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Abstract

THE EFFECT OF EXTRACELLULAR OSMOLALITY ON CELL VOLUME AND
RESTING SKELETAL MUSCLE METABOLISM

AnaMaria Antolic Advisor:

Brock University Dr. B.D. Roy

The purpose of the current investigation was to establish an in-vitro skeletal

muscle model to study acute alterations in resting skeletal muscle cell volume. Isolated,

whole muscle (SOL and EDL) was dissected from Long Evans rats and incubated for 60

min in Sigma Medium-199 (resting tension (Ig), bubbled with 95:5% 02:C02, 30 ± 2°C,

and pH 7.4). Media osmolality was altered to simulate hypo-osmotic (190 ± 10 Osm)

(HYPO) or hyper-osmotic conditions (400 ±10 Osm) (HYPER) while an iso-osmotic

condition (290±10 Osm) (CON) served as a control (n= 17, 19, 17). Following incubation,

relative muscle water content decreased with HYPER and increased with HYPO in both

muscle types (p<0.05). The cross-sectional area of HYPO SOL type I and type II fibres

increased (p<0.05) while the EDL type II fibre area decreased in HYPER and increased

from HYPO exposure. Furthermore, HYPER exposure in both muscles lead to decreased

ATP and phosphocreatine (p<0.05) and increased creatine and lactate (p<0.05) compared

to CON. This isolated skeletal muscle model proved viable and demonstrated that

altering extracellular osmolality could cause acute alterations in muscle water content and

resting muscle metabolism.





Acknowledgements

I would like to thank my supervisor. Dr. Brian D. Roy, for his trust in my

abilities, putting up with my eccentricities and for the *get fuzzy* addiction. Many more

thanks for your patience, support and for helping me to see the light at the end of the

tunnel, even if there was a shove in that direction. The road was fascinating and at times

blinding (I had some head on traffic and near death experiences), but it sure was a lot of

fiin getting to the final chapter ofmy never ending story in what 1 call "a road to higher

education." I would also like to thank my committee members. Dr. Sandra J. Peters, Dr.

Michael Plyley and Dr. Paul J. LeBlanc for their feedback, interesting thoughts, ideas,

riveting questions and support. I am a much better scientist because of your insight,

friendship and help.

To my mom and dad, I'd like to thank you for your never ending faith and support

in my abilities as a student and for your persistent need to ask "are you finished yet?"

Puno Hvala! I'd also like to thank, my brother, Chris and Rebecca, and who could forget

little Ava. Your ability to make me recharge, refocus and realize that there is more to life

than just books was deeply appreciated and greatly needed.

To my lab mates, Nikki, Liz, Matt, Laura and Naomi, the drama and ruckus we

created was highly entertaining. Lastly, but certainly not least, to the two new babies.

Rose and Chris, thanks for all your help. I cannot forget Casey, my surrogate lab buddy-

3pm would have been a lonely time if it weren't for our sugar high's. I'd also like to

thank my friends, especially Tav, who helped me to drown my sorrows in chocolate milk

when things did not go my way (which was rather frequently... myosin ATPase staining

argh!!!) and who read this thesis more times than I thought was humanly possible without

11





getting bored to tears (at least that is what she told me). Last but definitely not least; 1

would like to acknowledge the gift of the rats that were sacrificed in order to make this

project possible.

Hi





Table of Contents

ABSTRACT I

ACKNOWLEDGEMENTS 11

TABLE OF CONTENTS IV

LIST OF FIGURES VI

LIST OF TABLES VII

ABBREVIATIONS VIII

INTRODUCTION 1

LITERATURE REVIEW 4

I. Fluid Movement 4

a. Compartmentalization offluids 4

b. Water movement 6

c. Whole Body Water Balance Regulation 7

d Fluid Shifts 9

II. Cell Membranes 14

a. Membrane Channels 15

b. Water Channels 16

III. Cell Volume Regulation 20

a. Osmolytes 28

b. Molecular Crowding 29

c. The Cytoskeleton and Cell Volume 31

IV. Cell Volume as a Possible Second Messenger System 32

a. Metabolism 33

b. Hormonal Influences 39

V. Summary 40

STATEMENT OF THE PROBLEM 42

HYPOTHESES 44

METHODS 46

I. Development OF Muscle Incubation System 46

II. Animals and Housing 49

III. Experimental Protocol 49

IV. Assessment OF Fluid Shifts 51

a. Histochemical analysis 51

h. Muscle Water Content 53

c. Metabolite Analysis 54

V. Statistical Analysis 54

RESULTS 56

I. General Observations 56

II. Muscle Water Content and Fibre Area 57

III. Muscle Metabolites 62

IV





DISCUSSION/CONCLUSIONS 67

Effectiveness OF Water Movement 67

Effect of altering osmolalities on metabolite concentrations 70

Aniso-osmotic Conditions and Glycogen 72

Aniso-osmotic Conditions and Lactate 74

Choice OF Models 82

Future Experiments 86

REFERENCES 88

APPENDIX I BREAKDOWN OF SIGMA MEDIUM-199 112

APPENDIX II EMBEDDING TISSUE 114

APPENDIX III STAINS 1 16

A. Haematoxylin AND EosiN Stain 116

B. Myosin Adenosine Triphosphatase (ATPase) Stain Theory: 1 1

7

Myosin ATPase Stainfor Fibre Typing 1 18

c. Azure A Metachromatic Dye Staining Theory 1 20

Azure A Metachromatic Dye-A TPase Stain for Fibre Typing 121

APPENDIX IV METABOLITE ASSAYS 124

A. Metabolite Extraction 124

B. Background OF Fluorometric Assays 125

c. Muscle Adenosine Triphosphate (ATP) and Phosphocreatine (PCr) Assay
FOR Plate Reader Fluorometer 126

d. Muscle Creatine (Cr) Assay for Plate Reader Fluorometer 129

E. Muscle Lactate Assay for Plate Reader Fluorometer 131

F. Hydrolysis OF Tissue FOR Glycogen Assay 133

g. Muscle Glycogen Assay for Plate Reader Fluorometer 1 34

H. Extraction of Lactate from Extracellular Media 1 36

I. Extracellular Media Lactate Assay for Plate Reader Fluorometer 137





List of Figures

FIGURE 1. The compartmentalization of water within the body 5

FIGURE 2. Factors affecting water homeostasis in humans 8

FIGURE 3. Pathways involved in cell volume regulation and restoration 18

FIGURE 4. Osmolality of the extracellular media can influence the movement of water

into and out of the cell, thus influencing cell volimie. RVD and RVI pathways help to

restore cell volume to the orginal 'set point', however volume restoration is incomplete.

22

FIGURE 5. Summary of possible affecters on cell volume 41

FIGURE 6. Incubating skeletal muscle 52

FIGURE 7. Muscle Water Content 59

FIGURE 8. Water Content in SOL and EDL 60

FIGURE 9. Soleus Cross-sectional Fibre Area 61

FIGURE 10. EDL Cross-sectional Fibre Area 62

FIGURE 11. Muscle Glycogen Content 64

FIGURE 12. Muscle Lactate Content 65

FIGURE 13. Lactate Concentration in the Incubating Media 66

VI





List of Tables

TABLE 1 . Rodent Weights and Media Osmolality Over Time 56

TABLE 2. Muscle Metabolite Concentrations 63

Vll





Abbreviations

ADH - Antidiuretic hormone, vasopressin

ANOVA - A one-way analysis of variance

ANP - Atrial natriuretic peptide

ATP - Adenosine triphosphate

ATPase - Adenosine triphosphatase

AQP - Aquaporin

CaCl - Calcium chloride

Cr - Chloride ion

C17HC03'- Chloride carbonate co-transporter/ exchanger

CNS - Central nervous system

CO2 - Carbon dioxide

CON - Iso-osmotic

Cr - Creatine

ECF - Extracellular fluid compartment

EDL - Extensor digitorum longus

H* - Hydrogen ion (proton)

HCO3" - Carbonate

HYPER - Hyper-osmotic

HYPO - Hypo-osmotic

ICF - Intracellular fluid compartment

IMCD - Inner medullary collecting duct cells

IP-Intraperitoneal

ISC - Interstitial compartment

IVC - Intravascular compartment

K* - Potassium ion

KHB - Krebs-Henseleit buffer

KH2PO4 - Potassium dihydrogen phosphate

KCI - Potassium chloride co-transporter

L-929 cells - mouse cells derived from normal subcutaneous areolar and adipose tissue

MgS04 - Magnesium sulfate

mmol'kg' - Standard international units of osmolality

Na* - Sodium ion

NaCi - Sodium chloride

Na*/H* - Sodium proton exchanger

NaHC03 - Sodium carbonate

Na'-HCOj' - Sodium carbonate electrogenic co-transporter

vni





Na*/K* ATPase - Sodium potassium ATPase

NKCC - Sodium potassium two chloride co-transporter

Ch - Oxygen

Pj - Inorganic phosphate

PCr - Phosphocreatine

Polyols - Polyhydric alcohols

RVD - Regulatory volume decrease

RVI - Regulatory volume increase

SOL - Soleus

Type I fibres - Slow twitch skeletal muscle fibres

Type II fibres - Fast twitch skeletal muscle fibres

IX





Introduction

Approximately 70% of the living cell is comprised of water and most intracellular

reactions occur in an aqueous environment (Alberts, Johnson et al. 1994). Fluid within

the body and cells is maintained relatively constant and this attests to the precision with

which the body and cells regulate their water content (Macknight and Leaf 1977).

Needless to say, water can shift amongst the various fluid compartments in the body

because of activity, environmental stress and some pathophysiological conditions

(Wilkerson, Gutin et al. 1977; Convertino, Keil et al. 1981; Miles, Sawka et al. 1983;

Grantham and Linshaw 1984; Convertino 1987; Maw, Mackenzie et al. 1998). This shift

in water is most often attributed to a change in the osmotic nature of the external bathing

medium. When extracellular osmotic strength increases, cells shrink and lose water, but

when extracellular osmotic strength decreases, cells tend to swell instead. Without the

assistance of a secondary cell wall, like plants, to minimize changes in cell size when

placed in media of differing osmotic strengths, mammalian cells have developed volume

regulatory machinery to minimize deviations from the cells predetermined optimal point

(Macknight and Leaf 1977; Lang, Busch et al. 1998).

Since the discovery of aquaporins (a water specific membrane channel protein) in

the late twentieth century (Agre, King et al. 2002), researchers have refocused their

attention on the importance of water movement, and the cells ability to regulate water

content. Aquaporins have been found in virtually every living tissue with well over

twelve variants already discovered thus far (Krane and Kishore 2003). Due to these new

mechanisms to help regulate fluid movement into and out of cells, researchers have been

manipulating the extracellular water content of fluid bathing cells and examining the





effect of changing cell volume on the internal environment of a variety of cells and

tissues (Baquet. Hue et al. 1990; Clegg, Jackson et al. 1990; Baquet, Lavoinne et al.

1991; Low, Rennie et al. 1996a; Low, Rennie et al. 1996b; Brunmair, Neschen et al.

2000). Altering the external environment to influence cell volume has been extensively

investigated in hepatocytes and it has demonstrated that cell volume deviations from the

original set point can lead to modifications in the intracellular machinery, which

ultimately affects the internal milieu of the cell (Haussinger and Lang 1991b; Lang, Ritter

et al. 1993; Haussinger, Lang et al. 1994; Lang, Busch et al. 1998). Furthermore, studies

have found that hormones and amino acids in hepatocytes manipulate cell volume in

order to alter the internal milieu of the cell (Haussinger, Lang et al. 1990; Hallbrucker,

vom Dahl et al. 1991a; vom Dahl. Hallbrucker et al. 1991a; Hallbrucker, vom Dahl et al.

1991b; vom Dahl, Hallbrucker et al. 1991b; Hallbrucker, vom Dahl et al. 1991c;

Haussinger and Lang 1992; Lang 1999). Therefore, the manipulation of cell volume

(either slightly swollen or shrunken from the optimal 'set point') can be seen as a

secondary messenger that alters the functioning of the internal machinery in the cell.

Skeletal muscle stores approximately 75% of the body's intracellular water

volume and is the largest most adaptable organ in the body (Hamilton, Ward et al. 1993).

Postural changes and muscle activity can shift fluid amongst the ditTerent compartments

into and out of the skeletal muscle because of changes in hydrostatic pressure and

osmolality at the muscle bed. The intensity of the activity and environmental conditions

(temperature and humidity) are important aflecters of fluid movement from the

extracellular and intracellular compartments (Senay, Mitchell et al. 1976; Wilkerson,

Gutin el al. 1977; Senay 1979a; Senay 1979b; Gaebclein and Senay 1980; Convertino,





Keil et al. 1981: Miles. Sawka et al. 1983: Shoemaker. Green et al. 1998: Cornish,

Wotton et al. 2001). However, the etYect of fluid shifts on the cell volume of skeletal

muscle and its internal machinery has been largely ignored despite the large proportion of

fluid within skeletal muscle and the potential for fluid movement into and out of this

tissue. Therefore, it is important to develop an in-vitro muscle model initially mimicking

physiological resting conditions. By studying this phenomena in-vitro. all possible

endongenous influences on cell volume will be removed and then can be systematically

added to the extracellular media to investigate what role, if any, cell volume alterations

has on skeletal muscle function and metabolism.





Literature Review

I. Fluid Movement

a. Compartmentalization of fluids

Approximately 60% of the human body is comprised of water, and under normal

resting conditions, the water is separated into various fluid compartments (Greenspan and

Strewler 1 997). These fluid compartments can be divided into two major sub-divisions,

intracellular fluid (ICF - fluid inside the cells), which comprises approximately 40% of

the body's total water content, and extracellular fluid (ECF - fluid outside the cell),

which consists of the remaining 20% (Kraft 2000). The ECF can be further divided into

the intravascular (IVC - fluid within the blood vessels) and interstitial (ISC - fluid

between cells) compartments. The volume of fluid within these various compartments is

maintained relatively constant; however movement of fluid between these compartments

does occur (Figure 1 ). Hydrostatic and colloid osmotic forces govern fluid movement

between the IVC and ISC. Hydrostatic pressure is the pressure exerted by fluids on the

walls of blood vessels and fluids in other confined spaces (Kraft 2000), while colloid

pressure is caused by proteins and other large molecules that cannot easily cross the

capillary membranes (Kraft 2000). Despite these influences, the movement of fluid

between the ICF and ECF is determined by smaller osmotically active solutes and ions

(Guyton and Hall 2000; Vander, Sherman et al. 2001 ).

The separation of compartments by cell membranes allows for a difference in the

concentration and Jissortment of substances in each compartment. Furthermore, this

separation allows for the partitioning of chemical reactions on both sides of the cell

membrane, and it is these reactions that contribute to the differences in the number of





particles (i.e.. due to metabolism) and thus in osmolality (Eklund, Granberg et al. 1972).

To maintain the net fluid balance within the body, water gain needs to equal water loss

and the ability of the body to maintain this constancy of fluid levels demonstrates the

precision by which the body and cells regulate their water content (Macknight and Leaf

1977). Estimates of fluid balance can be made through measurement of serum osmolality

or osmolarity. The term osmolality describes the total concentration of dissolved particles

in a solution without regards to particle size, density or electrical charge, and is an
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FIGURE 1. The compartmentaiization of water within the body

(Adapted from Vander, Sherman et al. 2001)

indirect indicator of the "concentration" of water (Kraft 2000). Osmolarity also measures

the osmolar concentration of a solution, however it is expressed as osmoles per litre of

solution rather than osmoles per kilogram of water (Guyton and Hall 2000). In the body

these two terms can be used almost synonymously because the differences are small due

to the dilute nature of the body fluids (Guyton and Hall 2000), however these terms

cannot be used interchangeably when talking about concentrated solutions (small changes

in water content (ie. Increased temperature) would alter the concentration of solutes in the

solution). The total amount of osmotic pressure exerted by solutes in a solution is





proportional to the concentration of the solute and thus can influence the direction in

which fluid moves between ECF and ICF compartments (Guyton and Hall 2000; Kraft

2000). Normal serum osmolality is well guarded at approximately 290 ± 1 mmol'kg" of

water (Eklund, Granberg et al. 1972) . Although, the body strives to maintain fluid

constancy, mammals can undergo changes in ECF osmolality ranging ft"om 230-360

mmol'kg'' in-vivo (Macknight, Gordon et al. 1994).

b. Water mo\'ement

Osmotic forces generated by ion fluxes or the bulk absorption of solutes mainly

govern the movement of water in mammalian systems across cell membranes.

Essentially, there are three major transmembrane routes for water transport: simple

diffiision, co-transport, and water channels (Borgnia, Nielsen et al. 1999). It was

originally thought that water moved mainly by simple diffusion across the lipid bilayer

from a region of high fluid concentration and few solutes to an area with less fluid and

more solutes (Vander, Sherman et al. 2001 ). This route is slow, non-regulated, and is a

temperature-dependent process, meaning it is not an efficient means of water movement.

