 3 respiration, with 

no switch to State 4 once the ADP had been phosphorylated. This is 

likely to be due to the presence of ATPases in the muscle cells that 

hydrolyze ATP and therefore recycle ADP (personal communication, Prof 

Valdur Saks, University of Grenoble, Grenoble, France). 

 No significant differences were found in raw respiratory rates 

between the groups (Table 4.6). Addition of succinate and ADP increased 

respiratory rate, confirming permeabilization of the sarcolemma (sham 

21±6%, mild 25±8%, severe 31±6%; p<0.05 paired t-test). Cytochrome c 

addition, to identify outer mitochondrial membrane integrity, led to an 

11±6% increase in respiratory rate, which was within acceptable limits of 
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5-15% (Kuznetsov, Veksler et al. 2008). There were no statistical 

differences in the calculated rates between groups though there was a 

trend to lower ATP-sensitive rate and higher ATP-insensitive rate (proton 

leak) in severe sepsis (p=0.07 with Bonferroni correction requiring p-

value of <0.017; Fig. 4.21). 

 

 

Figure 4.19 State 3 respiration (ADP-dependent) of permeabilized 

muscle fibers with glutamate/malate as substrate. The O2 consumption 

rate was dependent on O2 content. Re-oxygenation at 70 mins confirmed 

that neither substrate nor ADP limitation were causative, and this effect 

was not time-dependent. O2 consumption was linear between 150 to 200 

µM O2.  
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Figure 4.20 Typical recording from a Clark electrode chamber with 

permeabilized muscle fibres energized initially with glutamate and malate 

(State 2 respiration). State 3 respiration commenced after addition of 

ADP. O2 consumption was calculated from the slope of the graph 

(ΔO2/Δt). The chamber was re-oxygenated periodically (upward arrows).  

 Fed sham Mild Septic Severe Septic 

Glutamate/Malate + ADP 3.86 ± 0.26 3.4 ± 0.34 3.62 ± 0.48 

+Succinate 4.66 ± 0.38* 4.16 ± 0.28* 4.68 ± 0.52* 

+Oligomycin 2.20 ± 0.16 2.18 ± 0.26 2.82 ± 0.32 

+FCCP 4.08 ± 0.20 3.38 ± 0.30 4.10 ± 0.34 

+Cyanide 0.44 ± 0.10 0.46 ± 0.06 0.54 ± 0.08 

Table 4.6 Respiratory rates (nmoles O/min/mg wet weight ± SEM) of 

permeabilized muscle fibres isolated from sham, mild and severely septic 

mice with sequential addition of substrates and inhibitors. *p<0.05 

repeated measure t-test comparing succinate rate to glutamate/malate 

only rate.  No statistical differences between groups (OW - ANOVA). 
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Figure 4.21 State 3 O2 consumption and its components (see figure 4.5) 

in permeablized tibialis anterior fibres from wild-type sham and septic 

mice at 24h. State 3 corresponds to O2 consumption in the presence of 

glutamate, malate, succinate and ADP. Error bars represent SEM. No 

statistical significant differences were found between the groups. 

 

4.3.4 Respiratory kinetics in isolated mitochondria. 

 To further investigate differences in oxidative phosphorylation and 

proton leak in skeletal muscle, a systems-based modular kinetic 

approach was used (Brand 1997). The three modules that govern Δψm 

were examined individually (see Fig. 4.10). 

 Eight fed sham, 8 starved sham and 13 starved severe septic mice 

were used for these studies. Three septic mice were excluded as one 

died <24h and the other two only developed mild sepsis. Starvation was 

started after the i/p saline/faecal slurry injection at time 0h. Demographic 
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data are shown in Table 4.7. To isolate sufficient mitochondria, muscle 

from two corresponding animals were pooled. Significant time was spent 

optimizing the isolation process and control experiments were performed 

to test the quality and yield of mitochondria. 

4.3.4.1 Respiratory control ratio of skeletal muscle mitochondria 

were equal in all three groups of mice 

The quality of mitochondria isolated were tested in a respirometry 

chamber immediately post-isolation by measuring State 3 and State 4 

respiratory rates and calculating the respiratory control ratios (a typical 

titration can be seen in Figure 4.5). No difference was noted in the 

respiratory control ratios between the three different groups (Table 4.8). 

 Fed sham 
(n=8) 

Starved Sham 
(n=8) 

Starved septic 
(n=10) 

Age (weeks) 21.0 ± 0.4 23.2 ± 0.6 * 23.6 ± 0.3 * 

Weight 0h (g) 28.7 ± 1.5 30.4 ± 1.1 30.1 ± 0.4 

Weight 24h (g) 28.0 ± 1.5 27.4 ± 1.1 32.2 ± 0.4 ** 

% weight change -0.2 ± 0.7 -8.3 ± 0.8 * 6.7 ± 0.6 ** 

Temperature 24 (°C) 37.1 ± 0.2 36.8 ± 0.1 28.0 ± 0.4 ** 

Muscle mass (g) 3.78 ± 0.20 4.16 ± 0.22 4.07 ± 0.10 

Table 4.7 Demographic data for the three groups of mice used in the 

isolated skeletal muscle mitochondria experiments. Values are ± SEM. 