The second route is the passive co-transport of water across the membrane in

combination with the active co-transport of other ions or solutes; this route provides the

bulk of water movement across the membrane (Krane and Kishore 2003). However, this

mode of water transport is not regulated and is a secondary by-product of other cellular

processes. That is, water diffuses or is transported along with other ions and solutes, and

generally it is the ions/solutes that are being regulated, not the water. The third route is

via water channels, which will be discussed in a later section of this paper (section II b).





There are three osmotic states in which the extracellular environment can exist,

and which can influence fluid movement into, and out of, cells/tissues. They are

isotonic/iso-osmotic. hypotonic/hypo-osmotic and hypertonic/hyper-osmotic. An

isotonic/iso-osmotic extracellular environment has the same osmolality as the ICF, but

can vary in the concentration of solutes in the media due to the replacement of one ion

with another (Macknight, Gordon et al. 1994). Therefore, the lack of one major ion in the

extracellular media can influence the movement of electrolytes while maintaining net

fluid movement because the osmotic pressure gradient is the same inside and outside the

cell. This does not mean there is no exchange of fluid between the ECF and ICF, but

simply stated, the amount of fluid moving into the cell is paralleled by the amount

moving out of the cell. In a hypotonic/hypo-osmotic extracellular environment, the

outside of the cell has a lower osmolality than the inside, i.e., there are less solutes and

more fluid outside the cell. This causes a shift of water from outside the cell into the

internal environment, and ultimately causes the cell to swell. On the other hand, a

hypertonic/hyper-osmotic external environment has a higher osmolality than the

intracellular fluid causing a shift of fluid from the intracellular environment into the

extracellular environment and triggering the cells to shrink. Both hyper- and hypo-

osmotic media can be referred to as aniso-osmotic conditions, which simply refer to a

disturbance in the osmolality in either direction.

c. Whole Body Water Balance Regulation

Whole body water balance is primarily regulated through endocrine influences.

The main endocrine hormones involved in the regulation of whole body water balance

are, antidiuretic hormone (ADH; vasopressin), angiotensin II, and atrial natriuretic





peptide (ANP) (see Figure 2). ADH is a peptide hormone released from the posterior

pituitary and has two principle sites of action: the kidney and the blood vessels (Klabunde

2005). Its primary function in the body is to regulate extracellular fluid volume by

affecting the renal management of water (Klabunde 2005). In the absence ofADH from

circulation, the kidney is virtually impermeable to water; as a result, water is lost through

excretion in the urine. Conversely, the release ofADH stimulates water reabsorption by

stimulating the insertion of aquaporins (see section II b) into the membranes of kidney

tubules (Nielsen, Frokiaer et al. 2002). These water charmels transport solute-free water

through the tubules and back into circulation, leading to a decrease in plasma osmolality

and an increase in urine osmolality, which in turn decreases the water loss from the body.

The release ofADH from the posterior pituitary is primarily controlled by changes in

ECF osmolality, but can also be influenced by blood pressure and blood volume. ADH

has also been shown to constrict arterial blood vessels; however, under normal circulating
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FIGURE 2. Factors affecting wafer homeostasis In humans. Adapted from Andreoli, 2000.





conditions, the amount ofADH released is below its vasoactive range (Klabunde 2005).

Nevertheless, studies have shown that in severe hypovolemic shock (shock caused by a

decrease in the volume blood (Guyton and Hall 2000)), when ADH release is very high,

it does contribute to the compensatory increase in systemic vascular resistance (Holmes,

Landry et al. 2004; Klabunde 2005).

When water conservation through the release ofADH is not capable of

maintaining water balance, the thirst mechanism is activated to acquire water from

external sources. This mechanism is influenced by the osmolality of the ECF, volume

and pressure of blood, and angiotensin II (Guyton and Hall 2000). Angiotensin II has two

principle actions; one role is to act directly on the kidneys to decrease fluid excretion (it

also stimulates the release of ADH), which indirectly contributes to its main role in

elevating arterial pressure by increasing blood volume (Klabunde 2005). It also has

vasoactive properties that contribute to its ability to alter arterial pressure (Guyton and

Hall 2000). Once circulating volume is restored and the osmolality of the ECF has

returned to normal, ANP is released by the heart into circulation to suppress the release of

both vasopressin and angiotensin 11 from the central nervous system (Andreoli 2000).

d. Fluid Shifts

Fluid normally shifts among the various compartments in a controlled manner to

maintain fluid balance (Kraft 2000). The driving force for water movement is the

difference in osmolality between the ECF and ICF. Once this osmotic balance is

disturbed, it will cause an influx, or efflux, of fluid from the extracellular compartment to

other fluid compartments or vice versa. The solute concentration of the ECF is relatively

constant unless solutes are added or lost (i.e., plasma volume loss during dehydration or





over hydration). Therefore, an osmolality imbalance affects the distribution of water

between the ECF and ICF, and the movement of water will generally continue until a new

osmotic equilibrium is achieved.

The volume and distribution of body fluids among the various body

compartments can also be influenced by posture (Maw, Mackenzie et al. 1995), the

intensity of the muscle activity (Wilkerson, Gutin et al. 1977; Convertino, Keil et al.

1981; Miles, Sawka et al. 1983), environmental stresses (Convertino 1987; Maw,

Mackenzie et al. 1998) and pathophysiological conditions (Grantham and Linshaw 1984).

However, fluid loss (both total body water and ECF) is heavily dependent on activity

level (Shoemaker, Green et al. 1998; Cornish, Wotton et al. 2001), as well as

environmental conditions (temperature and humidity) (Senay, Mitchell et al. 1976; Senay

1979a; Senay 1979b; Gaebelein and Senay 1980). With regard to fluid homeostasis, the

kidney has been extensively studied because of its important role in regulating the

internal water environment. However, skeletal muscle is the largest organ system within

the body, comprising - 45% of the body's mass. Skeletal muscle contains approximately

Va of the body's intracellular water volume and '/i of the total interstitial fluid volume

(Hamilton, Ward et al. 1993). Despite the large proportion of fluid within skeletal muscle

and the large potential for fluid movement into and out of this tissue, there is limited

research focusing on the capacity for fluid shifts into, and out of, skeletal muscle.

During the onset of muscle activity, there is a shift in fluid out of the intravascular

compartment into the interstitial compartment, which is predominantly the result of

increases in hydrostatic pressure, resulting from the increase in mean arterial blood

pressure and muscle activity (Convertino, Keil et al. 1981). However, this rapid
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movement of fluid and electrolytes from the intravascular compartment to the interstitial

compartment occurs without any change in body water content (Harrison 1985;

Convertino 1987). Furthermore, in active skeletal muscle, there is a rise in the

intramuscular osmotic force due to the increased activity of various metabolic pathways

(Lindinger, Spriet et al. 1994). In order to compensate for the increase in osmolality,

water is drawn in from the interstitial space into the ICF. The increased contractile

activity causes a higher rate ofATP turnover that results in an increased flux through the

various metabolic pathways. Consequently, the increased utilization of metabolic fuels

results in the production of metabolites and metabolic intermediates (e.g., inorganic

phosphate, creatine and lactate), and the contractile activity also leads to an increase in

the extrusion of osmotically active ions like K^ into the ECF (Korge and Viru 1971). This

increase in extracellular K^ is thought to depolarize the cell and is expected to favour CI"

entry and cell swelling (excess ECF K^ decreases the cellular exit of K^ and leads to the

cellular accumulation of CI' and thus cell swelling) (Lang 1999). The higher blood

pressure resulting from the cardiovascular adjustments made during exercise causes a

greater hydrostatic pressure at the active muscle bed (Lundvall, Mellander et al. 1972;

Greenleaf, Van Beaumont et al. 1979; Sjogaard and Saltin 1982) and is the primary

mechanism by which fluid moves out of the vascular space during exercise (Harrison,

Edwards et al. 1975; Harrison and Edwards 1976; Convertino, Keil et al. 1981).

Therefore, the increased osmolality in the muscle and enhanced delivery of fluid to this

tissue triggers the shift of fluid from the interstitial compartments into the ICF

(Convertino, Keil et al. 1981; Sjogaard and Saltin 1982; Trombitas. Baatsen et al. 1993;

Watson, Gamer et al. 1993; Nygren, Greitz et al. 2000). This increase in intracellular
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osmolality leads to fluid shifts into the skeletal muscle (Jacobsson and Kjellmer 1964;

Greenleaf, Convertino et al. 1979) from the extracellular environment and results in an

increase in skeletal muscle cell volume (Ploutz-Snyder, Convertino et al. 1995; Nygren,

Greitz et al. 2000).

Studies have shown that changes in skeletal muscle cross-sectional area can be

influenced by exercise. Nygren et al. (2000) investigated changes in the cross-sectional

area ofexercising and non-exercising leg muscles (continuous and intermittent exercise

at ditYerent loads) to determine the extent to which changes in cross-sectional area of the

muscle mirrored changes in blood flow or water displacement. They found that blood

flow to the exercising leg was increased approximately 25-fold with medium and high

intensities. The increased blood flow at medium and high exercise intensities

corresponded with an increased muscle cross-sectional area measured by magnetic

resonance scanning. Nygren et al. (2000) determined that the increase in muscle cross-

sectional area in the exercising leg was equally influenced by both the increase in flow

and increased tissue water content. Ploutz-Snyder et al. (1995) have also found that with

resistance exercise there was a decrease in plasma volume after exercise, but plasma

volume returned toward control values approximately 60 minutes after the exercise was

completed. Like Nygren et al. (2000), Ploutz et al. (1995) also demonstrated a change in

the cross-sectional area of exercising muscle. The total muscle area was elevated

compared to the controls both immediately post-exercise, and 1 5 minutes post-exercise,

and returned to baseline levels approximately 45 minutes into recovery. Furthermore,

they found a positive correlation between the decrease in plasma volume after exercise

and the increase in the cross-sectional area of the exercised muscle. From this, we can
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infer that acute exercise results in tluid shifting from the vascular space into the active

muscle, ultimately resulting in an increase in muscle cross-sectional area.

Thermoregulatory responses also result in significant alterations in fluid

distribution. Increases in skin blood tlow for the dissipation of heat through sweating also

affects the total amount of body water (Convertino 1987). The secreted sweat is usually

hypotonic in relation to the plasma, and thus, reflects a net loss of free water during

prolonged activity or heat exposure. Sweating induced by exercise or heat exposure

ultimately atTects body fluids by increasing osmolality (Eklund, Granberg et al. 1972)

and redistributing fluid volumes.

Acute thermal exposure can result in decreases of 10 to 15% of body weight

primarily due to a loss in fluid mass (Nose, Morimoto et al. 1983; Durkot, Martinez et al.

1986). Furthermore, if there is no ingestion of fluid during prolonged exercise, plasma

sodium concentration and osmolality rise to values that are dependent upon the loss of

water and electrolytes in sweat (Cade, Spooner et al. 1972; Greenleaf and Brock 1980;

Powers, Lawler et al. 1990; Sanders, Noakes et al. 2001). Studies suggest that during

short and moderate exercise, the ICF is extremely well protected in cool and temperate

environments, but during long bouts of exercise in hot environments, significant amounts

of fluid can be lost from the ICF (Maw, Mackenzie et al. 1998). This loss of fluid from

the ICF is required to (a) compensate for the loss of water due to increased sweating, (b)

for the maintenance of proper cardiac filling pressure, and (c) to provide an adequate

distribution of cardiac output (Nose, Mack et al. 1988). Moreover, studies have shown

that approximately 40% of water loss during acute thermal strain is from skeletal muscle

(Nose, Morimoto et al. 1983). Hence, prolonged muscle activity can result in a decline in
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total body water and ICF, but this decline is dependent on the environmental conditions,

and the intensity and duration of the muscle activity. Therefore, when prolonged muscle

activity, ranging form moderate to high intensity is carried out in ambient to hot

environmental conditions, significant decreases in ICF, muscle water, and muscle cell

volume will result (O'Neill 1999). Despite the possibility of these large fluctuations in

skeletal muscle ICF with muscular activity, little is known as to how these changes

impact the functioning of skeletal muscle tissue.

II. Cell Membranes

Nutrients, solutes and water continuously move within, and between, the body's

compartments and yet, the net volumes in the body's fluid compartments are maintained

relatively constant at rest. The maintenance of cell volume due to changes in osmolality

is a fundamental requirement for cell survival (al-Habori 1994). In contrast to the plasma,

fluid compartments are iso-osmotic because the cell membranes are relatively

impermeable to most solutes, but highly permeable to water (Guyton and Hall 2000).

This intricate balance is maintained by water, solutes and ions moving from one

compartment to another through selectively-permeable cell membranes (Kraft 2000) via

ditlusion, ion channels, exchangers, and co-transporters. The internal and extracellular

compartments differ in composition and concentration of ions, small solutes and proteins,

but not overall osmolality (Krane and Kishore 2003). The transport of molecules, ions

and water across membranes will correct for any differences in osmolality on either side

of the membrane. I'he passive movement or transport of water across a membrane is
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usually faster and precedes the movement of electrolytes (Eklund, Granberg et al. 1972;

Convertino, Keil et al. 1981).

a. Membrane Channels

A variety of channels, exchangers and co-transporters contribute to the movement

of water, ions and molecules across the cell membrane. For example, the Na^/K^ ATPase

is important for cell volume during resting conditions (See Cell Volume Regulation).

However, pathways involved in cell volume regulation are often quiescent or function at

low levels in the resting cell, but are activated by perturbations of cell volume or by

various external stimuli (al-Habori 1994), such as hormones and muscle activity. These

quiescent pathways for electrolytes in the membrane are channels for anions (possibly

La'), chloride (CI"), potassium and protons, exchangers for sodium and protons (NaVH^),

the chloride carbonate (ClVHCOa) co-transporter, and the sodium-potassium-two

chloride ion (NKCC) co-transporter (Waldegger, Matskevitch et al. 1998; Waldegger and

Lang 1998b). In response to cells swelling beyond the optimal set point, cells activate the

quiescent regulatory channels to release ions through K^ channels, anion channels and

KCI symport, as well as organic osmolytes (see Osmolytes) through anion channels to

counter the cell volume deviation (Lang, Ritter et al. 2000). In response to cell shrinking

below the optimal set point, cells activate different regulatory quiescent pathways to

accumulate osmolality through Na'^/H* exchange in parallel with ClVHCOj" exchange,

through NKCC co-transport and also through Na^ channels to alleviate the strain caused

by the cell volume change (Lang, Ritter et al. 2000) (see Figure 3).
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b. Water Channels

Until recently, many believed that diffusion and co-transport were responsible for

the majority of water movement across cell membranes. However these routes cannot

account for the rapid, regulated and selective transmembrane water movement that occurs

in some tissues like the kidney, and rapid fluxes in plasma osmolality between the

vascular bed and various tissues (Krane and Kishore 2003). Therefore, another

mechanism was needed in order to explain water management in tissues with high fluid

fluxes and rapid changes in osmolality. Ten years ago, there was a fortuitous discovery of

a family of water specific channels in the cell membrane that are strictly responsible for

water movement, collectively they are called aquaporins (AQP) (Agre, King et al. 2002).

Aquaporins have been identified in virtually every living organism from single cell

organisms to plants, including mammals, demonstrating that this family of proteins is

involved in diverse biological processes throughout the natural world (Agre, King et al.

2002). The AQPs play a major role in transcellular and transepithelial water movement

and increases the hydraulic conductivity of cell membranes by 10 to 100 times that of

normal passive diffusion (Agre, King et al. 2002).

The role ofAQPs in water transport is best defined in the mammalian kidney due

to its importance in the regulation of water homeostasis and its suspected link to a variety

ofhuman diseases when down-regulated or not present (Borgnia, Nielsen et al. 1999). In

this tissue, AQPs contribute to the transepithelial and transcellular movement of water

(Frigeri, Nicchia et al. 2004). In brief, AQPs contribute to the vectorial transport of fluid

(i.e., influences movement of water against concentration gradients due to the asymmetric

distribution of the channels in the apical and ba.solateral sides of the membrane), which
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determines the magnitude and direction of water movement for either absorption or

excretion across the kidney epithelial cell membrane (Muth and Caplan 2003).

Aquaporins are also expressed in a large variety of tissues throughout the body,

including the brain, liver and skeletal muscle. However, in skeletal muscle the vectorial

transport of fluids does not occur, therefore, it is proposed that AQPs play a role in the

rapid equilibration of osmotic gradients (Frigeri, Nicchia et al. 2001a; Frigeri, Nicchia et

al. 2004). Despite the wide diversity of tissues in which AQPs are found, there is

controversy as to their contribution to the normal functioning of some of these tissues

(van Os, Kamsteeg et al. 2000). These proteins seem to be necessary for tissues involved

in high rates of active fluid transport, (i.e., the kidney), but currently it is unknown what

role, if any, AQPs play in tissues with medium or low fluid transport rates. Some

researchers suggest that AQPs may be more of a luxury than a necessity (Frigeri, Nicchia

etal. 2001b).