Muscle mass of skeletal muscle dissected from each mouse were similar 

in all groups. *p<0.05 One-way ANOVA significance for starved sham vs. 

fed sham and starved septic vs. fed sham; **p<0.05 One-way ANOVA 

significance for starved septic vs. both starved and fed sham groups.  
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 Fed Sham (8) Starved Sham (8) Starved Septic (10) 

State 3 395 ± 14 312 ± 22 320 ± 98 

State 4 138 ± 30 92 ± 18 113 ± 45 

RCR 3.0 ± 0.6 3.5 ± 0.9 2.9 ± 0.5 

Maximal FCCP 694 ± 120 822 ± 224 522 ± 65 

Table 4.8 Isolated skeletal muscle mitochondrial respiratory rates from 

the three groups of mice (nmol O/min/mg mitochondrial protein). Pyruvate 

5mM and malate 2.5mM were used as substrate. Addition of 200µM ADP 

to the chamber switched mitochondria from State 4 to State 3 respiration. 

FCCP (1µM) was added later to measure full mitochondrial capacity. No 

statistical differences were found between the three groups. 

 

4.3.4.2 Mitochondrial yield was equal in all three groups of mice 

 A criticism of experiments using isolated mitochondria is the 

potential selection bias of isolation of healthy mitochondria (Kantrow, 

Taylor et al. 1997). I thus sought differences in yield isolated from muscle 

from septic mice compared to sham mice. Total mitochondrial content at 

each stage of the mitochondrial isolation process was measured using 

citrate synthase (CS) activity (see Figure 4.7 for summary of stages of the 

isolation process).  

Percentage citrate synthase activity in the final mitochondrial 

pellets compared to the initial muscle homogenates were similar between 

groups (43±11% fed sham, 38±23% starved sham, 41±9% starved septic; 

mean ±SD; p>0.05) [Fig. 4.22]. The same was found in the discarded 



 214 

supernatants. However, the sum of measured CS activity at the various 

stages did not add up to the initial activity in the muscle homogenate, 

implying a significant unmeasured loss of activity through the 

centrifugation process (33±9% fed sham, 35±14% starved septic).  

 

 

Figure 4.22 Total citrate synthase (CS) activities of the homogenates and 

supernatants at different stages of the mitochondrial isolation procedure. 

Muscle homogenate was the product of digestion and homogenization of 

skeletal muscle after low speed centrifugation and filtration through 

muslin. Total CS activity for each sample was calculated by multiplying 

the measured CS activity (per ml) by the volume of the sample. (Error 

bars=SD) 
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4.3.4.3 Mitochondrial kinetic measurements  

Three experimental protocols were used to investigate substrate 

oxidation, ADP phosphorylation and proton leak kinetics in the isolated 

skeletal muscle mitochondria. Each experiment lasted 10 minutes and 

additions of substrates and inhibitors were strictly time controlled to avoid 

time-dependent increases in proton leak. Respiration rates between 

flanking values of Δψm were interpolated to allow comparison between 

the three groups. Phosphorylation kinetics were calculated by subtracting 

the proton leak respiration rates from the state 3 rates at the same value 

of Δψm, and then fitting a curve by interpolation (Fig. 4.23).  

 Proton leak kinetics were similar between the groups (p= 1.0; Fig. 

4.23 A&B). However, the phosphorylation kinetics were significantly lower 

in the severe septic mice, where, at a given membrane potential, the 

phosphorylation rate was significantly decreased (207±26 fed sham, 

157±53 starved sham, 120±30 starved septic nmol O/min/mg; p<0.05) 

[Fig. 4.23 C-F]. This was despite the substrate kinetics of the severe 

septic and fed sham mice being identical (Fig.4.24).  

Substrate kinetics in the starved sham group were lower than both 

fed sham and septic groups (316±19, 230±17, 312±22 nmol O/min/mg; 

p<0.05) [Fig. 4.24], but the phosphorylation kinetics of the starved sham 

mice did not differ from the fed sham group. 

Therefore, in summary, the reactions that generate Δψm were 

affected by starvation alone, while the phosphorylation pathways were 

affected in the severe septic mice. Proton leak was unchanged. 
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Figure 4.23 (A & B) Proton leak kinetics at varying Δψm with comparisons 

made at -170mV. Mitochondria were incubated with oligomycin and 

energized with succinate (+rotenone). Respiratory chain was sequentially 

inhibited by serial additions of malonate while measuring O2 consumption 

and Δψm. (C & D) Raw State 3 kinetic curves and (E & F) the calculated 

phosphorylation curve (State 3 – proton leak) with comparisons at -

170mV. Phosphorylation was started by addition of saturating amount of 

ADP to mitochondria energized with succinate (+rotenone) in the 

absence of oligomycin. Respiratory chain was sequentially inhibited by 

serial additions of malonate (complex II inhibitor).  *p<0.05 one-way 

ANOVA significance of septic vs. both sham groups. 