Researchers have found that AQP4 is the major water channel expressed in fast-

twitch skeletal muscle fibres, while AQPl is present in the vascular interface between

muscle cells and blood vessels (Frigeri, Nicchia et al. 2001a). This suggests that AQPs

may be necessary for the regulation of water movement during the increased metabolic

flux experienced in active skeletal muscle. Studies done by Frigeri et al. (2001a) have

shown that the expression ofAQP4 in muscle can be regulated by changes in muscle use

(loading and unloading experiments). They found that with hindlimb suspension there

was a shift in the fibre type distribution, from slow to fast twitch, and it was associated

with an increase in AQP4 gene expression (mRNA was up-regulated) and protein content

in the fast twitch fibres. This may indicate that AQP4 is necessary for the function of
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FIGURE 3. Pathways Involved in cell volume regulation and restoration

(Adapted from Waldegger, Matskevitch et al. 1998)

fast-twitch muscle fibres (Frigeri, Nicchia et al. 2004) and perhaps plays a role in the

maintenance of water homeostasis within skeletal muscle (Frigeri, Nicchia et al. 2004).

Fast twitch, type II fibres have a higher water permeability than slow twitch, type 1 fibres

(Frigeri, Nicchia et al. 1998) and this may be accounted for by their AQP4 protein

content. Furthermore, these fibres are highly glycolytic in nature, i.e., they have a high

reliance on glycogen and phosphocreatine for energy maintenance. Due to their high

dependence on glycogen for energy, these fibre types also have a greater capacity to

produce higher concentrations of lactate. A high correlation has been observed between

the increase in muscle lactate and water content (Sjogaard, Adams et al. 1985; Lindinger,

Spriet et al. 1994), and this high AQP4 content in type II fibres may allow for a rapid

water flux into the hyper-osmotic tissue to quickly re-establish a more isotonic cellular
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osmolality (Frigeri, Nicchia et al. 1998). Therefore, it is attractive to think that the

regulation ofAQP4 can aftect water homeostasis in skeletal muscle cells and also

influence the functional demands of the muscle by altering the hydration status of the

muscle cells (Frigeri, Nicchia et al. 2001a).

Despite these research findings, controversy exists as to the specific role that

/^ AQPs play in skeletal muscle fiinction. Studies have found that humans with Duchenne

muscular dystrophy and mdx mice (an animal model of Duchenne muscular dystrophy)

have a decreased AQP4 expression in skeletal muscle (Frigeri, Nicchia et al. 1998; Liu,

Wakayama et al. 1999). Some believe that AQP4 is somehow associated with the

dystrophin complex, but it is not clear how this interaction occurs and a possible link may

exist with a-synotrophin or other dystrophin complex related proteins (Frigeri, Nicchia et

al. 2002). Frigeri et al. (2002) have suggested that changes in osmotic equilibrium of the

neuromuscular system are involved in the pathology of muscular dystrophy in mdx mice.

This may stem from the fact that dystrophin, a component of a complex that functions to

structurally link the extracellular matrix with the intracellular actin network, causes a loss

of this complex that renders the sarcolemma susceptible to contraction induced damage

(Weller, Karpati et al. 1990: Petrof, Shrager et al. 1993; Crosbie, Dovico et al. 2002).

Another study by Menke and Jockusch (1991) showed that mdx muscle fibres show a

decreased osmotic stability compared to normal muscle fibres (Menke and Jockusch

1991). Therefore, it has been postulated that a decreased AQP4 expression may

contribute or be a consequence of the pathophysiology and/or pathogenesis of hereditary

muscular dystrophies involving an absence or reduction in dystrophin (Crosbie, Dovico et

al. 2002; Frigeri. Nicchia et al. 2002). However, this line of evidence does not prove a





causal relationship to exist between reduced AQP4 expression and abnormal skeletal

muscle function (Yang, Verbavatz et al. 2000).

In order to determine the effect ofAQP4 in skeletal muscle, Yang et al. (2000)

studied AQP4 knock-out mice to test the hypothesis that AQP4 deletion results in

decreased water permeability in skeletal muscle and defective muscle function. Their

study found no difference in water transport or fixnction. Therefore, this is evidence

against the early hypothesis that AQP4 plays a major role in skeletal muscle physiology.

On the other hand. Crosbie et al. (2002) have shown that AQP4 expression in the

sarcolemma is deficient in six distinct animal models of muscular dystrophy and that the

loss ofAQP4 in dystrophic muscle is a consequence of the muscle pathology. The lack of

difference between AQP4 null and wild-type mice may be due to an unknown

compensation for AQP function by an undetermined water channel (Crosbie, Dovico et

al. 2002). As pointed out by Crosbie et al. (2002). the results from AQP4 null mice do not

agree with the established fragility and osmotic instability of the dystrophin-deficient

sarcolemma (Weller, Karpati et al. 1990; Petrof, Shrager et al. 1993; Crosbie, Lim et al.

2000). In conclusion, the role that AQP4 plays in muscular function and water

homeostasis is still under debate and requires further research.

III. Cell Volume Regulation

Mammalian cells exist in a dynamic state within their environment, and the

integrity of cell membranes and cytoskeletal architecture is jeopardized when excessive

alterations in cell volume occur (Waldegger, Matskevitch et al. 1998). Although the

concentration of solutes differs across the membrane, all the compartments share a

common osmolality of approximately 290 ± 10 mmol'kg'. As a result, the maintenance
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of a constant osmolality minimizes fluid movement across the compartments and

membranes. In general, the membranes of animal cells are highly permeable to water

with a few exceptions and cannot tolerate substantial changes in hydrostatic or osmotic

pressure gradients. Water movement across these membranes is largely dictated by

osmotic pressure gradients (see Figure 4). Any changes in the intracellular and

extracellular osmolality are regulated by the movement of water and the resulting

compensatory activation of regulatory ion channels, which results in minimizing

subsequent alterations in cell volume (Lang, Busch et al. 1998). For example, when an

animal cell is placed in a hypo-osmotic environment, the cell swells and would eventually

burst if it did not have effective countermeasures to deal with the influx of water.

The osmotic equilibrium that exists between animal cells and their ECF allow

cells to freely change shape from moment to moment (Stein 2002). Unlike plant cells,

which benefit from the presence of an inflexible secondary cell wall that allows the cell

to deal with aniso-osmotic environments, animal cells need to utilize ion fluxes to

counteract changes in hydrostatic and osmotic pressure gradients. Since the cellular

membrane restricts the movement of certain molecules and regulates the movement of

ions and other intracellular molecules, the ICF is negatively charged due to the internal

protein load, and this situation imposes an osmotic stress inward. In order to relieve this

stress, animal cells utilize the sodium-potassium (Na^/K*) ATPase pump. This pump

manipulates Na* into a non-penetrating solute (extrudes Na"^ to maintain a low

intracellular Na*^ concentration) that creates osmotic stress outward, and this equilibrium

is maintained at a metabolic expense (ATP) to the cell (Stein 2002). Therefore, a key

role of Na"/K* ATPase is to offset the osmotic effect of impermeant cell solutes (like
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proteins) during normal resting conditions. However, cells also contain a variety of

membrane pathways that contribute to the regulation of cell volume during times of

osmotic stress, such as ion pumps and leak channels (Macknight, Gordon et al. 1994).

Together, they provide a flexible system for altering fluid volume or ion content for

maintenance of cellular function (Hallows and Knauf 1994).

Cells have developed a rather intricate system in order to deal with the struggle

against cell enlargement and reduction due to osmotic differences. If cells lose the

struggle against cell swelling, they will eventually burst and die. On the other hand, it has

been hypothesized by some researchers that cell shrinkage is less hazardous, but it still

compromises cellular function through changes in the concentration of enzymes and

substrates that results from macromolecular crowding (Haussinger and Lang 1991b).

Regulatory Volume Decrease

Hypo-otmolar Solution

Regulatory Volume Increase

Hypar-osmolar Solution

FIGURE 4. Osmolality of the extracellular media can influence the movement of water Into and out
of the cell, thus influencing cell volume. RVD and RVI pathways help to restore cell volume to the
orginal 'set point', however volume restoration is incomplete.
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On the other hand, it appears that a decrease in ceil volume may also be a signal for

apoptosis in some cells. For example, extracellular environments greater than 500

mmol'kg"' have been shown to trigger apoptosis (Rosette and Karin 1996; Lang, Ritter et

al. 2000; Michea, Ferguson et al. 2000). Therefore, the stimulation of apoptosis by

osmotic shock indicates that an interplay exists between cell volume and the mechanisms

that mediate apoptotic cell death because without the participation of the cell volume

regulatory machinery it is not possible to shrink cells (Lang, Busch et al. 1994).

The main role of regulating cell volume is to cope with the dual problem of

volume regulation and electrolyte homeostasis (Sackin 1994) in an attempt to prevent

irreversible damage, such as lysis, or an internal milieu that is detrimental to the enzymes

in the cell. Cells exposed to a hypo-osmotic environment initially swell and then undergo

a slower compensatory shrinkage through the loss of intracellular solutes via K^ and

anion channels followed by osmotically obliged water. This process is termed regulatory

cell volume decrease (RVD) (Hallows and Knauf 1994). Not all cells utilize the same

volume regulatory pathways; in general, RVD is accomplished by the release of ions and

water. In particular, studies have found that K^ and CI" leave the cell via selective K*

channels and/or anion channels, which are not as selective (CI" and HCOs' and even some

negatively charged amino acids can leave through the anion channels) (Waldegger,

Steuer et al. 1998; Waldegger and Lang 1 998b). Other pathways may include the

movement of organic solutes (taurine, sorbitol, betaine), NaVH* or CIVHCOa'

exchangers, neutral KCl co-transporters and electrogenic Na^-HCOj' co-transporters

(Macknight, Gordon et al. 1994),
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On the other hand, cells exposed to hyper-osmotic media initially shrink, but

within minutes they attempt to regain their original cell volume by accumulating

electrolytes via the NKCC co-transporter and the Na^/H^ exchanger - this is termed

regulatory cell volume increase (RVI) (Lang, Busch et al. 1998). RVI involves the

uptake of ions and/or water and can also be accomplished by the parallel operation of a

Na^/H"^ exchanger and ClVHCOs" exchanger that results in a net gain of NaCl

(Waldegger, Steuer et al. 1998; Waldegger and Lang 1998b). When some cell types (i.e.,

murine pancreatic beta-cells, rat renal IMCD cells, Ehrlich ascites tumour cells and

lymphocytes) are exposed to hyper-osmotic media, they initially shrink, but may or may

not undergo secondary volume adjustments (Hoffmann and Simonsen 1989; Grinstein

and Foskett 1990; Engstrom, Sandstrom et al. 1991; Grunewald, Grunewald et al. 1994;

Hallows and Knauf 1994; Lang, Busch et al. 1998). However, these cells will undergo

RVI after they have undergone RVD, this is called secondary RVI. When these cells are

returned to an iso-osmotic medium after undergoing RVD in hypotonic media, they

experience compensatory changes and initiate RVI (Macknight, Gordon et al. 1994).

When cells are exposed to hypertonic media they only experience a loss of water.

Alternatively, when cells are exposed to iso-osmotic media that has altered ion content,

but not osmolality, RVI almost always results in a loss of osmotically active molecules

when returned back to its normal bathing fluid (O'Neill 1999). It is unclear how cells can

sense how they are being shrunk, but it cannot be explained by a lack of transport activity

because the cells undergo RVI after RVD (O'Neill 1999). One hypothesis is that some

cells do not initially undergo RVI in the presence of hypertonic media due to alterations

in the intracellular CI* activity. The accumulation of CI' leads to cell swelling whereas its
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extrusion helps to alleviate cell swelling by the activation of ion channels (Lang, Busch

et al. 1998). Although some cells are unable to regulate their volume during exposure to

hypertonic extracellular fluids, if CI" activity is manipulated prior to exposure to

hypertonic fluids, then the cells will undergo secondary RVI (Lang, Busch et al. 1998).

There still is a paucity of research examining why some cells only experience secondary

RVI rather than undergoing RVI relatively quickly (O'Neill 1999).

It is important to understand that the mechanism for RVI and RVD may differ

among different cell types and in general involves the action of ion transport systems that

do not completely restore the cell volume to its initial "set point,' instead, they act as

dampeners in order to prevent excessive cell volume deviations that would harm the cell

(Haussinger 1996). Some of the major factors in maintaining cell volume are: Na^, K^,

CI", H"^, and HCO3" (Waldegger, Matskevitch et al. 1998). Recently, it has been

elucidated that the soleus (SOL-predominately slow twitch) and plantaris muscle

(predominately fast twitch) in rats use NKCC co-transporters to restore cell volume when

placed in hyper-osmotic media (Gosmanov, Schneider et al. 2003). The increased activity

of this pathway is necessary for an increased water flux and cell volume preservation

(Gosmanov, Schneider et al. 2003; Gosmanov, Fan et al. 2004). Investigation into the

involvement ofNKCC transporters in cell volume regulation in skeletal muscle has been

relatively scarce and has demonstrated that the activation of this transporter is controlled

by different pathways in fast twitch and slow twitch muscle (Gosmanov, Wong et al.

2002; Gosmanov, Lindinger et al. 2003). To further illustrate this point, a recent study

used mice and demonstrated that the role NKCC plays in RVI in fast twitch (extensor

digitorum longus - EDL) and slow twitch (SOL) muscle is different. When NKCC
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transporters were blocked in both muscle types with butamide, RVI was incompletely

blocked in fast twitch muscle (Stephenson and Lindinger 2005). Thus far, NKCC activity

in the SOL muscle is the only known mechanism for sparing cell volume in slow twitch

muscle (Gosmanov, Schneider et al. 2003). Furthermore, the role NKCC plays in fast

twitch muscle is poorly understood and to date there has been very little investigation

into pathways responsible for regulatory volume decreases in skeletal muscle (Lindinger

2005).

Although the osmolality and extracellular volume are maintained relatively

constant, mammalian cells are subject to volume changes that are influenced by the

dynamic state (i.e., metabolism) of the cell and perturbations in the extracellular

environment. For example, dehydration, exercise, and pathophysiological disorders like

uncontrolled diabetes mellitus, can alter whole body osmolality (Robinson and Loeb

1971; Arieff and Kleeman 1974; Howard, Bichet et al. 1992). That is, cell volume is

continuously challenged by the transport of substances into, and out of, the cell, and by

metabolism within the cell. Even when the cell volume is not threatened by the

extracellular environment, mechanisms are still needed to alter the volume of the cell

during processes such as hypertrophy, atrophy, apoptosis, and differentiation (Macknight

and Leaf 1977).

Research suggests that the incomplete return to the original 'set point' can also act

as a secondary messenger to influence cellular metabolism (Figure 4), vesicular pH and

gene expression (Haussinger, Lang et al. 1994). For example, hormones have been shown

to utilize cell volume changes in order to alter cellular function in hepatocytes by using

cell shrinkage and swelling to their advantage (vom Dahl, llailbrucker et al. 1991a; vom
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Dahl, Hallbrucker et al. 1991b). In hepatocytes, insulin has been known to cause swelling

and trigger an anabolic state in the cell. On the other hand, glucagon has the opposite

effect on the cell - it shrinks the cells to trigger a catabolic state (Lang , Busch et al.

1995). Cell volume changes have also been shown to alter the expression of genes

related and unrelated to cell volume control. This fact further supports the hypothesis

that cell volume changes act as a secondary messenger to alter the internal function of the

cell (Lang , Busch et al. 1995; Waldegger and Lang 1998b; Lang 1999). Lastly,

alterations in the hydration state may affect the pH of acidic compartments, like

lysosomes. Cell swelling can increase the alkalinity of some intracellular compartments

and thereby inhibit the function of those compartments. On the other hand, cell shrinkage

can lead to acidification and the activation of some intracellular compartments. The

ability of alterations in cell volume to influence cellular compartment pH may provide an

intracellular transmission mechanism for the regulation of proteolysis and other

metabolic functions (Lang, Busch et al. 1994).

During chronic exposure to an aniso-osmotic medium, most cells accomplish

acute volume regulation by the manipulation of inorganic ions and more long-term

adaptation through the formation, breakdown, or release of intracellular osmolytes (See

next section). Cells utilize osmolytes (non-perturbing solutes) to increase intracellular

osmolality without disturbing the structure and function of the cell's internal environment

because the accumulation and movement of ions can affect the intracellular environment

(i.e., function of enzymes and substrates) and the membrane potential of excitable cells

(Lang, Busch et al. 1998).
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a. Osmolvtes

Cells are constantly adapting to changes in their surroundings and use osmotically

active solutes (osmolytes) in addition to inorganic ions to generate intracellular

osmolality (Garcia-Perez and Burg 1991; Kinne 1993; Kinne, Czekay et al. 1993; Burg

1995). Osmolytes and inorganic ions are also used to adapt and defend cell volume

against deviations that may harm the internal milieu without affecting cellular function

(Yancey, Clark et al. 1982). High ion concentrations interfere with the structure and

function of macromolecules, including proteins (Yancey 1994). Organic osmolytes are

particularly important for cell volume regulation where alterations in ion composition

would affect excitability (Lang, Busch et al. 1998). In order to prevent cell swelling once

normal osmolality is restored, organic osmolytes need to be rapidly degraded in order to

not affect cell volume (O'Neill 1999). Osmolyte accumulation in the cell can be achieved

by either stimulated uptake, enhanced formation, or decreased degradation (Lang , Busch

et al. 1995). The major osmolytes in water stressed eukaryotes are limited to a few

classes of low molecular weight metabolic products, such as polyhydric alcohols

(polyols), e.g., mannitol, sorbitol and inositol; some, but not all free amino acids and their

derivatives, such as glycine, alanine, glutamine, glutamate, aspartate and taurine; and

finally, urea and methylamines (i.e., glycerophosphoylcholine and betaine) (Yancey,

Clark et al. 1982; Garcia-Perez and Burg 1991; Law 1991; Kinne 1993; Kinne, Czekay et

al. 1993; Burg 1995).