 217 

 

Figure 4.24 Substrate kinetics curves (left panel) with comparisons made 

at -170mV (right panel). Mitochondria were energized with succinate 

(+rotenone) and serially depolarized with small additions of FCCP while 

measuring both Δψm and O2 consumption.  

** p<0.05 one-way ANOVA starved sham vs. fed sham and septic 

groups.  

 

4.3.5 Reactive Oxygen Species production was higher in starved 

sham and septic skeletal muscle mitochondria  

Initial studies assessed ROS production in intact living diaphragm 

muscle strips using the fluorescent dyes, dihydroethidine (DHE) and 

Mitosox (mitochondrially-targeted DHE). Inconsistent dye loading and 

lack of response to stimulators of ROS production led to their 

abandonment. A validated method of measuring ROS production by 

isolated skeletal muscle mitochondria was used instead (St-Pierre 2002). 

 Mitochondrial respiration was fuelled by malate/pyruvate (complex 

I substrate), or succinate (+rotenone to prevent reverse electron transfer 

through complex I). Typical recordings are shown in Fig 4.25. Corrections 
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were applied to all traces as described in the methods. Fluorescence 

values were converted to H2O2 levels using standards in the same 96-

well plate measured under the same conditions. 

 With malate/pyruvate as substrate, mitochondria from septic mice 

produced 49% more ROS than from fed sham mice (p<0.05 one-way 

ANOVA). ROS production increased significantly in all groups after 

addition of antimycin A, myxothiazol and rotenone. Though no statistical 

difference was seen between groups, there was a tendency for septic 

mitochondria to produce more ROS than either starved or fed sham 

groups (Figure 4.26 A).  

 With succinate as substrate, more ROS were produced by starved 

sham and severe septic mitochondria compared to fed sham mice (150-

270% higher depending on inhibitor added) [Fig. 4.26 B]. Addition of ADP 

resulted in a drop in ROS production (36% drop in fed sham, 61% in 

starved sham, 57% in septic; 0<0.02 paired t-test). Addition of rotenone 

resulted in a 20% reduction in ROS production (p<0.02 paired t-test).  
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Figure 4.25 Typical recordings of Amplex Red fluorescence 

change as a result of reaction with H2O2. Mitochondrial respiration 

through complex I was started with the addition of pyruvate/malate. 

Addition of different inhibitors produced differing rates of ROS 

production. Rates were calculated after 6 mins when the rate 

became linear.  
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4.3.6 Mitochondria in septic mouse diaphragms were 

morphologically similar to sham fed. 

Random longitudinal sections were cut from diaphragms of three 

fed sham and three severe septic mice. Images (three per mouse 

diaphragm) were obtained using transmission electron microscopy. The 

observers, Dr Innes Clatworthy (EM Unit, Royal Free Hospital, London); 

Dr Janice Holton (Consultant Histopathologist, National Hospital for 

Neurology and Neurosurgery, London); and myself were blinded to the 

mouse groups. 

 Similar to confocal studies, two distinct mitochondrial sub-

populations, subsarcolemmal and interfibrillar, were seen (Fig. 4.27). 

Subsarcolemmal mitochondria were arranged in pockets adjacent to 

nuclei along the cell length. Significant morphological heterogeneity exists 

between individual mitochondria. Crucially, no gross differences were 

noted in shape, size or cristae structure between sham and septic mice. 

Swollen mitochondria were seldom imaged in any of the specimens thus 

no formal morphometric measurements were made. 

 Many lipid droplets were seen throughout the muscle cells in most 

of the specimens and were much more prominent in the septic samples 

(Fig. 4.28). Most of these droplets were in close contact with the 

interfibrillar subpopulation of mitochondria. 
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Figure 4.27 Images of mouse diaphragm muscle fibres in longitudinal 

section taken with transmission electron microscopy. A & C were from 

septic mice, B & D from fed sham mice. Interfibrillar mitochondria were 

arranged in pairs running perpendicular to the sarcolemma along the 

length of the muscle cell (arrowed-A). Large numbers of subsarcolemmal 

mitochondria (SC) were arranged in pockets beneath the sarcolemma 

around the nuclei (B & C). Hypodense and swollen mitochondria were 

seldom seen in either sham or septic muscles (arrowed-D). The size and 

shape of muscle mitochondria are heterogeneous, often taking the shape 

of the space they are confined in. 
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Figure 4.28 Electron micrographs of septic diaphragm muscle cut 

longitudinally. Large number of lipid droplets interspersed between long 

chains of interfibrillar mitochondria (A, B & C) and among 

subsarcolemmal mitochondria (D). The droplets have a characteristic 

high-density rim with a homogenous hypodense centre. They are tightly 

adherent to adjacent mitochondria.  
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4.4 Discussion 

Summary of key findings in this chapter are shown in Table 4.9. 

Tissue Measurement Mouse 
model 

Groups Findings 

Resting Δψm  

(TMRM fluoresc.) 

New Fed sham 
Septic 

Δψm lower in septic 
muscle.  

No depolarisation after 
oligomycin, but a clear 
increase in Δψm.  