Osmolyte systems are able to provide environments 'compatible' for

macromolecular structure and function (Haussinger and Lang 1991b). They do so by

generating intracellular osmolality without affecting the reaction rates and functional
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properties of proteins and enzymes in the internal milieu (Burg 1995). Although many

biochemical functions require specific inorganic ions, increasing the concentrations of

these ions above the levels typically found intracellularly often leads to a disruption in the

function of proteins and enzymes. Therefore, the accumulation of osmolytes is believed

not to significantly perturb protein ftinction over a wide range of concentrations (in the

case of urea (which has negative effects on macromolecules in high concentrations), it

has been found that some species are sensitive to urea perturbations, therefore

methylamines work as counteracting osmolytes (one without the other is deleterious) for

urea concentrations (Yancey, Clark et al. 1982)). In fact, its been suggested that

accumulating osmolytes instead ofNaCl or KCI allows the cell to adapt to hyper-tonicity

more safely (Parsegian 2002). In particular, osmolytes are rapidly degraded or released

during cell swelling, but during cell shrinkage accumulation occurs through stimulated

uptake, enhanced formation, or decreased degradation. These mechanisms are mediated

through alterations in gene expression, and therefore, require more time to become fully

effective (Lang 1999), whereas the ionic manipulation of the intracellular milieu is a

faster means of modulating the internal milieu for the short term.

b. Molecular Crowding

Osmolytes predominately deal with maintaining an internal environment at a set

osmolality that does not disrupt the internal functioning of the cell. However, when

changes in cell volume exceed the capacity of the osmotic systems such that a significant

change in volume occurs, changes in cell function can occur. The functionality of

proteins and enzymes is highly sensitive to alterations in cellular hydration (Gamer and

Burg 1994). It is believed that this change in cellular hydration can modify a variety of
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metabolic functions, including degradation and synthesis of macromolecules. The

activities of macromolecules, small solutes and water are interrelated, and changes in one

can greatly affect the other. For example, when an enzyme or protein of interest is present

at normal resting concentrations in the cell during times of low water content, the

diminished water content in the cell can cause associations to occur (such as inorganic

salt interactions with proteins and protein-protein interactions) that may not otherwise

take place, and thus affect its activity. This is the theory of macromolecular crowding

(Gamerand Burg 1994).

According to the theory of macromolecular crowding, changes in cell volume

could alter the biochemical reactions by changing the degree of macromolecule

association (Zimmerman and Minton 1993; Gamer and Burg 1994; Parsegian 2002).

When cells are initially exposed to a hyper-osmotic medium, they shrink and the

concentration of electrolytes in the intracellular space can perturb the function and

movement of macromolecules inside the cell. For example, molecules that normally do

not interact are forced to come into closer contact when the cell is placed in a hyper-tonic

solution because of the new, smaller cell size and as a result macromolecular functions

are altered. Likewise, as compatible organic osmolytes accumulate, the cells swell and

the intracellular concentration of electrolytes decreases back toward normal levels. Some

argue that the cells can detect this alteration in concentration/crowding and it leads to the

activation of regulatory mechanisms to counteract this stressful environment to one that is

more optimal (Lang, Busch et al. 1998). In summary, changes in cell volume could

potentially alter the metabolic functioning of a cell and interfere with the optimal cellular
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environment by introducing interactions whicli may alter structure and/or function of

macromolecules and enzymes (Gamer and Burg 1994; Parsegian 2002).

c. The Cvtoskeleton and Cell Volume

The cytoskeleton is made up of three distinct filamentous or fibrous proteins:

actin filaments (most abundant), microtubules, and intermediate filaments (Mills,

Schwiebert et al. 1994). These proteins comprise the primary cell membrane architecture

and play an essential role in maintaining cell shape and morphology (Moustakas,

Theodoropoulos et al. 1998). The cytoskeleton also serves a pivotal role in regulating

transport by controlling vesicle-mediated insertion of transport proteins (Pedersen,

Hoffmann et al. 2001). Alterations in cell volume affect the architecture of the

cytoskeleton by reorganizing, restructuring or in some cases causing depolymerising of

actin filaments (Lang, Busch et al. 1998), which can influence the expression of

cytoskeletal proteins (Theodoropoulos, Stoumaras et al. 1992; Haussinger, Stoll et al.

1994; Moustakas, Theodoropoulos et al. 1998; Lang 1999). Some researchers believe

that that the cytoskeleton can sense alterations in cell volume and mediate activation of

some cell volume regulatory mechanisms (Haussinger, Saha et al. 1993; Busch, Schreiber

et al. 1994; Lang 1999) due to the fact that several volume-regulated transport proteins

and their regulators exhibit a functional interaction with the cytoskeleton (Pedersen,

Hofimann et al. 2001). Initial evidence pointed towards the involvement of actin

filaments in cell volume changes because of the use of disrupting agents (like cytochlasin

D and B) that impacted the cells ability to undergo RVI and RVD (Henson 1999). At the

onset of cell swelling, a series of studies showed that the actin filament organization was

disrupted and it was not a result of depolymerization (Henson 1 999). It appears that the
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depolymerization and reorganization of actin filaments in specific membrane domains

may trigger the insertion and activation of ion transport pathways that contributes to

solute efflux during RVD (Mills, Schwiebert et al. 1994; Lang, Busch et al. 1998).

Therefore, the actin cytoskeleton plays a role in both sensing the aniso-tonic environment

and transmitting signals for the restoration of cell volume. However, the exact

mechanisms linking the relationship between the actin cytoskeleton and the volume

regulatory machinery are unclear and require further elucidation (Henson 1999).

IV. Cell Volume as a Possible Second Messenger System

Changes in the cellular hydration state have been suggested to play a role in the

regulation of cellular metabolism in different cell types by altering the internal milieu,

and subsequently affecting the synthesis and degradation of carbohydrates, lipids,

osmolytes, and proteins (Eklund, Granberg et al. 1972). Extensive research in

hepatocytes has shown that hormones and amino acids can affect cell volume

(Haussinger, Lang et al. 1990; Lang, Volkl et al. 1991; vom Dahl, Hallbrucker et al.

1991a; vom Dahl, Hallbrucker et al. 1991b; Haussinger and Lang 1992; Lang , Busch et

al. 1995; vom Dahl and Haussinger 1995; vom Dahl and Haussinger 1996; Waldegger

and Lang 1998a; Waldegger and Lang 1998b; vom Dahl, Schliess et al. 1999).

Modifications to cell volume by extracellular substances challenges cell size and results

in the incomplete return of cell volume to its original set point (either slightly swollen or

shrunken) and allows for an altered metabolic state (Haussinger and Lang 1991a;

Haussinger and Lang 1991b; Haussinger and Gerok 1994; Haussinger 1996).

Consequently, hormones and amino acids can alter the internal functioning of
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hepatocytes by instigating changes in cell volume thereby sending a signal to modify the

internal cellular function. This causes the percent deviation from the original set point to

be considered a second messenger, £ind thus ultimately resulting in a change in the

internal milieu of the cell. This secondary messenger system is beginning to be explored

in other tissues and cell types (Clegg, Jackson et al. 1990; Parry-Billings, Bevan et al.

1991; Peak, al-Habori et al. 1992; Low, Rennie et al. 1996a; Low, Rennie et al. 1996b;

Low, Taylor et al. 1996c).

a. Metabolism

Organisms take in and release water and osmotically active molecules that are

transported, transformed or stored, such as carbohydrates, fat, and protein. Following

this rationale, a variety of models have been used to link cell volume with the regulation

of carbohydrate (Lang, Stehle et al. 1989; Baquet, Hue et al. 1990; Roth, Kamer et al.

1990; Peak, al-Habori et al. 1992; Low, Rennie et al. 1996a; Low, Rennie et al. 1996b),

protein (Hallbrucker, vom Dahl et al. 1991a; Hallbrucker, vom Dahl et al. 1991c; Stoll,

Gerok et al. 1992; Lang, Busch et al. 1998) and fat metabolism (Baquet, Lavoinne et al.

1991; Hue 1994). While the intracellular pools of these substrates are large, the

concentration in the blood is relatively low. In this way, metabolic processes influence

the osmolality of the internal milieu through anabolism or catabolism and ultimately

creates osmotic gradients that result in equilibrating water transport (Eklund, Granberg et

al. 1972).

As first shown in hepatocytes, the cellular hydration state has profound eftects on

protein and amino acid metabolism (Baquet, Hue et al. 1990; Haussinger, Hallbrucker et

al. 1990; Waldegger, Busch et al. 1997). The metabolic generation or disposal of
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osmotically active substances alters cellular osmolality by introducing the products of

catabolism into the internal milieu or by integrating monomers during anabolism and

consequently influences cell volume (Eklund, Granberg et al. 1972; Haussinger and Lang

1991b). For example, the degradation of glycogen to glucose-6-phosphate, proteins to

amino acids, or triglycerides to glycerol and fatty acids, are all thought to enhance

intracellular osmolality while the opposite is true for the production of macromolecules

from their monomeric parts.

In hepatocytes, studies have shown that cell volume is an important regulator of

cellular metabolism. Cell shrinkage stimulates the breakdown of proteins and glycogen to

amino acids and glucose-6-phosphate respectively, and inhibits protein and glycogen

synthesis (Haussinger and Lang 1991a; Stoll, Gerok et al. 1992; Haussinger, Lang et al.

1994). Conversely, cell swelling stimulates protein and glycogen synthesis, and inhibits

proteolysis and glucogenolysis, thereby decreasing intracellular osmolality by

incorporating monomers into less osmotically active macromolecules (Lang, Stehle et al.

1989; Haussinger, Hallbrucker et al. 1990; Hallbrucker, vom Dahl et al. 1991c; Meijer,

Baquet et al. 1992; Peak, al-Habori et al. 1992; Haussinger, Roth et al. 1993; Low,

Rennie et al. 1996a; Lang 1999). When there is increased glycolysis in muscle cells and

energy demands during exercise, studies have shown that a possible mechanism for cell

volume increase is via intracellular acidosis (Saltin, Sjogaard et al. 1987) which leads to

the activation of the \<a*fH* exchanger (Lang 1999). The activation of the exchanger is an

essential step in RVI and under physiological conditions the internal pH is the primary

determinant of the rate of NaVH* exchange (Grinstein, Woodside et al. 1994).
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Cell volume can also affect the cellular concentration of several amino acids and

their metabolites. Although the individual intracellular concentration of a particular

amino acid is rather low, when the total free amino acid load is combined the osmotic

effect is substantial (Law 1991; Lang 1999). This also demonstrates that volume

regulation not only alters protein content in a cell, but also amino acid uptake and release

(Lang 1999). Cell shrinkage also stimulates Na^-coupled transport of neutral amino

acids, thereby increasing the intracellular amino acid concentration. On the other hand,

cell swelling stimulates protein synthesis and inhibits proteolysis; therefore, decreasing

the intracellular osmolality by integration of the monomers into osmotically less active

macromolecules (Lang 1999). For example, Haussinger et al. (1993) suggest that a

decrease in cellular hydration in the liver and skeletal muscle triggers the catabolism of

protein that accompanies various disease states (Haussinger, Roth et al. 1993). They re-

investigated previously obtained muscle biopsy samples from patients with a variety of

disorders and found that the amount of water content was decreased in skeletal muscle

(wet vs. dry weight), and that there was a corresponding decrease in the whole-body

nitrogen balance (Haussinger, Roth et al. 1993). Therefore, they indirectly showed that

there was a direct correlation between the balance of nitrogen in the whole-body and

cellular hydration of skeletal muscle. Therefore, cell swelling is associated with an

anabolic proliferative signal that stimulates processes, such as protein synthesis, whereas

cell shrinkage has a catabolic anti-proliferative and anti-anabolic signal that inhibits such

processes (Haussinger, Roth et al. 1993).

To date, hepatocytes have been the most extensively examined cell type with

regards to the effects of altered cell volume on carbohydrate metabolism. However,
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studies have shown that alterations in cell volume can influence metabolism in contractile

tissue including myotubes (Low, Rennie et al. 1996a; Low, Rennie et al. 1996b), L-929

cells (Clegg, Jackson et al. 1990) and isolated skeletal muscle (Brunmair, Neschen et al.

2000).

Low et al. (1996) investigated the effects of alterations in extracellular media on

myotubes in primary culture. They postulated that a cell volume sensitive mechanism

might provide a signal promoting glycogen storage because myofibrillar swelling occurs

after exercise as a result of increased blood flow and intramuscular osmolality. They

based their hypothesis on previous experiments which found that swelling mechanisms in

the liver affect glycogen synthesis and other anabolic processes (Baquet, Hue et al. 1990;

Baquet, Lavoinne et al. 1991; Meijer, Baquet et al. 1992). Low et al. (1996a)

demonstrated that myotube glycogen storage (cells harvested from thigh muscles of 1-

day old neonatal rats) could be influenced by extracellular osmolality. Glycogen

synthesis was increased with a hypo-osmotic media and decreased in hyper-osmotic

media relative to the controls maintained in iso-osmotic media. Moreover, they found

that glycogen synthesis was most prominent after 60 minutes of incubation in hypo-

osmotic media. However, they did not directly measure changes in cell size; it was

simply postulated due to the osmolality of the extracellular media used. Nevertheless, this

study was the first to display that incubation of primary muscle cells in a hypo-osmotic

medium is capable of producing anabolic effects similar to those observed in the liver.

More recently, Brunmair et al. (2000) studied the effects of altered extracellular

media on glucose metabolism in isolated rat SOL muscle strips. Muscles were incubated

in a diluted Krebs-Ringer buffer that was manipulated with mannitol to osmolalities
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ranging from 146 to 397 mmol'L'". They examined net glucose transport, glycogen

synthesis and glucose oxidation. Measuring the lactate content of the incubation media

assessed muscle viability. However, their findings were in contradiction to those

observed by Low et al. (1996). The mechanisms contributing to these observed

differences between isolated skeletal muscle and cell culture remains unclear, but

Brunmair et al. (2000) did not report if their methodologies resulted in alterations in

muscle water content and cell volume. The media used by Brurmiair et al. (2000) had a

similar electrolyte concentration to that used by Low et al. (1996) when examining

skeletal muscle myotubes. Furthermore, Krebs-Ringer buffer that is consistent with

physiological salt concentrations has been conventionally used for short-term incubation

of rat muscle examining metabolism, not diluted buffer with non-physiological salt

concentrations (Clausen, Dahl-Hansen et al. 1979; Segal and Faulkner 1985; Dyck and

Bonen 1998; Dyck. Steinberg et al. 2001 ). Therefore, it is unclear why experiments were

not done in both diluted (Low et al. (1996) used a diluted media while incubating

myotubes) and regular Krebs-Ringer buffer (physiological for whole muscle) because

the authors infer that the experiment was done because myotubes and whole tissue do not

always react in a similar fashion and the main purpose of their paper was to determine if

aniso-osmolar changes alter glucose metabolism (Brunmair (2000) used media that was

physiological for myotubes not whole muscle). Furthermore, tissue viability may have

played a role in their results because muscle tissue was extracted after the animals were

sacrificed by cervical dislocation and then muscle-wet weight was determined prior to

muscle incubation. It was not stated for how long muscles went without oxygen and ATP,

and phosphocreatine concentrations were not measured (markers measuring energy
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metabolism and muscle viability). These differences may have affected their results and

may provide a plausible explanation for the contradictory findings observed. Even so, it

is clearly evident that skeletal muscle cell volume is altered with perturbations in the

extracellular osmolality. Therefore, more research is required to develop a greater

understanding of the relationship between cell volume and metabolism.