Living 
diaphragm 
muscle 

 

Resting redox state 

(NADH fluoresc.) 

New Fed sham 
Septic 

No difference in redox 
state. 

Tibialis 
anterior 

Permeabilized 
muscle fibre 
respiration  

(Clark electrode) 

Old Fed sham 
Septic 

↑ uncoupled respiration in 
septic (trend only). 

Complex I: 

• State3/State 4  
• RCR 

(Clark electrode) 

New Fed sham 

St. sham 

St. septic 

No difference. 

Citrate synthase recovery 
equal in all groups. 

Modular kinetics:  

• Substrate kinetics 

• Proton leak  

• Phosphorylation  

(Clark electrode + 
TPMP electrode) 

 Fed sham 

St. sham 
St. septic 

Substrate kinetics ↓ in 
starved sham. 

Proton leak same in all 

Phosphorylation ↓ in 
septic group. 

 

Isolated 
mitochondria 
(From all 
body 
muscles) 

ROS production 

(Amplex Red) 

 Fed sham 
St. sham 
St. septic 

↑ ROS in starved sham 
and septic groups 

Diaphragm 
muscle 

Electron 
microscopy 

New Fed sham 
Septic 

Mitochondrial morphology 
equal in septic and sham. 

↑ lipid droplets in septic 

Table 4.9 Summary of key experiments and findings in this chapter. The 

mouse model, tissue and technique used are indicated. (St. = starved)  
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Though numerous studies have reported changes in mitochondrial 

physiology in isolated mitochondria or tissue homogenates, few have 

looked at these in living tissues isolated from animals/humans with sepsis 

(Adrie, Bachelet et al. 2001). The aim of the experiments in this chapter 

were to develop techniques and explore mitochondrial physiology to gain 

insight into the interaction between mitochondrial respiration, ∆ψm and 

ROS production in tissues freshly isolated from the mouse model of 

sepsis I had developed. Considerable effort went into designing 

techniques and optimization conditions for imaging the diaphragm (some 

preliminary work was also done in liver slices). The major advantage of 

using the diaphragm is that the muscle is naturally flat and thin, making it 

ideal for microscopy and easier to oxygenate. It is also predominantly an 

oxidative muscle in mice, it is a major muscle of respiration, and is 

functionally affected during sepsis and recovery (Callahan and Supinski 

2005).  

 

4.4.1 Lower Δψm in diaphragm muscles of septic mice 

A major finding was that TMRM fluorescence from mitochondria of 

resting diaphragms isolated from septic mice was consistently lower than 

that of fed sham animals, implying that Δψm is lowered in sepsis. Although 

the reduction in Δψm cannot be readily calibrated, the difference in TMRM 

fluorescence was significant both in magnitude and statistically. 

Furthermore, a significant rise in TMRM uptake was seen in septic 

muscle following addition of oligomycin (inhibitor of ATP synthase). This 
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shows that (i) the Δψm was not being maintained by reverse function of 

the ATP synthase and (ii) the lower Δψm in septic tissue was as likely a 

result of higher ATP synthase activity. This result is intriguing, as it 

suggests higher ATP synthase activity and ATP turnover in resting septic 

diaphragms.  

From these findings, the apparent reduction in Δψm is not likely to 

be due to a higher mitochondrial proton leak (e.g. through uncoupling 

proteins or ANT), or an inability to generate Δψm due to defects in the 

respiratory chain since the addition of oligomycin led to a rise in Δψm, and 

no difference in the baseline or post-oligomycin NADH autofluorescence 

between the fed sham and septic diaphragm strips were found.  

 Adrie et al (Adrie, Bachelet et al. 2001) reported more monocytes 

with fully depolarised mitochondria in septic patients compared to 

controls. This proportion was greater in patients that went on to die, 

implying that Δψm may be a useful prognostic indicator. Ruzicka et al 

(Růzicka, Skobisová et al. 2005) noted reduced Δψm in hepatocytes 

isolated from rats given LPS. This was associated with a 3-fold rise in 

UCP2 mRNA suggesting increased proton leak as a possible mechanism. 

Similarly, isolated mitochondria from brain homogenates of CLP-treated 

mice showed a lower respiratory control ratio due to higher State 4 (ATP-

uncoupled) respiration despite an unchanged State 3 (ATP-coupled) 

respiratory rate (d'Avila, Santiago et al. 2008). Speculative mechanism for 

these changes included induction of uncoupling proteins (leading to 

higher proton leak). Other studies, however, have not shown change in 

proton leak in sepsis (Yu, Barger et al. 2000).  
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In my study, all imaging conditions were equal for all muscle 

preparations and it is unlikely that the observed results were due to 

environmental factors. However, there was a significantly higher 

confluence of pleural cells seen consistently in the muscle strips isolated 

from septic mice (Fig 3.11). The nature of these cells is uncertain. They 

were found in two layers, the top layer was made up of flat and closely 

adherent cells (likely to be epithelial cells) and the lower layer made up of 

cells with multiple dendritic processes. These cells may have acted as a 

barrier to diffusion of TMRM into the muscle cells, although longer 

periods of incubation (up to 1.5 hours) did not affect fluorescence 

intensity. Whether these cells affected laser light excitation or interfered 

with fluorescent light emission and capture, is unknown. These cells may 

be continuously generating large amounts of cytokines and ROS/RNS, 

thereby affecting cellular and mitochondrial function.  

Accumulation of TMRM in the cell depends on both plasma 

membrane potential as well as Δψm (Duchen 2004). However, it is 

unlikely that the degree of plasma membrane depolarisation reported in 

skeletal muscle cells by Rossignol et al (Rossignol, Gueret et al. 2007) 

would have impacted significantly on intracellular TMRM levels. 

Fluorescent dyes such as bis-(1,3-dibutylbarbituric acid) pentamethine 

oxonol (DiSBAC4) are used to measure plasma membrane potential 

(Zochowski, Wachowiak et al. 2000). However, inconsistencies in dye 

loading, signal strength and technical issues with this dye by group 

members, as well as time limitations meant that this was not explored. 
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4.4.2  Permeabilized muscle fibre respirometry equal in sham and 

septic mice 

The advantage of using permeabilized muscle fibres over 

mitochondrial isolation techniques for measuring mitochondrial function 

are listed below (Kuznetsov, Veksler et al. 2008): 

1. Small size of samples (2-10mg of fibre per run). 

2. Avoidance of protein digestion and homogenization or 

centrifugation damage to mitochondria during isolation.  

3. Avoids selection bias for healthy mitochondria that can occur 

during the centrifugation process to isolate mitochondria.  

 

Control studies showed that the muscle fibres were well 

permeabilized as addition of ADP and succinate significantly increased 

respiration. Mitochondrial integrity was also maintained as adding 

cytochrome c led to a modest 11% rise in respiration rate (acceptable 

range 5-15% (Kuznetsov, Veksler et al. 2008)). However, no significant 

difference in the rate of oxygen consumption was found in muscle fibres 

isolated from septic and fed sham mice, although there was a trend 

towards an increase in the rate of state 4 respiration in the severe septic 

group compared to mild septic and fed sham groups (p=0.07). This 

finding implies that mitochondria in tibialis anterior muscle fibres from 

septic mice may have a higher proton leak. However, these results 

should be interpreted with caution, as the model of sepsis used for this 

section of the work was the original mouse model, where the operative 
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procedure (to insert vascular lines) was associated with considerable 

morbidity and mortality (33%) in the sham mice.   

 

4.4.3 Modular kinetic analysis of mitochondrial function 

As discussed above and in detail by (Brand and Nicholls 2011), 

there are significant limitation in interpreting changes in Δψm. Equally 

measurement of respiratory rate alone can yield limited information. 

Therefore, to identify whether and by what mechanism alterations in 

mitochondrial oxidative phosphorylation occurred in this murine model of 

sepsis, the processes that generate Δψm, those that utilize it for ATP 

synthesis, and those that dissipate it in the form of proton leak were 

examined in isolated mitochondria of whole body skeletal muscle in the 

new model of sepsis.  

 

4.4.3.1 Quality control of isolated mitochondria  

A criticism of mitochondrial isolation is the selective bias of the 

procedure to discard swollen and damaged mitochondria. However, 

citrate synthase activity (a quantitative marker of intact mitochondria) at 

different stages of the mitochondrial isolation procedure suggested equal 

mitochondrial recovery in all three mouse groups. The final yield of 

mitochondria was approximately 40% in all groups, similar to that 

obtained by Rasmussen (Rasmussen, Andersen et al. 1997). While this 

recovery yield does not exclude the possibility that there may have been 
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more swollen and abnormal mitochondria in septic mice, the fact that the 

CS activities of the supernatants were also equal implies that 

mitochondrial isolation did not lead to significant selection bias. This is 

further supported by the electron microscopy images, which did not show 

any gross differences in the shape or size of the mitochondria in sham 

and septic mice. Furthermore, the respiratory control ratios (RCR) of the 

isolated mitochondria were similar in all groups. Published data for RCR 

for mouse isolated skeletal muscle mitochondria range from <3 to 10 

(Rasmussen, Krustrup et al. 2001; Cadenas, Echtay et al. 2002; Bonnard, 

Durand et al. 2008). RCR clearly depends on the method and quality of 

isolation, as well as being tissue and substrate specific. I obtained values 

~ 3 with pyruvate/malate.  

 

4.4.3.2 Modular kinetic studies 

The main findings of these experiments are shown in table 4.10. 

 Starved Sham Starved Septic 

Substrate kinetics ↓  ⇔ 

Phosphorylation kinetics ⇔ ↓  

Proton leak kinetics ⇔ ⇔ 

 

Table 4.10 Main findings of the modular kinetic experiments comparing 

isolated mitochondria of starved and fed sham, and starved septic mice. 

Arrows compare rates at a given Δψm to fed sham group. 
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4.4.3.2.1 Proton leak kinetics 

No differences in mitochondrial proton leak kinetics between the 

three groups were noted, confirming previously published data showing 

no change in proton leak kinetics in skeletal muscle and liver 

mitochondria isolated from mice treated with LPS (Yu, Barger et al. 