The influence of cell volume on protein metabolism has also been investigated

using isolated rat muscle. Parry-Billings et al. (1991) investigated the effects of changes

in muscle cell volume on the rate of glutamine release from rat muscle. They found that

the rate of glutamine release from isolated and incubated skeletal muscle is altered

markedly after changes in cell volume over a 60-minute incubation period. Moreover, an

indirect relationship between glutamine uptake and release was observed. Hyper-osmotic

media exhibited an increased rate of glutamine release, while in hypo-osmotic media the

rate of release was decreased and resulted in the net uptake of glutamine. Since the

muscle cell maintains a very high concentration gradient of glutamine with respect to the

extracellular environment and the extent of nitrogen wasting correlates with muscle

glutamine content, this led Haussinger et al. (1993) to suggest that the intracellular

glutamine concentration is somehow linked to muscle protein breakdown. They believe

and have some evidence to suggest that cellular hydration might be a variable linking

glutamine content with protein turnover in skeletal muscle (Bergstrom, Furst et al. 1974;

Rennie 1985; Roth, Kamer et al. 1990). Clearly, more work is required to determine if

cell volume has an influential role in protein balance in the cell.

There is also indirect whole body evidence suggesting a regulatory role for

alterations in cell volume on protein and carbohydrate metabolism. Bemeis et al. (1999)
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and Keller et al. (2003) found that changing the hydration state of the body by using

inftisions of either hypo- or hyper-tonic saline could alter whole body protein and glucose

kinetics. Both studies found that during the hypo-osmotic state, there was an improved

protein balance (i.e., a diminished leucine release and a decreased leucine oxidation)

(Bemeis, Ninnis et al. 1999; Keller, Szinnai et al. 2003). However, as a result of the

hyper-osmotic state, there were no changes seen in protein synthesis or breakdown. This

lack of effect may be due to an insufficient fasting period to bring about significant

decreases in whole body osmolality (or in muscle cell volume) (Bemeis, Ninnis et al.

1999; Keller, Szinnai et al. 2003). During the hypo-osmotic state, both demonstrated a

decrease in plasma glucose concentrations. However, in the hyper-osmotic state, there

was an increase in hepatic glucose production that coincided with an increase in plasma

glucose. The in-vivo evidence supports the observations made in-viiro with the hypo-

osmotic state counteracting proteolysis and glycogenolysis (Keller, Szinnai et al. 2003).

Nonetheless, the specific mechanisms that contributed to the alteration in protein

oxidation, breakdown and glucose production remains unclear since no assessment of

changes in skeletal muscle cell volume were made. Also, it is unclear what tissues

contributed to the decline in protein breakdown and oxidation at the whole body level.

Further investigation is warranted to determine if acute alterations in skeletal muscle cell

volume influence protein metabolism within the muscle cell and to determine the specific

mechanisms responsible for these changes.

b. Hormonal Influences

Small fluctuations caused by RVI and RVD have been shown to act as potent

signals for cellular metabolism and gene expression (Haussinger 1996). The incomplete
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return to the original cell volume by these mechanisms (RVI and RVD) is thought to play

a roll in the regulation of cell function. It is believed that hormones, such as insulin and

glucagon exert their effects on metabolism and gene expression partly by the

modification of cell volume (Haussinger 1996). Studies have found that insulin and

glucagon (in hepatocytes) exploit the ability to modify cellular metabolism by triggering

changes in cell volume. Insulin activates the NaVH^ exchanger and the NKCC co-

transporter which causes hepatocytes to swell, and therefore, impairs the catabolism of

macromolecules (Hallbrucker, vom Dahl et al. 1991a; vom Dahl, Hallbrucker et al.

1991a; Agius, Peak et al. 1994). Glucagon has been found to work in opposition to

insulin, it shrinks hepatocytes by activation of ion channels presumably, which then

stimulates catabolism (Hallbrucker, vom Dahl et al. 1991b; Lang 1999). In summary,

since skeletal muscle is a major target tissue for insulin action and studies have shown

that insulin can alter metabolism via changes in cell volume in hepatocytes, it seems

plausible that alterations in cell volume could be a secondary messenger system

influencing skeletal muscle metabolism.

V. Summary

Studies have found that the movement of water into and out of cells can influence

their cellular function not only by altering molecular crowding, but also by possibly

acting as a second messenger. Furthermore, experiments have shown that hormones exert

some of their metabolic influence via the alteration of cell volume; therefore it is likely

that changes in cellular hydration status can influence the metabolic nature of the cell.
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Given that skeletal muscle accounts for the bulk of intracellular fluid in the body, it is a
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FIGURE 5. Summary of possible affecters on cell volume

major site of insulin action and also undergoes fluid shifts due to muscular activity; it

appears reasonable to suspect that skeletal muscle metabolism can be influenced by

cellular hydration (see Figure 5). There have been very few in-vitro and in-vivo

investigations into the effects of cell volume on metabolic control in skeletal muscle.

However, the influence of changes in cell volume on metabolism in cultured myotubes

and the fluid shifts that occur during exercise in skeletal muscle provide practical

evidence for this claim. Therefore, ftirther exploration of the effects of altered cell

volume on skeletal muscle metabolism is warranted.
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Statement of the Problem

The purpose of this study is to examine the effects of aherations in extracellular

osmolality on incubated, resting rat skeletal muscle cell volume. In addition, this

experiment will help determine if changes in extracellular osmolality influence resting

skeletal muscle metabolism. This will allow for the estimation of fluid shifts into and/or

out of the intracellular environment to examine the role that cell volume plays in

regulating the resting metabolism of phosphocreatine, glycogen, inorganic phosphate and

lactate. Two muscles suitable for incubation were chosen with a range of oxidative and

glycolytic capacities.

An in-vitro resting model was chosen in order to separate the effects of changes in

extracellular osmolality due to muscle contraction and the milieu of hormones that might

exist and affect cell volume in-vivo. Three different osmolality concentration gradients

were utilized: a low extracellular condition (hypo-osmotic; 180 ± 10 mmol»kg"'), a

control condition (290 ± 10 mmol'kg'') and a high extracellular condition (hyper-

osmotic; 400 ± 10 mmol'kg'). The osmolalities that were used were slightly greater than

physiological (± 50 mmol'kg'') in order to assure the shift of fluids between the

extracellular and intracellular compartments. Extreme osmolalities were not used due to

the irreversible cellular damage caused by placing cells in extremely non-physiological

situations. Therefore, it is the intention of this study to examine the affect of different

osmolalities on skeletal muscle cell volume and the possible effects of fluid shifts

between the intra- and extracellular compartments on metabolism by preventing any

limitations that may arise due to the lack of inorganic ions in the incubation medium.

This project will also provide a solid background for understanding the mechanisms
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involved in the osmotic regulation of healthy skeletal muscle tissue. Lastly, it is

anticipated that this study will form a foundation for which subsequent experimental

conditions can build upon this study by using electrical manipulation (contraction) and/or

hormonal stimulation to atYect cell volume.
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Hypotheses

The primarj' purpose of this experiment was to manipulate cellular volume by

altering extracellular osmolality. It was hypothesized that exposure of isolated skeletal

muscle to a hypo-osmotic environment would cause an increase in the skeletal muscle

cell volume as estimated by increases in the relative water content of the cell (wet to dry

weight ratio of the muscle tissue), and an increase in muscle fibre cross-sectional area.

Moreover, it was anticipated that exposure to the hyper-osmotic environment would

cause a decrease in the variables measured above.

The secondary purpose of this experiment was to investigate the effect of

extracellular osmolality manipulations on the metabolic characteristics of resting fast

twitch and slow twitch muscle. It was hypothesized that the hypo-osmotic environment

would lead to an anabolic environment where there would be a greater content and/or

accumulation of macromolecules, such as glycogen. This was based on results from

experiments done in hepatocytes where Haussinger (1991b) found that cell swelling

inhibits the degradation of macromolecules such as glycogen and proteins. On the other

hand it was anticipated that the hyper-osmotic environment would influence the

metabolic nature of the cell by creating a catabolic environment (Haussinger and Lang

1991b). Haussinger (1991b) has also shown that hepatocytes exposed to hyper-osmotic

environments exhibit catabolic cellular environments where glycogenolysis and

proteolysis, as well as other metabolic pathways leading to the cellular accumulation of

osmolytes are stimulated (Haussinger and Lang 1991b). Furthermore Low et al., (1996b)

found that myotubes exposed to hyper-osmotic environments increased in glycogen
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content, while exposure to hypo-osmotic environments lead to decreased glycogen

content.
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Methods

I. Development of Muscle Incubation System

Intact, isolated rat skeletal muscles (soleus, SOL and extensor digitorum longus,

EDL) were used in this study because of the necessity to study fluid shifts at the level of

the whole tissue. The effect of extracellular osmolality on tissues is generally studied via

cell culture or whole animal tissue due to the ease of manipulation and examination as

well as the ability to incubate the muscle under extreme conditions that cannot be done

in-vivo (Sjogaard and Saltin 1982). This study examined the effects of changes in

extracellular osmolality on intact tendon-to-tendon skeletal muscle tissue without the

influence of circulating hormones or muscle contraction. The purpose of utilizing

isolated whole muscle strips in this study was to establish the basic fundamentals of fluid

shifts in resting skeletal muscle and their possible influence(s) on metabolism.

The SOL and EDL were used because of the different proportion of fibre types

present in each. The SOL is predominately comprised of type I fibres (-84%) (Delp and

Duan 1996), while the EDL predominately consists of type II fibres (-76%) (Delp and

Duan 1996). These fibre types ditYer in their metabolic nature (glycolytic flux), the

expression of monocarboxylate transporters 1 and 4 (Bonen 2001), and in the distribution

of one fluid regulatory protein (i.e., AQP4) (Frigeri, Nicchia et al. 1998). Therefore, it

was important to determine if a difference existed between the effects of alterations in

osmolality of the ECF in different skeletal muscle fibre types.

These experiments were the basis for a research program designed to investigate

fluid shifts in muscle cell volume and metabolism. Therefore, these experiments are

fundamental in establishing the reliability and validity of manipulating organ bath
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osmolalities (concentrations) to explore changes in skeletal muscle cell volume and

metabolism so that future studies could utilize and expand upon this model.

In order to create a system that is as close to physiological conditions as possible,

Sigma Medium- 199 was used as the extracellular fluid, which has more generally been

used as a media for cell culture (see Appendix 1). Sigma Medium- 199 simulates the

physiological properties of the ECF in-vivo more closely than the standard Kreb"s

Henseleit buffer (this is a simple buffer containing only ions). In addition, a study has

shown that the SOL muscle is quite viable in this media for well over 24 hours (Stace,

Marchington et al. 1990).

Mannitol was used as the agent to increase media osmolality. Mannitol is a six-

carbon alcohol with a molecular weight of 182 daltons and is the reduced form of the

sugar mannose. When given intravenously, mannitol equilibrates rapidly in the

extracellular fluid space with virtually no entry into the intracellular compartment

(Buckell 1964; Stuart, Torres et al. 1970). It is primarily confined to the extracellular

space when injected (Newman, Bordley et al. 1944), and this confinement allows it to

raise osmolality, which has also resulted in its use as a diuretic agent (Warren and Blantz

1981; Pamuk and Sonsuz 2002). Most importantly, studies have demonstrated that

mannitol can be oxidized by the liver, but not by other tissues (Wick, Morita et al. 1954).

Therefore, mannitol is a good candidate to increase extracellular osmolality without

alTecting the electrolyte balance in the hyper-osmotic solution and not being metabolized

within skeletal muscle.

Diluting the iso-osmotic media with distilled water created a hypo-osmotic

environment that forced fluid into the cell. The total amount of solutes in the media was
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the same as the iso-osmotic condition, but it simply contained more water. This condition

was analogous to over-hydrating. It has been found that extracellular osmolalities as high

as 500 mmol'kg' can induce apoptosis in some cell lines (Lang, Ritter et al. 2000;

Michea, Ferguson et al. 2000). Therefore, it was thought that ranges somewhat closer to

physiological osmolalities might increase tissue viability while influencing adequate fluid

shifts. As a result, the extracellular osmolalities currently employed were 180 ± 10

mmol'kg'' (close to the low end of 230 mmol'kg' seen in some cases), 290 ± 10

mmol'kg"', which is iso-osmotic with normal body osmolality, and 400 ± 10 mmol'kg"',

which is slightly higher than concentrations that have been found in humans (360

mmol'kg').

Previous literature demonstrated that to ensure complete viability, incubation

temperatures of 25°C produce the best results in the SOL and EDL of whole intact

muscle tissue from rats weighing up to 140 g (Segal and Faulkner 1985). However, in

order to avoid any adverse side effects of low temperatures on metabolic enzymes, 30 ±

2°C was utilized as viability was achieved at this temperature and a number of studies

have utilized this temperature for other metabolic studies (Dyck and Bonen 1998; Dyck,

Steinberg etal. 2001).

The ideal sarcomere separation (L,,) in a single intact mammalian muscle fibre is

2.4|im. However it is difTicult to determine L„ in whole muscle due to the inability to

visualize sarcomere striations in whole muscle. However, one gram of force (tension) on

a whole resting muscle (< 50g) has been used successfully by other researchers (Clausen,

Dahl-Hansen et al. 1979; Vandenboom 1992).
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II. Animals and Housing

The current investigation included a total of 40 male Long Evans rats (bred in the

Brock University animal care facility) with a mean mass of 135.3 ± 22.2 g (- 4-6 weeks

old). All experimental procedures and protocols were approved by the Brock University

research subcommittee on animal care and conformed to all Canadian Council on Animal

Care guidelines. Animals were housed in groups within the Brock University Animal

Facility, where they were maintained on a 12:12 light-dark cycle at ~22°C. The rats were

fed a standard rodent diet (5012 Rat diet, PMI nutrition Inc LLC, Brentwood, MO) and

had ad libitum access to food and water.

III. Experimental Protocol

To determine the effects of extracellular osmolality on resting skeletal muscle,

two different perturbations were used along with a control condition. The control

condition consisted of Sigma Medium- 199 (see Appendix I) manipulated with mannitol

or water (produced by reverse osmosis) to achieve an osmolality of 290 ± 10 mmol'kg''

(CON). To satisfy the hyper-osmotic condition. Medium- 199 was mixed with mannitol to

achieve an osmolality of 400 ± 10 mmol'kg"' (HYPER). The second condition consisted

of Medium- 199 manipulated with water to make the solution hypo-osmotic in the range

of 180 ± 10 mmol'kg"' (HYPO). These manipulations did not vary in ionic content; the

only difference across the three conditions was the amount of water that could be

imported in or out of the cell. The osmolality of all incubation media (pre- and post-

incubation) were verified using an osmometer (VAPRO5520, Wescor. Logan, Utah).
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To assess the viability of muscle utilized in the experiments, the measured values

of adenosine triphosphate (ATP), phosphocreatine (PCr), creatine (Cr) and lactate were

compared to established values. Approximately 160 muscle samples were collected (80

per muscle typ)e).

Prior to the experiment, the animals were anaesthetized (sodium pentobarbital, 55

mg'kg', IP) and the experimental hindlimb muscles (SOL/EDL) were removed. To

briefly summarize the preparation, the skin surrounding the lower hindlimb muscles was

removed; the left SOL was the first muscle exposed and dissected from tendon-to-tendon.

Upon fiill exposure of both tendons, sutures (4-0 silk) were tied in-situ and then the

muscle was removed and placed immediately in the organ bath. The right SOL was then

dissected and sutured off After the removal of both SOL muscles, the left followed by

the right EDL were dissected from tendon-to-tendon and tied oif in-situ before

incubation. Once the tissue was removed, the animals were sacrificed with an overdose of

sodium pentobarbital.

Once the muscle was in the tissue bath, one silk-sutured end was attached to a

force transducer (Grass Telefactor, West Warwick, RI) to monitor the resting tension and

the other sutured end was attached to a glass tissue support rod. The muscle was then

secured in an organ bath (Radnoti Glass Technology Inc, Monrovia, CA) containing

approximately 15 ml of incubation media (Figure 6). All muscles were placed and

secured in the organ bath in under 1 minute. Resting tension was adjusted to 1 g

(Clausen, Dahl-Hansen et al. 1979) and the bath was kept at a constant temperature of 30

± 2°C (Segal and Faulkner 1985; van Breda, Keizer et al. 1990) while being continuously
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perfused with a gas mixture of 02:C02 (95:5%) (Dyck, Steinberg et al. 2001). The resting

muscle was then incubated in the organ bath for 60 minutes (see Figure 6).

IV. Assessment of Fluid Shifts

Upon completion of incubation, the muscles (EDL or SOL) were rapidly removed

from the media and snap frozen for water weight and glycogen analysis and mounted for

histochemical analysis (see below).

a. Histochemical analysis

Upon completion of incubation, '/s of the muscle was immediately

embedded and frozen in embedding medium (Cryomatrix, Pittsburgh, PA) for

histological examination. Briefly, the muscle was embedded horizontally in embedding

medium on a piece of cork and plunged into isopentane (-155°C), cooled in liquid

nitrogen (Appendix II). Following rapid freezing the samples were

stored at -80°C. Prior to sectioning, the muscles were re-orientated in order to obtain a

proper cross-section of the muscle. The sectioning was carried out in a

cryotome (ThermoShandon, Runcorn, Chesire) optimally set at -22°C. A total

number of nine transverse serial sections approximately 1 |am thick were obtained from

each specimen in order to perform haematoxylin and eosin (H&E) staining (Hopwood

1982) (Appendix Ilia), and myosin ATPase (Appendix Illb) or Azure A ATPase

(Appendix IIIc) staining for both type 1 and type II fibres (Brooke and Kaiser 1970).