2000).  

 

4.4.3.2.2 Effect of starvation on kinetics  

No differences were found in the kinetics of the pathways and 

reactions that generate Δψm between starved septic and fed sham 

groups. Mitochondria from starved sham mice however showed impaired 

substrate kinetics compared to fed sham mice, with lower O2 

consumption at each given value of Δψm. This implies that reactions 

generating Δψm are altered by starvation. Since substrate oxidation 

kinetics in sepsis did not respond in the same way as starvation, 

metabolic alterations in sepsis are not simply those of starvation. 

However, phosphorylation kinetics of mitochondria from starved sham 

mice were unaffected when compared to fed sham, indicating that their 

ability to utilize Δψm to phosphorylate ADP was unaltered. 

Similar reductions in skeletal muscle mitochondrial complex 

activity and O2 consumption have been reported in rodents fed a 

hypocaloric diet (Ardawi, Majzoub et al. 1989; Desai, Weindruch et al. 

1996; Briet and Jeejeebhoy 2001). Nevertheless, despite this effect, the 

ATP and adenine pool levels were maintained suggesting that cellular 
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phosphorylation kinetics were unlikely to be affected, but may also reflect 

reduction in ATP consumption and turnover (Ardawi, Majzoub et al. 

1989). 

 

4.4.3.2.3 Effect of sepsis on mitochondrial kinetics 

An intriguing finding was that the phosphorylation kinetics of septic 

mice mitochondria were significantly lower than from fed sham mice, 

suggesting a defect in phosphorylation pathways in septic mitochondria. 

A possible explanation is reduced abundance of ATP synthase due to 

proteolysis associated with sepsis. This has been reported in hearts of 

endotoxaemic rats (Robichaud, Lalu et al. 2009). A similar reduction in 

subunit beta of the ATP synthase measured in mitochondria extracted 

from diaphragms of endotoxaemic rats has also been reported (Callahan 

and Supinski 2005). This may explain the increased fatiguability of the 

diaphragm strips shown in the previous chapter, and the reduced cellular 

ATP levels found in skeletal muscle of patients with severe sepsis 

(Brealey, Brand et al. 2002; Fredriksson, Hammarqvist et al. 2006).  

Other potential explanations for the decreased phosphorylation in 

sepsis are reduced activities of the adenine nucleotide translocase and/or 

phosphate transporter, or a reduced ATP turnover.  However, I could find 

no literature on these topics relating to sepsis; these represent avenues 

for further exploration. 

The above findings are unlikely to be artefactual as the methods 

and protocols used to carry out the experiments were equal in all three 
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groups and the proton leak kinetics were almost identical. However, a 

potential criticism of these experiments is that succinate (+rotenone) was 

used as the energizing substrate. Previous studies of mitochondrial 

dysfunction in sepsis have highlighted structural and functional 

abnormalities in complexes I and IV (Brealey, Brand et al. 2002; Brealey, 

Karyampudi et al. 2004; Callahan and Supinski 2005; Svistunenko, 

Davies et al. 2006; Protti, Carré et al. 2007). Therefore, energisation 

through complex II would bypass the major contribution of complex I to 

mitochondrial dysfunction seen in sepsis. However, there were several 

reasons for choosing succinate as the substrate in these experiments. 

Firstly, I was seeking to address the impact of sepsis on mitochondrial 

proton leak and phosphorylation kinetics. These parameters are 

dependent on Δψm but independent of how Δψm is generated. Arguably, 

substrate kinetics might be expected to be different if energisation had 

taken place through complex I. However, pilot experiments performed 

with mitochondria from naïve animals using glutamate, malate and 

pyruvate (complex I substrates) resulted in a significantly lower Δψm 

compared to when succinate (+rotenone) was used, to the extent that it 

was not possible to carry out any of the TPMP titrations described. 

Complex I-linked substrates in isolated mitochondria do not maintain as 

high a membrane potential as succinate (Lionetti, Iossa et al. 1996). This 

is most likely due, at least in part, to the additional constraints imposed by 

TCA cycle/transporters on NADH availability. These considerations reflect 

the finding that most published modular kinetic studies have also used 

succinate as substrate, while only a few have used malate + oxaloacetate 
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where a 50% higher mitochondrial concentration was needed to carry out 

the titrations (Amo, Yadava et al. 2008). Finally, in the experiments 

measuring respiratory control ratio of isolated mitochondria (Table 4.8), 

with pyruvate and malate as substrates, no differences in respiratory 

rates or RCR were noted between the three groups. These results 

therefore imply that in isolated mitochondria in this model of sepsis, the 

function of the respiratory chain energized through complex I was unlikely 

to be affected by sepsis.  