Myosin ATPase fibre types were determined by the dilTerential staining resulting
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FIGURE 6. Isolated skeletal muscle incubation in an organ bath

(Adapted from Dyckand Bonen 1998).

from pre-incubation at either pH 10.3 or 4.5 (Hintz, Coyle et al. 1984). Staining at pH

10.3 distinguishes type I (light staining) from type II fibres (dark staining), and pH 4.5

distinguishes type I (dark staining) from type IIA fibres (light staining) and from type IIB

or lie (medium staining) fibres. Myosin ATPase staining was conducted on the first 9

muscle samples from each condition per muscle group and was used to mainly determine

type II fibres. Due to the ditTiculty of working with the Myosin ATPase technique more

experiments were required to collect additional muscle samples to measure both type I

and type II cross-sectional fibre area from each condition for both muscle types. Azure A

ATPase staining at a pH of 4.5 was used to determine type I and type II skeletal muscle

fibres from the la-st 8 samples per condition of each muscle group.
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To verify the alteration in muscle cell size, the muscle sections were stained and

examined under a bright field microscope (Nikon Eclipse 80i, Chiyoda-ku, Tokyo).

Digital images of the slides were captured with a digital camera (Retiga 1300. Qlmaging,

Bumaby, B.C.) attached to the bright field microscope. The images were used to

determine the change in muscle cell size (myosin ATPase and Azure A) due to the

environmental perturbations. A total of 5-9 fields of view were captured at a

magnification of 40X. Muscle cross-sectional areas of type I and II fibres (>100

dominant muscle fibres / sample and >45 non-dominant muscle fibres / sample due to the

differences in fibre type distribution between the SOL (predominately type I) and EDL

(predominately type II)) were determined using a computer and imaging software

(SimplePCI, 5.3, Compix Inc, Cranberry Township, PA).

b. Muscle Water Content

The remaining % of the muscle needed for metabolite analysis was also flash

frozen in liquid nitrogen and used to verify muscle water content. To determine the wet to

dry weight water content, the flash frozen sample was weighed, then lyophilized and re-

weighed. These procedures were only carried out on low humidity (<45%) days to ensure

that environmental conditions would not atYect muscle weights. The differences in weight

were used to determine muscle water content due to the different perturbations, and the

relative water content of each sample was determined based on these differences.

Relative water content was determined (hypothesizing connective tissue was similar in all

muscles) using the following formula:

WET WEIGHT - DRY WEIGHT X 100%
WET WEIGHT
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c. Metabolite Analysis

Once the lyophilized muscle was re-weighed, it was powdered and any visible

blood and connective tissue was removed, and then either acid extracted for

measurements of muscle metabolites (ATP, PCr, Cr, and lactate - see Appendix IV) or

acid extracted for measurements of glycogen content (Appendix IV) (Harris, Hultman et

al. 1974; Green, Thomson et al. 1987). Extracellular media was acid extracted for the

determination of extracellular lactate. Concentrations were determined using fluorometric

techniques according to the procedures described by Harris et al. (1974) and modified by

Green et al. (1987). Each sample was analyzed in triplicate during the same analytical

session (Roy 2000).

V. Statistical Analysis

A one-way analysis of variance (ANOVA) was conducted on the data set for each

independent variable within one muscle group. If a significant interaction was observed

(p<0.05). a Tukey HSD post-hoc analysis was conducted to determine which of the pair

wise comparisons were statistically significant. A repeated measures ANOVA with the

osmotic condition and muscle type being a between factor while the within factor was

time, was conducted to see if ditTerences existed in pre-and post-extracellular osmolality

values between both muscle groups. If significance was found (p<0.05), a Tukey HSD

post-hoc analysis was conducted to determine which of the pair wise comparisons were

statistically significant. A two-way ANOVA was used to determine if water content

between the two muscle groups was different as a result of the experimental

manipulations (p<0.05). If significance was found a multiple comparison Tukey post-hoc
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test was done to determine where the differences were. Experiments were done on two

ditTerent occasions and the animal weights were found to vary from the first to the second

experiment. Therefore a correlation was run between animal weight and the cross-

sectional area of type I and type II fibres. Animal weight and the cross-sectional area of

type II fibres were correlated in both muscle types, therefore when analysing the cross-

sectional area of type II fibres, animal weight was used as a covariate to eliminate the

confounding effect of weight on fibre cross-sectional area. Analyses of covariance were

run on fibre cross-sectional areas for type II fibres in both muscle types. To examine if

possible relationships exist between water content and fibre cross-sectional area

correlations were run. All statistical analyses were completed using SPSS 10.0

(Statistical Package for the Social Sciences) (SPSS Inc, Chicago, IL).
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Results

I. General Obser\ ations

No statistical differences were observed between the weights of the rats in each

experimental condition (Table 1). The osmolality of the incubation media in the organ

baths were measured prior to and following the sixty-minute incubation. Pre- and post-

incubation media osmolality did not differ in any of the experimental conditions within a

given muscle group or experimental group. Furthermore, when the pre- and post-

osmolality measurements within the SOL and EDL were compared, there were no

differences between the muscle groups (Table 1 ).

TABLE 1. Rodent Weights and Media Osmolality Over Time (60 minutes)

Experimental





II. Muscle Water Content and Fibre Area

The distribution of skeletal muscle fibres types within the SOL was

83 ± 7% type I and 17 ± 7% type II fibres respectively. Within the EDL the distribution

of the skeletal muscle fibres was 7 ± 4% type I and 93 ± 4% type II. The hypo-osmotic

experimental condition resulted in an increase in water content compared to the iso-

osmotic condition (p<0.001) for both the EDL and SOL (Figure 7). The hyper-osmotic

experimental condition resulted in a decrease in water content compared to the iso-

osmotic experimental condition (p< 0.001; p<0.01) for both the EDL and SOL (Figure 7).

When comparing the changes in water content due to the osmotic conditions between

SOL and EDL, only HYPER was found to differ (p<0.001; Figure 8).

There was an increase in the mean cross-sectional area of SOL type 1 fibres

placed in HYPO (p<0.01 ) (Figure 9). No other changes in type I fibres were observed in

the remaining conditions. A significant correlation was found to exist between the water

content of muscle sections and the cross-sectional area of type I fibres from SOL (p<0.05,

r=0.49). There were no changes in the cross-sectional area of EDL type I fibres in any

condition.

A correlation was observed between animal weight and the cross-sectional area of

type II fibres in both EDL (p<0.001, r=0.50) and SOL (p<0.00L r=0.56); therefore

weight was considered as a covariate in the cross-sectional area analysis of type II fibres.

When weight was considered as a covariate, an increase in adjusted mean cross-sectional

area of type II fibres was observed in the EDL when incubated in the hypo-osmotic

conditions compared to CON (p<0.01 KFigure 10). Alternatively. EDL muscle placed in

the hyper-osmotic condition showed a decrease in adjusted mean cross-sectional fibre
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area of type H fibres as compared to CON (p<0.01). Type II fibres in the HYPO SOL

(p<0.01) (Figure 9) showed similar results in the HYPO condition observed in the EDL

(p<0.01) (Figure 10). Type II muscle fibres in the EDL and SOL exhibited a change in

mean fibre area in agreement with the increase and decrease in muscle water content.

Although there was a change in SOL HYPER water content there was no change in the

SOL HYPER mean fibre area of type II fibres. A significant correlation was found

between the water content in muscle sections and the cross-sectional area of type II fibres

from EDL (p<0.01, r=0.51).
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FIGURE 7. Muscle Water Content
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FIGURE 8. Water Content in SOL and EDL
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FIGURE 9. Soleus Cross-sectional Fibre Area
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FIGURE 10. EDL Cross-sectional Fibre Area
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HI. Muscle Metabolites

High-energy phosphagen compounds (ATP, PCr) were affected by the hyper-

osmolar condition. Soleus and EDL ATP concentrations were lower in muscles

incubated in the HYPER media (p=0.056; p<0.05) (Table 2). Muscle phosphocreatine

(PCr) was lower while muscle creatine (Cr) was higher in EDL (p<0.001 ) and SOL

(p<0.05) during HYPER, as compared to CON. The total creatine concentration (TCr)

was similar among all of the experimental conditions in the EDL or SOL, but lower than

previously reported in other studies with fresh/frozen muscle. Moreover, no changes in

muscle metabolites were observed between HYPO and the CON condition among either

the EDL or SOL groups.
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TABLE 2. Muscle Metabolite Concentrations.

Experimental Group





FIGURE 11. Muscle Glycogen Content
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FIGURE 12. Muscle Lactate Content
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FIGURE 13. Lactate Concentration in the Incubating Media
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Discussion/Conclusions

As a result of the skeletal muscle being placed in extracellular media with various

osmolalities, fluid was shifted into and out of the skeletal muscle. The increased and

decreased water content in both the SOL and EDL as a result of the HYPO and HYPER

conditions respectively verified this. Furthermore, the cross-sectional area of type II

fibres showed an increased cell area when placed in HYPO conditions, while there was

an observed decrease in cell area when placed in HYPER conditions. Muscle viability

was assessed and confirmed by ATP and phosphocreatine concentrations. The primary

finding of the current study was that HYPER osmolality increased muscle tissue lactate

content in resting skeletal muscle and caused a decrease in high-energy phosphagen

compounds in both the SOL and EDL.

Effectiveness of Water Movement

The osmolalities employed in this experiment caused tluid shifts to occur in both

the HYPO and HYPER conditions which is demonstrated by the increase and decrease in

wet-to-dry weight ratios respectively. In both muscle types there also was an approximate

3% increase and decrease in total muscle water content in each condition, respectively.

However, this is lower than the 12% cell volume changes measured in hepatocytes

(Lindinger, Hawke et al. 2002). Although the changes in muscle water content were

small, changes of less than 10% of the initial volume in hepatocytes have been shown to

alter the metabolic environment of the cell (Haussinger, Lang et al. 1990; vom Dahl,

Hallbrucker et al. 1991b).
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The water content between the SOL and EDL was compared in all the osmotic

conditions. The basis for this comparison was due to the fact that AQPs (specifically

AQP4) have been discovered in type II skeletal muscle fibres, but to date, not in type I

skeletal muscle fibres. The AQP4 mechanism of water permeation across the

sarcolemma, specifically in type II fibres, remains unclear, although its presence in the

sarcolemma has been verified (Frigeri, Nicchia et al. 1998). Evidence suggests that it is

constitutively active (Agre, King et al. 2002). However one group has found that AQP4

may be gated shut by phosphorylation in oocyles (Han, Wa.x et al. 1998), while another

group has found that it can spontaneously assemble in regular arrays (Yang, Brown et al.

1996). Furthermore, it has been suggested by Frigeri et al. (1998) that the presence of a

water channel in the sarcolemma of highly glycolytic fibres might play a role in muscle

volume regulation. Therefore, it was postulated that a ditTerence may exist between the

total water increase and decrease in the aniso-osmotic conditions between the SOL and

EDL due to the different fibre type distributions in each muscle. It was found that the

relative water content in the SOL and EDL differed in the HYPER condition. Since the

EDL is comprised of primarily type II fibres (Delp and Duan 1996), the greater loss of

water from EDL may be attributed to the greater amount ofAQP4 in the sarcolemma of

type II fibres (For infiuence of volume regulatory increase machinery see next section).

Another etTect of the aniso-osmotic conditions was the altering of muscle cross-

sectional area of type I and II fibres. This shows that the water movement was not only

into the interstitial space but also directly into the skeletal muscle fibres. The type II

fibres in both the SOL and EDL increased in cross-sectional area as a result of the HYPO

condition, however only the type II fibres in the EDL decreased as a result of the HYPER
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pertiirbation. Type I fibre cross-sectional area only changed in the SOL muscle exposed

to the HYPO media. The effects of osmotic strength on cross-sectional area and volume

in resting amphibian muscle fibres has been established since 1963 by Dydy'Nska and

Wilkie and further verified by J.R. Blinks in 1964. These changes verify that as a result

of the different osmotic conditions fluid shifted into and out of the skeletal muscle fibres.

Furthermore, there is a weak correlation between SOL type 1 fibre area and EDL type II

fibre area with water content. Therefore, as a result of the osmotic condition water was

successfijlly forced into or out of the muscle fibres as shown by changes in the cross-

sectional area of both type I and type II fibres.

It appears that type II fibres may be influenced to a greater extent by fluid shifts

caused by aniso-osmotic conditions than type I fibres. A key feature in their adaptability

may be the ditTerence in AQP4 content between the difterent fibre types (Frigeri, Nicchia

et al. 1998). A possible explanation of why there were no visible changes in the HYPER

SOL condition may be that the regulatory volume machinery plays a greater role in

maintaining cell volume in the SOL due to its lack of AQP content. Unlike the NaVK^

ATPase, which is active at rest, the NKCC (which is not energy dependent) is a major co-

transporter that is involved in regulatory volume increases (Waldegger, Matskevitch et al.

1998) after exposure to hyper-osmotic conditions. It transports sodium, potassium and 2

chloride molecules into the cell and contributes to the influx of water during hyper-

osmotic challenges to help preserve cell volume (Lindinger, Hawke et al. 2002;

Gosmanov, Schneider et al. 2003). Although the NKCC co-transporter has been found in

rat skeletal muscle (Wong, Fu et al. 1999), one study has shown that its regulatory

volume increase is faster and more complete in mammalian SOL muscle (type I fibres)
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than in mammalian EDL muscle (type II fibres) (Stephenson and Lindinger 2005).

Further studies using the SOL (highly oxidative) and plantaris (predominately type II

fibres, highly glycolytic) have shown that the mechanism used for the activation of

NK.CC during exposure to hyper-osmolality differ in these two different muscles, which

may contribute to the differences in the fibre plasticity (Gosmanov. Wong et al. 2002:

Gosmanov, Fan et al. 2004). The differences in muscle adaptability during hyper-osmotic

exposure may protect against excessive removal of water from the cardiopulmonary

circuit (O'Neill 1999). These muscles may experience a more complete RVI once the

hyper-osmotic challenge has ended and the fibres have been returned to an iso-osmotic

environment. Therefore, it would be interesting to investigate the metabolic state after a

hyper-osmotic and hypo-osmotic challenge followed by a return to iso-osmotic

conditions.

Effect of altering osmolalities on metabolite concentrations

The present work demonstrates that the in-vitro model used to examine fluid

shifts was viable over a 60-minute period in both the SOL and EDL as displayed by the

ATP, PCr and Cr concentrations in the CON and HYPO conditions. These findings were

in agreement with other published findings in a review paper by Bonen et al. ( 1 994)

where similar incubation experiments were discussed. However, the SOL and EDL in the

HYPER condition both experienced a decrease in high-energy phosphagen compounds,

which has also been demonstrated in isolated fibres from amphibian muscle (Homsher,

Briggs et al. 1974). Furthermore, it has been shown that there is a range of ATP

concentrations after exercise in mammalian muscle fibres (Jansson, Dudley et al. 1987).
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One possible rationalization for this finding is that high osmolalities are detrimental to

cellular function regardless of adequate oxygen perfusion because studies have shown

that osmolalities in excess of 500 mmol'kg"' can induce apoptosis in some cell types

(Lang, Ritter et al. 2000; Michea, Ferguson et al. 2000). However, our HYPER condition

(400 mmol'kg'') more closely resembled osmolalities experienced during exercise (380

mmol'kg') (Lindinger, Hawke et al. 2002) than the extreme osmolalities that induced

programmed cellular death. Two possibilities for the decreased ATP concentration

observed in the HYPER condition may be due to a) the macromolecular crowding and its

affect on the intracellular machinery responsible for maintaining energy (i.e. negative

impact on energy supply pathways), or b) an increase in intracellular osmolality caused

by increased production of intracellular lactate and creatine that is a result of increased

activity of anaerobic energy pathways (glycolysis and phosphocreatine) that are affected

by alterations in the energy balance of the cell (increased ADP and AMP). In this case,

the increased lactate is most likely due to increased energy production via glycolysis and

the increase in creatine is most likely due to increased energy production via the

conversion of phosphocreatine to creatine. However, the enhanced activation of these

energy pathways may have been caused by volume regulatory channels (Na^/K^ ATPase)

in order to try to maintain cell volume in the face of the volume challenge imposed by the

HYPER condition. Furthermore, reduction in high-energy compounds (ATP/PCr) may be

due to an increased demand on the system to maintain the energy requirements of the cell

to sustain cell volume and the intracellular machinery. However, the decreased ATP

concentration demonstrates that the energy pathways (glycolysis/PCr) were unable to

supply the cell with enough energy to meet its requirements during an acute (60 min)
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exposure to HYPER media. Furthermore, it is not known how long it takes for the

energy supply to be unbalanced with the demand. Another possible reason for the

increase in the metabolites (lactate and creatine) is their possible influence on

intracellular osmolality, thereby, influencing the movement of water into the cell to

alleviate the loss of water caused by the HYPER perturbation. The mechanisms that lead

to a decrease in these high-energy compounds in HYPER media requires further

investigation.

Aniso-osmotic Conditions and Glycogen

It was found that the glycogen content in the HYPER EDL conditions decreased

with respect to the CON condition and the HYPO SOL condition displayed an increase in

glycogen content with respect to the CON condition. Although the observed glycogen

concentrations were below those reported by other in-vitro experiments this may be

explained by the age of the animals used as the majority of these experiments used

rodents over the age of 7 weeks (reviewed by Bonen, Clark et al. 1994). Studies have

demonstrated that young mammalian muscle has less glycogen than older mammalian

muscle (Brooks, Fahey et al. 1995). Furthermore, ongoing experiments in our lab have

found similar results in regards to muscle glycogen content (work in progress).

In order to more extensively determine what role fluid shifts have on glycogen, if

any, glycogen phosphorylase activity should be measured along with the energy charge

ratio of ADP to AMP (allosteric regulator of glycogen phosphorylase). Calculating ADP

to AMP ratio appears worthwhile since some changes in glycogen content were observed

in both the SOL and EDL muscle, and the phosphagen composition (A fP) was
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decreased, and there was an increase in lactate (by-product of glycolysis) content caused

by exposure to HYPER conditions in both muscle types.

It is thought that the cytosolic acidification after cell swelling may impede

glycolysis while the alkalinization after cell shrinkage should stimulate glycolysis (Lang,

Stehle et al. 1989). As a result of cell swelling or shrinking, potassium ions are lost or

gained with an accompanying anion (e.g. chloride or bicarbonate) or exchanged for some

other cation (e.g. hydrogen ions) (Lang, Stehle et al. 1989). Both bicarbonate and

hydrogen movement can alter the intracellular pH. Lang et al. (1989) suggest that after

the volume regulatory machinery has restored the cell to near initial conditions cells

continue to maintain a different metabolic state. Therefore, the decreased glycogen

content observed in the HYPER condition and the concomitant increase in lactate may be

due to stimulation of glycolysis due to the alkalinization following cell shrinkage.

However, further studies should determine if this is indeed the case. Furthermore

increased lactate may have altered the pH balance of the HYPER cells thereby leading to

an inhibition of glycolysis and the observed decrease in ATP. Lastly, there is a known

association between glycogen and water content. Acidification that has been associated

with cell swelling due to HYPO conditions may have inhibited glycolysis (Lang, Stehle

et al. 1989) and the increased water content may have aided in the glycogen storage seen

in the HYPO SOL condition.

Although, Low et al. (1996) demonstrated that cell volume changes can alter

glycogen content in cell culture, Brunmair et al. (2000) found the opposite with diluted

physiological media and incubated muscle strips. The present study showed that water

content altered glycogen content in both the EDL and SOL as a result of the HYPER and
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HYPO conditions respectively. It is known that glycolysis is pH sensitive and

acidification inhibits glycolysis while alkalinization enhances glycolysis. Elevated

intracellular pH (alkalinization) affects a key enzyme that regulates glycolysis,

phosphofructokinase (PFK) (Connett and Sahlin 1996; Crowther, Carey et al. 2002). PFK

is allosterically modulated by a number of metabolites; ATP and H^ inhibit whereas

ADP, AMP, Pi and fructose-6-phosphate activate the enzyme complex (Connett and

Sahlin 1996; Crowther, Carey et al. 2002). In addition, changes in the energy charge

status (ATP/ADP) of the cell leading to increased amounts of free AMP also atYect

glycogen phosphorylase activity (allosteric activator) (Voet, Voet et al. 1998).

Furthermore, an increase in pH may affect the concentration of H2P04', Pi, and HP04^'.

Inorganic phosphate and HP04^" are considered to be the only active substrate for

glycogen phosphorylase, a flux-generating enzyme of glycogenolysis in skeletal muscle

(Kavinsky and Meyer 1977). Thus, these two systems working together may have been

major contributors to the increase in lactate observed during the HYPER condition.

Therefore, further analysis is required to investigate if water content and cell volume does

indeed influence glycogen storage and use in resting skeletal muscle.

Aniso-osmotic Conditions and Lactate

The experimental manipulation resulted in an increase in muscle lactate in both

SOL and EDL muscle incubated in the HYPER media. There was a four-fold increase in

tissue lactate in HYPER EDL compared to CON, whereas the HYPER SOL only

demonstrated a 2.5 fold increase, compared to CON. This difference in lactate

accumulation between the EDL and SOL muscle has been observed by other groups
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(Angeras, Hall-Angeras et al. 1991; James, Fang et al. 1996). The build up of lactate - a

by-product of glycolysis - may serve as a cell volume regulatory mechanism to increase

intracellular osmolality, thereby influencing fluid to move into the muscle (unknown if

this is a primary or secondary mechanism). The process of anaerobic glycolysis can be

represented as: Glucose + 2 ADP + 2 P, ^ 2 lactate + 2 ATP + 2 H2O + 2 H"^. For each

glucose molecule used to provide energy anaerobically 2 lactate molecules are produced.

Therefore, by creating the energy (glycolysis/glycogenolysis) required by transporters to

maintain cell volume, intracellular osmolality is also being increased by the accumulation

of lactate, a metabolic by-product of glycolysis. However, it remains to be determined

what caused the increased activity of the glycolytic machinery (i.e. lactate accumulation).

Nonetheless, the increase in osmolality due to lactate may be a compensatory mechanism

to influence water entry back into the cell as a result of water efflux caused by the

HYPER condition. For example, at the onset of exercise, the movement of water into the

intracellular compartment is due to the hydrolysis of phosphocreatine into the organic

osmolytes, creatine and inorganic phosphate, as well as increased muscle lactate due to

an increased rate of glycolysis (Fenn, Cobb et al. 1938; Hultman and Sjoholm 1983;

Watson, Gamer et al. 1993; Lindinger, Spriet et al. 1994). The larger increase in lactate

content in the EDL versus the SOL is most likely due to the different metabolic

characteristics of each muscle type. The EDL is primarily comprised of type II fibres,

which are more reliant on glycolytic pathways, whereas the SOL has a high proportion of

type I fibres which predominately utilize aerobic pathways (less lactate production).

Past studies have demonstrated that the NaVK* ATPase which is involved in cell

volume maintenance and restoration is highly dependent on energy produced by
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glycolytic enzymes (Jacobs, Kobayashi et al. 1991; James, Fang et al. 1996). Therefore,

an increase in lactate accumulation may be due to the increased activity of this enzyme

when exposed to h>per-osmotic conditions, which may be communicated to the

glycolytic system through a decreased ATP to ADP ratio. Under resting conditions the

Na*/K* ATPase requires energy to oppose the osmotic stress created by the cells internal

protein load. By utilizing energy to operate the Na^/K"^ ATPase the cell maintains a low

internal sodium concentration, which enables cells to control their water content

osmotically (Voet, Voet et al. 1998). The cell uses the NaVK^ ATPase to create an

electrochemical gradient across the cellular membrane and an osmotic stress that is equal

to and opposes the osmotic stress caused by the resting internal protein load (Stein 2002).

Along with sodium, the Na^/K^ ATPase also contributes to the efflux of water from the

cell (Gosmanov, Lindinger et al. 2003). When this transporter is blocked with ouabain,

the cell begins to swell because the extrusion of sodium is impaired, leading to an

accumulation of sodium. This accumulation of sodium ultimately disturbs the ion balance

of the cell leading to the influx of water (Haussinger and Lang 1991a). If the NaVK*

ATPase is not reactivated the cell eventually swells and lyses (Lees 1991). The increased

activity of the Na*/K* ATPase to maintain the sodium gradient (internal osmotic force)

during hyper-osmotic conditions may lead to the increased activity of the glycolytic

machinery and eftlux of water (due to Na"^ efflux) during hyper-osmotic exposure. The

resultant increase in lactate may be seen as a regulatory mechanism that helps to reduce

the amount of water lost by increasing the intracellular osmolality in muscle cells in

response to this cell volume challenge. Moreover, during septic shock (sepsis, a form of

extreme hyper-osmotic disturbance) an increased production of lactate in skeletal muscle
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has been observed, which is consistent with the increased tissue lactate content observed

in both the EDL and SOL exposed to HYPER media, however, what leads to the increase

in lactate is still being debated (James, Fang et al. 1996). It has been shown that one

contributing factor to the increased muscle lactate observed during sepsis is alterations in

the pyruvate dehydrogenase (PDH) complex which alTects glucose oxidation and

promotes the conversion of pyruvate to lactate (Vary 1996). During sepsis, it has been

shown that the PDH kinase (inactivating) is increased while the PDH phosphatase

(activating) is decreased, therefore there is less glucose oxidation and increased

conversion of pyruvate to lactate (Vary 1996). Other potential factors affecting lactate

accumulation during sepsis are: a) cellular hypoxia and b) defects in cellular energy

production (James, Fang et al. 1996). It does not seem likely that hypoxia would have

been an issue in the HYPER condition in the present study as all groups were treated

identically with regards to the oxygenation of media and only the HYPER condition

displayed an increase in intracellular lactate. Nevertheless, to eliminate this as a possible

factor, periodic acid-Schiff staining should be done to determine if there was a

preferential use of glycogen near the sarcolemma. Segal and Faulkner (1985) used this

technique to examine the physiological stability of rat skeletal muscle In-vitro.

In this model, further investigation is required to determine the cellular energy

demands ofthe cell and how HYPER conditions affect those demands. Muscle from

septic rats shows increased ATP utilization and it is suggested that this increase may be

due to the increased activity of the NaVK"^ ATPase (James, Fang et al. 1996). The

HYPER condition also showed increased energy demands as displayed by the decrease in

ATP. PCr and glycogen (EDL) and the increase in creatine and lactate. However, it
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remains to be determined if the accumulation of lactate is due to a) the increased activity

of the glycolytic machinery attempting to maintain cell volume by increasing intracellular

osmolality to maintain cell volume or b) an increased energy demand on the cell via

glycolytic energy requiring transporters (i.e. NaVK^ ATPase) altering the energy charge

ratio of the cell (influences glycogen phosphorylase a) and the glycolytic machinery

trying to catch up to the energy demands of the cell (perhaps influenced by

macromolecular crowding). Therefore, additional research is required to identify if the

increase in lactate production is a beneficial resting osmotic behaviour to limit fluid loss

during hyper-osmotic challenge or due to increased energy demands.

There were no observable increases in extracellular lactate in any of the aniso-

osmotic conditions. Two possible explanations are that: a) the ECF lactate was below the

level of detection of our assay or b) there was minimal movement of lactate out of the

muscle via the monocarboxylate transporters. The extracellular lactate may have been

beyond detection due to the volume of media in the organ bath (which is much greater

than the amount of plasma that would normally perfuse the muscle) when compared to

the size of the incubating muscle. However, recent experiments in our laboratory have

found increased lactate accumulation in the organ bath media despite the volume

discrepancies during skeletal muscle stimulation (work in progress). Therefore it seems

more likely that the lack of detection of lactate in the extracellular media was due to a

minimal release of lactate from the muscle rather than the volume to size ratio being a

factor. Why lactate accumulated and was not extruded during the HYPER condition calls

into question the mechanism that activates lactate transport out of cells at rest. At rest it is

generally accepted that lactate production equals lactate clearance (Brooks, Fahey et al.
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1995). One possible explanation for why the lactate was not extruded may be that the

concentration was not great enough to stimulate lactate extrusion from the muscle or

perhaps the accumulation of lactate is a necessary osmotic factor to influence water

movement into the cell before lactate can be released. Studies have also shown that

lactate transporter function is affected by muscle contraction and that the different fibre

types handle lactate in a specific manner (i.e. more lactate is extruded from type II while

type 1 uptakes and utilizes lactate) (Bonen 2000). Furthermore an extreme elevation of

blood lactate is observed with major trauma and sepsis (Mizock 1995; James. Wagner et

al. 1999), therefore the monocarboxylate transporters have the capacity to transport

lactate out of the muscle at rest and be utilized by the liver for gluconeogenesis during

sepsis (Vary, O'Neill et al. 1999). However, why lactate was not transported out of the

muscle in this experiment calls into question how long after sepsis does lactate extrusion

occur and what leads to the intracellular lactate accumulation observed during the

HYPER condition. Further experiments are necessary to investigate what role lactate

accumulation may play in cell volume regulation. It may also be beneficial to investigate

how much of the increase in lactate during contractile function is a result of increased

activity of membrane pathways that use energy from glycolysis to regulate cell volume.

Also, it is worthy to note that to the author's knowledge, these increases in lactate

due to the HYPER media have not been reported thus far in in-vitro resting mammalian

skeletal muscle. This increase in lactate observed in resting muscle as a result of the

HYPER condition may have also contributed to an alteration in intracellular hydrogen ion

concentration (not measured). It has been suggested that the acid-base status of skeletal

muscle is an important determinant of cell function, however, acid-base status has not
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been extensively studied in regards to cell volume (Lang, Busch et al. 1998; Lindinger

2005). Moreover, studies have also found that an increase in muscle lactate also leads to a

pH (acid/base ratio) change in the muscle during sepsis (James, Fang et al. 1996).

Although the pH status was not measured during this study it may have been altered as a

result of the increased lactate observed in the HYPER condition. Therefore further

studies investigating cell volume should also examine the acid base status of the muscle

and extracellular media.

The In-vitro Preparation

The present work examined the effect of fluid shifts on resting skeletal muscle by

varying the extracellular osmolality of the incubation medium. An in-vitro organ bath

model was used to mimic physiological resting conditions. Extracellular osmolalities

were slightly higher and lower than those observed in mammals to ensure adequate fluid

shifts. On the other hand, extremely non-physiologic osmolalities were not used to

prevent extensive cellular swelling or shrinking that would damage the cell.

Resting conditions were the focus of this thesis due to the known effects of

contraction on cell volume. Moreover, a physiological media was utilized to simulate

endogenous conditions. Sixty-minute incubations were used (this is well beyond the

seconds to minutes it takes for volume regulation to occur) to a) verify the movement of

water into and out of the muscle, b) examine the eft'ects fluid shifts would have on resting

muscle metabolism and c) ensure muscle viability for future studies that will require long

incubation times. Isolated skeletal muscle was studied in aniso-osmotic conditions to

eliminate all possible endogenous influences on cell volume.

80





We chose two rat muscles for this study, the EDL and SOL from Long Evan's

rats. The muscles employed for the incubations were chosen due to their small size,

relative ease of tendon-to-tendon extraction and their differences in metabolic and

sarcolemmal properties. Moreover, these muscles have been successftilly used in other

incubation and cell volume experiments (James, Fang et al. 1996; Dyck and Bonen 1998;

Brunmair. Neschen et al. 2000). The decision to choose different muscle types helped to

determine if the effect of aniso-osmotic environments would be fibre type specific. Other

researchers have previously determined the critical thickness for muscle viability (Segal

and Faulkner 1985). The young age and small size of the rats chosen for this experiment

allowed for the use of fully intact skeletal muscle due to the small muscle diameters,

which reduces any variability and damage associated with muscle stripping. The small

size of the muscles also increases its viability by allowing for a smaller and more

adequate diffusion distance for oxygen (Segal and Faulkner 1985). The viability of our

model was evaluated by the direct measurement of high-energy phosphagen compounds.

One of the advantages of using an in-vitro muscle model is that it can eliminate

confounding factors that occur in-vivo. The model used in this study eliminated any

effects of circulating hormones (i.e. insulin) and amino acids, which have been shown to

alter cell volume in hepatocytes (Wettstein, vom Dahl et al. 1990; vom Dahl, Hallbrucker

et al. 1991b; Lang, Busch et al. 1998). This type of model allows for the simulation of

near physiological resting conditions as possible and also permits the step-by-step

addition of hormones and amino acids in order to determine how they might affect cell

volume individually and in combination. Lastly, this model allows for the utilization of a
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number of different rodent models, including muscles from genetically altered rodents, to

see how fluid shifts are handled by diseased muscle.

A disadvantage associated with this model is that only whole muscles of a certain

size can be utilized due to the inverse relationship between muscle diameter and oxygen

perfusion capacity. As the diameter of the muscle increases, the longer it takes for

adequate oxygen perfusion of the tissue (Segal and Faulkner 1985). Therefore, smaller

whole muscles from young animals will have a greater oxygen perfusion than larger

muscles from older animals. In order to examine how much of a disadvantage this is,

experiments should be conducted to examine if any differences exist between the

sarcolemma of young and older adult rats. Another possible disadvantage with the model

is the size of the organ baths being utilized, which may lead to the inaccurate assessment

of ion fluxes from the muscle into the media (i.e. no changes in acid-base balance). A

minor criticism of this study may be the use of 1 g of resting tension and not the exact

determination of resting length for each individual fibre as there is a slight variation

amongst each skeletal muscle fibre. However, studies have shown that resting tension is

near 1 g (Clausen, Dahl-Hansen et al. 1979; Vandenboom 1992). On a more positive note

the setting oflg of tension on each fibre mimics physiological conditions more closely

than previous metabolic studies, which did not place any resting tension on the skeletal

muscle being investigated.