 

In conclusion, the above modular kinetic data suggest that the 

observed reduction in Δψm in the septic diaphragms compared to fed 

sham mice are unlikely to be as a result of increased proton leak or 

abnormalities in electron-transport chain complex function. It is however 

difficult to reconcile the lower Δψm with the alterations in phosphorylation 

kinetics of septic mitochondria, since the addition of oligomycin to the 

intact muscle strips from septic mice led to a rise in Δψm, implying higher 

activity of ATP synthase. This finding may reflect differences in 

mitochondrial behaviour when in intact tissues with cellular constraints, 

compared to when isolated. Also, the isolated mitochondrial preparations 

were predominantly from the limbs and backs of the mice where 

mitochondrial function in sepsis may be affected very differently 

compared to the diaphragm.   

In combination, these findings imply that extra-mitochondrial 

factors (i.e. besides the kinetic behaviour of the mitochondria) are likely to 
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exert significant control over Δψm in vivo. Since the reduction in 

mitochondrial membrane potential coincides with a substantial reduction 

in whole animal metabolism (see section 2.3.2.2.6), decreased Δψm may 

therefore reflect differences in metabolism including (1) reduction in 

substrate supply to the mitochondria (through glycolysis), (2) reduced 

cellular metabolic demand and/or (3) the presence/absence of other 

factors that regulate respiration in the cell. 

One potential regulatory mechanism may be an increased level of 

nitric oxide that is seen in sepsis (Brealey, Brand et al. 2002; Alvarez and 

Boveris 2004; Brealey, Karyampudi et al. 2004). Inhibition by NO and 

peroxynitrite at complexes I and IV (Brown and Borutaite 2004) may 

explain the reduced total body VO2 and the reduced Δψm measured in 

diaphragm. However, once mitochondria are isolated from their natural 

environment and placed in an oxygen-rich chamber, competitive NO 

inhibition at complex IV will have been lost, resulting in apparently normal 

mitochondrial function (as seen in the results here). On the other hand, 

any irreversible inhibition of complex I by peroxynitrite might be expected 

to persist despite the isolation process. However, no difference in 

malate/pyruvate-driven State 3 respiration was observed in either isolated 

mitochondria or permeabilized muscle fibres. The contribution of NO to 

total body metabolic rate during sepsis is not known and represents an 

interesting avenue for future studies.  
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4.4.4 Increased mitochondrial ROS production in sepsis 

The data from isolated mitochondria in this study confirm previous 

findings that ROS production by skeletal muscle and cardiac 

mitochondria is increased in sepsis (Llesuy, Evelson et al. 1994) (Taylor, 

Ghio et al. 1995; Nethery, DiMarco et al. 1999; Kozlov, Staniek et al. 

2006; Supinski and Callahan 2006). Similar to other studies using Amplex 

Red to measure ROS production (St-Pierre 2002), energisation through 

complex I (pyruvate and malate) in the absence of inhibitors of the 

respiratory chain resulted in low rates of ROS production. However, 

mitochondria from septic mice exhibited rates of ROS production that 

were 49% higher than the fed sham group (p<0.05). A significant rise in 

ROS production was observed following addition of antimycin A that 

inhibits the Qn site of the bc1 complex (complex III).  Albeit to a lesser 

extent, myxothiazol inhibition at the Qp site also increased ROS 

production, supporting previous suggestions of alternative sites of 

superoxide production at complex III (Muller, Roberts et al. 2003). The 

complex I inhibitor, rotenone increased ROS production during NADH 

oxidation. These responses to inhibitors were similar in all three groups of 

mice, though there was a trend towards higher ROS production in septic 

mitochondria.  

Energisation through complex II produced larger amounts of ROS 

than complex I substrates, presumably because of the higher Δψm 

maintained by succinate alone (cf. modular kinetic data). Two to four-fold 

higher levels of ROS production were observed in starved sham and 

septic mice compared to fed sham mice. Addition of ADP decreased ROS 
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production rates when compared to the substrate only rate. This was 

probably due to depolarization of the mitochondrial membrane potential 

following activation of the respiratory chain, leading to decreased 

availability of electrons to react with molecular oxygen (Nicholls and 

Ferguson 2002). Once again, addition of antimycin A significantly 

increased ROS production, especially in septic animals. These results 

suggest that some of the increase in ROS production seen in septic mice 

is likely due to starvation. Cellular starvation increases ROS production 

that is most likely mitochondrial in origin (Scherz-Shouval and Elazar 

2011); this has also been linked to triggering autophagy. The increased 

ROS production by mitochondria isolated from septic animals has mainly 

been linked to dysfunctional mitochondria (Supinski and Callahan 2006). 

Little attention has been given to the fact that sick animals stop eating. 

While mitochondrial dysfunction may lead to increased ROS production, I 

found mitochondrial ROS production was increased despite otherwise 

reasonably functioning mitochondria.  

Due to time constraints, the impact of this increase in ROS 

production on myocellular function was not evaluated. However, ROS- 

mediated sarcolemmal injury and myofilament dysfunction are likely to be 

involved in sepsis-induced myopathy (reviewed by (Callahan and 

Supinski 2009) and (Griffiths and Hall 2010)). Little is known about the 

more subtle signalling functions of ROS (Murphy 2009), the impact of 

starvation on muscle ROS production in sepsis, and any subsequent 

impact on the development of myopathy.  
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Interestingly, in my model of sepsis, the increase in mitochondrial 

ROS production was not associated with increased proton leak, such as 

would be expected from induction of UCP function. Both starvation and 

sepsis increase uncoupling protein-3 mRNA and protein levels (Yu, 

Barger et al. 2000; Cadenas, Echtay et al. 2002; Sun, Wray et al. 2003). 

In Chapter 5 I show that skeletal muscle UCP3 protein levels were only 

fractionally increased. While there is still significant debate regarding the 

function of uncoupling proteins 2 and 3, most evidence points to their 

activation during periods of high oxidative stress (Brand and Esteves 

2005). It is hypothesized that high oxidative stress promotes a UCP-

dependent negative feedback loop in which their activation through ROS 

by-products leads to an increase in proton leak with mild uncoupling of 

mitochondrial respiration. Activation also requires the presence of fatty 

acids. Bovine serum albumin (BSA), used in the mitochondrial assay 

buffer in the mitochondrial modular kinetic studies, removes fatty acids 

(Park, Han et al. 2008). This may explain to some extent why 

measurements of proton leak in isolated mitochondria did not differ 

between starved sham and starved septic groups.  

 

4.4.5 Electron microscopy of diaphragm muscle 

Previous studies of mitochondrial ultrastructure in sepsis have 

shown enlarged mitochondria with distorted and fragmented cristae and 

inner membrane, as well as a progressive reduction in matrix density. 

These changes were seen as early as 12 hours after endotoxaemia in 

baboons and correlated with increasing mitochondrial dysfunction (Welty-
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Wolf, Simonson et al. 1996). Similar mitochondrial swelling and 

membrane disruption was seen in hepatocytes taken from a feline model 

of fluid-resuscitated endotoxaemia (Crouser, Julian et al. 2002). Here too, 

findings correlated well with functional impairment of the mitochondria. 

Given these findings, it is perhaps surprising that there were no gross 

mitochondrial ultrastructure changes in my model of sepsis. There were 

no swollen or disrupted mitochondria or obvious cell damage despite the 

severity of illness.  

However, a striking difference noted in the EM images was the 

increased abundance of lipid droplets known as intramyocellular lipids 

(IMCL) in the septic diaphragms. The IMCL content increases with rising 

plasma free fatty acid levels, such as during starvation (Neumann-

Haefelin, Beha et al. 2004). Excess accumulation is associated with 

insulin resistance (Krssak, Falk Petersen et al. 1999)& review by (Consitt, 

Bell et al. 2009)). However, this relationship is more complex as there are 

higher concentrations of such lipid droplets in endurance athletes with 

high insulin sensitivity. IMCLs are found as lipid droplets next to muscle 

mitochondria and may act as ready stores of fatty acids for muscle 

metabolism. A threefold greater amount of such droplets were seen in 

oxidative type I compared to glycolytic type II fibres (van Loon 2004). 

These IMCLs are thought to be a buffer between plasma FFA levels and 

mitochondrial fatty acid oxidation (Stannard, Thompson et al. 2002). 

Therefore, the increased amount of IMCLs in sepsis is likely to be 

secondary, at least in part, to the starvation response. In Chapter 2 I 

showed that septic mice switch to fatty acid oxidation as their 
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predominant metabolic fuel. Yu et al (Yu, Barger et al. 2000) 

demonstrated that plasma FFA levels were significantly raised in septic 

mice. This may lead to enhanced uptake and deposition of IMCL in 

muscle. Further study of this interesting finding was beyond the scope of 

my project, however a variety of techniques (Shaw, Jones et al. 2008) 

can be used to investigate how free fatty acid deposition is affected by 

metabolic fuel switching and the observed insulin resistance encountered 

in sepsis (van den Berghe, Wouters et al. 2001). 

 

4.5 Conclusion 

In this chapter I have shown, for the first time, that induction of 

sepsis leads to a reduction in diaphragm muscle mitochondria Δψm. The 

rise in Δψm following addition of oligomycin would suggest increased ATP 

synthase activity and ATP turnover. However, the lower Δψm coincides 

with reduction in whole body metabolism (chapter 2), and reduced power 

generation and earlier fatigue in diaphragm muscle strips (chapter 3). 

Also, kinetic studies of isolated skeletal muscle mitochondria showed 

decreased phosphorylation ability despite unaltered substrate kinetics 

and proton leak. These contrasting findings may be as a result of 

variation in response of different tissues/muscles to sepsis, as well as the 

influence of the different techniques used to study mitochondrial function 

in intact tissues and isolated mitochondria.  
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 Furthermore, increased mitochondrial ROS production shown 

using Amplex Red, is likely to add to the ROS induced contractile 

abnormalities seen in the septic diaphragm muscle strips.  

The control of metabolic processes in sepsis by mediators such as 

NO represents interesting avenues to explore in order to explain 

metabolic control of mitochondria. The advent of fluorescent molecular 

probes and optical technology with high-resolution imaging and reduced 

phototoxicity will pave the way to study these processes in freshly 

isolated living tissues and also in-vivo, although it is clear that significant 

technical and methodological improvement are still necessary. 

 