Choice of Models

There have been a number of studies using in-vitro muscle preparations to study

skeletal muscle metabolism. However, it appears that no studies to date have used this
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exact organ bath model (Figure 6) to study fluid shifts. The study by Brunmair et al.

(2000) is the only other known study that investigated aniso-osmotic effects in-vitro on

intact muscle. However, their study a) did not incubate muscle at resting lengths or

verify the movement of water into and out of muscle, b) used diluted physiological

incubation media, and c) removed the muscles immediately after cervical dislocation. In

contrast, our technique allows for the immediate incubation of intact, tendon-to-tendon

skeletal muscle at resting muscle lengths, and the easy manipulation of a number of

variables including oxygenation of media, acid-base balance (pH), temperature, muscle

type and osmolality.

When selecting suitable muscle to be incubated and incubation osmolalities,

muscle size and media strength are important factors atYecting tissue viability. The

adequate oxygenation of intact muscle preparations requires that thin, small muscles be

used in order for adequate oxygen and nutrient saturation (Segal and Faulkner 1985).

Media osmolality that are well beyond physiological conditions will lead to decreased

tissue viability due to cell rupture or cell shrinking. Studies have shown that extremely

hyper-osmotic media can be a stimulus for cellular apoptosis (Lang, Ritter et al. 2000;

Michea, Ferguson et al. 2000). Another factor to consider when creating hyper-osmotic

media is the composition and permeability of the sarcolemma to the compound in

question. In order to not affect the intracellular milieu, the osmotic agents should not be

permeable or oxidizable by the tissue in order to purely examine the role fluid shifts play

in skeletal muscle metabolism.

The earliest investigations with hyper-osmotic media used sucrose as the additive

(Dydy'Nska and Wilkie 1963). Initially these studies began with dcxtran. a high
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molecular weight polysaccharide that does not diffuse across the membrane, but it was

abandoned because of its low solubility in water, the amount required to elevate

osmolality and cost. Instead, mannitol was used as the agent to increase media

osmolality because it is cost effective, it equilibrates rapidly in the extracellular fluid

space with virtually no entry into the intracellular compartment (Buckell 1 964; Stuart,

Torres et al. 1970), it is easy to use, and most importantly it is not oxidized by skeletal

muscle (Wick, Morita et al. 1954). Therefore, mannitol is a good candidate to increase

extracellular osmolality without altering the ionic and metabolic flux across the

sarcolemma.

One potential draw back of using this model is the temperature of the media used.

Physiological temperatures (37°C) are generally not used in this type of model as it leads

to decreased tissue viability. Optimal incubation temperatures have been calculated at

25°C (Segal and Faulkner 1985). However, the further the temperature deviates from

physiological temperatures, the less likely that the incubation responses (especially

enzyme activity/metabolism) will represent in-vivo responses. Therefore, the advantage

of using an in-vitro design is that it permits an integrated approach and yet maintains a

more stringent control of experimental conditions when attempting to mimic in-vivo

conditions.

Summary and Conclusions

This study examined the affect of differing osmolalities on fluid shifts and resting

rat skeletal muscle metabolism. The primary objective of this experiment was achieved.

An increase and decrease in the water content of both muscles (SOL and 1T)I,) was
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observed as a result of the HYPO and HYPER perturbations respectively. Changes in

fibre cross-sectional areas of type I and type II skeletal muscle fibres were observed as a

resuh of the HYPO condition. The type II fibre cross-sectional area was decreased as a

result of the HYPER condition. The deficiency of the HYPER media to cause changes in

the cross-sectional area of type I skeletal muscle fibres may be a result of the more

complete RVI response caused by the NKCC transporters.

The second objective was to assess viability of the muscle preparation and to

determine if resting metabolism (catabolism or anabolism) was altered by aniso-osmotic

conditions. The viability of the model was confirmed by the maintenance of high-energy

phosphate values. A decrease in high-energy compounds in the HYPER condition was

observed and requires further investigation to determine how HYPER states affect this

aspect of cellular function.

The HYPER condition lead to an altered metabolic state in both the SOL and

EDL exhibited by the increase in intracellular lactate and creatine and the decreased

glycogen content in the EDL. In the HYPO condition there was an increase in glycogen

content observed in the SOL muscle. However, these findings are not enough to conclude

that osmotic changes lead to catabolic or anabolic states in skeletal muscle. Further

studies are required to examine the metabolic nature of the cell. However, this

experiment showed that the in-vitro model is viable across all three osmotic conditions

and verifies that aniso-osmotic conditions influence water movement into and out of

skeletal muscle fibres. Therefore, this model is viable and a solid foundation to begin

investigating the etlects of fluid shifts on muscle metabolism.
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Future Experiments

Future studies with resting physiological conditions should concentrate on what

causes the increase in resting lactate concentrations in both the SOL and EDL. Some of

the possible factors to examine in future experiments are the activity of the NaVK^

ATPase, the activation of the lactate shuttle or lack thereof, alanine (which is released in

large amounts from septic muscle), and measure if there is an adaptive training difference

with muscle in the resting state.

NaVK"" ATPase activity should be investigated because it is dependent on energy

from the glycolytic pathway and may account for the increased lactate in the muscle

(James, Fang et al. 1996). In addition, monocarboxylate transporters should be examined

to determine why this transporter is not shuttling lactate out of the cell and what possible

role this plays in cell volume regulation in hyper-osmotic conditions. Lastly, shorter-term

experiments ( 1 0-30 minutes) should be conducted to examine how quickly lactate and

high-energy phosphagen compounds are atTected by high extra-cellular osmolalities.

The next step in examining the effect of ditTering osmolalities on muscle function

would be to investigate the effect contraction plays in fluid shifts in-vilro. Past studies

have shown changes in muscle water and cross-sectional area occur with contractions

(Sahlin 1983; Nygren, Greitz et al. 2000). Therefore, it is important to determine if

differing osmolalities have an additive effect on muscle water content or if there is a

maximal cell size regardless of osmolality. Lastly, the resting model could be utilized to

investigate if there are any adaptive differences in handling fluid shifts due to differing

sarcolcmmal properties in trained mice, myostalin deflcient mice and genetic knockouts,

such as mdx mice. Also, studies have found that certain hormones and amino acids can
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stimulate cell volume changes in hepatocytes (Wettstein, vom Dahl et al. 1990: vom

Dahl, Hallbrucker et al. 1991a; vom Dahl. Hallbrucker et al. 1991b). Therefore, it would

be valuable to investigate the possible roles these molecules have in resting cell volume

metabolism. These experiments would help to further the knowledge of changes in fluid

content on cell volume and ultimately their influence on skeletal muscle cell function and

metabolism.
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Appendix I Breakdown of Sigma Mediuni-199

Product Name

Product Number

Medium 199

M4530

TEST

APPEARANCE
PH TEST

OSMOLALITY TEST

STERILITY BY USP

ENDOTOXIN ASSAY

GLUCOSE CONTENT
CELL CULTURE TEST

EXPIRATION DATE

SPECIFICATION

CLEAR SOLUTION

7.0-7.6

280-310 mOsm'kg"'

STERILE

NMT lEU/ML

0.9-1.1 g«"'

PASS

12 MONTHS

Components

Inorganic Salts

CaCI:2H20
Fe(Nb,)3 9H20
MgSOj (anhyd)

KCI

KH:P04
Na Acetate (anhyd)

NaHCO,
NaCI

Na2HP04 (anhyd)

NaH.POj (anhyd)

Amino Acids

DL-Alanine

L-ArginineHCl

DL-Aspartic Acid

L-Cysteine HCI H:0

L-Cystine 2HC1
DL-Glutamic Acid

L-Glutamine

Glycine

L-Histidine HCI H2O
Hydroxy-L-Proline

DL-lsoleucine

DL-Leucine

L-LysineHCl

DL-Methionine

DL-Phenylalanine

L-Proline

DL-Scrine

DL-Thrconine

DL-Tryptophan

L-T>TOsine 2Na 2H2O

DL-Valine

0.122

1V14530

[IX]

g-L-'

0.265

0.00072

0.9767

0.4

0.05

2.2

6.8

0.05

0.07

0.06

0.00011

0.026

0.1336

0.1

0.05

0.02188

0.01

0.04

0.12

0.07

0,03

0.05

0.04

0.05

0.06

0.02

0.05766

0.05
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Appendix II Embedding Tissue

Preparation of Muscle for Histological Analysis - Snap-Freezing Muscle Tissue

Principle : The use of fresh unfixed snap-frozen tissue is employed to preserve muscle and

cellular detail without compromising or sacrificing enzyme activity. The amount of time

taken to freeze the muscle is proportional to the amount of freezing artefact observed

under the microscope, (i.e. if rapid freezing is not achieved, there will be a considerable

amount of freezing artefact)

Equipment

1. Liquid N2

2. Isopentane

3. Long-handled forceps

4. A container for the liquid N2

5. A metal bowl that fits into the liquid N2 container

6. Labelled cork for each specimen.

Procedure

1

.

Cool isopentane in a small metal container to -1 55°C in a liquid nitrogen bath.

2. Cool the isopentane until the outer area is frozen solid and the inner area is thick

and slushy.

3. Place a drop of O.C.T. embedding compound in the centre of a labelled piece of

cork.

4. Put the piece of cork with the O.C.T. into the isopentane container, cork first to

cool the O.C.T. slightly.

5. Place the specimens in the centre of the O.C.T. doughnut with the muscle fibres

horizontal to the surface of the cork, (mark direction on cork)

6. If the muscle sample is not completely submerged in O.C.T. place more O.C.T.

on the top to cover the sample.

7. Plunge the O.C.T. covered specimen into the isopentane for 30 seconds.

8. Rapid freezing prevents ice crystal formation.

9. Wrap in aluminium foil and label specimen.

10. Store at -80°C until sectioning.
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Sectioning

Carried out in a cryostat, optimally at -22°C

1

.

Samples should be left for approximately 20 minutes to equilibrate to cryostat

temperature (- -22°C)

2. Re-orientate the muscle if need be.

3. 3 transverse serial sections per slide at a thickness of 10|im are sutTicient from

each specimen to carry out one required staining protocol

4. Allow 30 minutes or more for samples to dry before wrapping and storing

samples in aluminium foil at -80°C
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Appendix III Stains

Histology uses specific dyes and reagents to stain for properties of cellular

components so that these cellular features and structures can be seen. Histochemistry uses

substrates reacting with tissue enzymes to form colour precipitates at the site of the

reaction. The physical properties of the muscle should be closely linked to the enzymes

present in the tissue. Histochemical staining can be used to demonstrate specific fibre

types on the basis of various enzyme reactions or to show structure changes in muscle.

a. Haemato.\vlin and Eosin Stain

Theory:

Haematoxylin stains negatively charged nucleic acids (nuclei and ribosomes)

blue. Eosin stains proteins pink. This stain is used to display general structural features

but it does not provide any information on the chemical characteristics of the tissue

sample. Therefore it is used to determine if the muscle fibres are in the proper orientation.

Haematoxylin and Eosin stains the sarcolemma and nuclei blue, the fibres pink and the

connective tissue a lighter pink.

Reagents:

1. Harris" Haematoxylin:

Harris" haematoxylin powder 21.5 g
Absolute Ethanol 10.0 ml

Distilled water 200.0 ml

Add 4% glacial acetic acid just before use

2. Eosin (1%)

Eosin (yellow or blue) 1 .0 g
Disfilled water 100.0 ml

3. Acid-Alcohol (0.2%)

HCI (concentrated) 1 00.0 ^L
Ethanol 50.0 ml

Procedure:

1

.

Incubate sections in Harris" haematoxylin solution for 3 minutes.

2. Rinse in cold tap water for 2 minutes

3. Differentiate in 0.2% acid-alcohol until as pink as necessary (~6 min)

4. Re-blue in Harris' haematoxylin solution as necessary

5. Place in 1% Eosin for 1 5-20 seconds (20 dunks).

6. Wash quickly in distilled water (20 dunks in clean water)

7. Dehydrate in: 80% ethanol for 2 minutes (120 ml F.tOH: 30 ml dfljO)

90% ethanol for 2 minutes (135 ml EtOH: 15 ml dHjO)

100% ethanol for 2 minutes

Xylene for 2 minutes

8. Mount in wet Permount
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b. Myosin Adenosine Triphosphatase (ATPase) Stain Theory;

The myosin ATPase stain is used to identify the contractile properties of the

muscle fibre. Using this stain one can distinguish between fast and slow twitch muscle

fibres based on the inactivation of myosin ATPase in type I and II fibres at different pHs.

Skeletal muscle tissue is first incubated in a media that inactivates the myosin-ATPase

enzyme of a specific fibre type (basic pH inhibits myosin ATPase in slow fibre types,

while acid pH inhibits ATPase activity in fast fibre types). Tissue sections are then

incubated in a solution containing ATP and calcium at a pH of 9.4. At an alkaline pH, the

remaining active enzyme is attached to a calcium ion forming calcium phosphate, which

is insoluble and is therefore deposited at the site of enzyme activity. The ATPase enzyme

present in the tissue section splits off the terminal phosphate group from the ATP.

ATPase

ATP ^ADP + P04'^

The free phosphate group immediately combines with calcium to form calcium

phosphate. Calcium is insoluble in the alkaline medium and therefore is deposited at the

site of the ATPase reaction.

3 Ca^^ + 2 P04"^ -> Ca3(P04)2

The tissue section is then removed from the above solution and placed in a

solution of cobalt chloride (CoCh). The cobalt is exchanged for the calcium and forms

cobalt phosphate at the site of the original reaction.

Ca3(P04)2 +3 Co"- -> Co3(P04)2 + 3 Ca"^

The tissue is then placed in a solution of ammonium sulphide [(NH4)2S]. This

results in the formation of cobaltous sulphide, which appears as an insoluble black

precipitate at the site of the ATPase enzyme.

Ca3(P04)2 + 3 S"^ -> 3 CoS + 2 P04"^

By changing the pre-incubation pH one can differentiate between fast and slow twitch

fibres based on myosin activity. Thus, allowing one to differentiate between fast and slow

twitch fibres.
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Myosin ATPase Stain for Fibre Typing

1. Basic Medium: Glycine 3.96 g
Calcium Chloride 4.20 g
Sodium Chloride 3.80 g
Sodium Hydroxide 1 .90 g
dH20 bring to 1000 ml volume

Store at 0-4 °C for 90 days at pH 9.4

Note: Calcium Chloride may cause a precipitate. If so, make up Basic Medium without

Calcium Chloride, adjust to pH 9.4, then add Calcium Chloride slowly.

2. Acid Medium: (82.03 g) Sodium Acetate 3.90 g
Potassium Chloride 3.70 g
dH20 bring to 500 ml

Store at 0-4 °C for 90 days

3. 1% Calcium Chloride: CaCh
dHaO





Procedure:

1 . Remove sections from fridge and bring to room temperature.

2. Add appropriate Pre-Incubation Medium for the times shown below:

a) Add 4.5 Pre-incubation Medium for 50 sec (25 °C)

(pH with glacial acetic acid)

b) Add 4.8 Pre-incubation Medium for 5 min (25 °C)

c) Add 4.4 Pre-incubation Medium for 5 min (25 °C)

d) Add 10.3 Pre-incubation Medium for 8 min (37 °C)

(make sure pH meter is calibrated to 37 °C)

3. Rinse two times for 30 seconds in Pre-Incubation Wash at 25°C

4. Incubate at 37°C in Incubation Medium with ATP for:

a) At pH 4.5 incubate for 20 min

b) At pH 10.3 incubate for 30 min

5. Rinse in 1% Calcium Chloride Solution at 25°C changing solution as shown:

a. 1 min

b. 2 min

c. 3 min

7. Rinse in 2% C0CI2 Solution three times for one minute at 25°C

(for each minute use fresh dH20)

8. Rinse 25 times in deionized water

9. Rinse in Ammonium Sulfide Solution for 1 min at 25°C

10. Rinse 25 times in deionized water and mount in glycerol gel

OR mount with permount; make sure slides dry for 45 minutes before using

permount.

This stain is dependent on 3 variables:

1. pH.

2. Temperai

3. Time.





c. Azure A Metachromatic Dye Staining Theory

Metachromatic dyes are a class of dyes, which stain certain tissues in a colour,

which is quite different from that of the stain itself They are all basic dyes of the aniline

type. They have the capacity to join with large anionic molecules containing SO3H, PO4

or COOH groups not more than 0.6nm apart. They exhibit metachromasia because (a)

these groups bind the basic dyes as salts, and (b) the acidic groups are close enough

together to permit secondary bonding between the dye molecules (polymerization of the

bound dye).

The Azure A stain for fibre types allows the metachromic dye to stain the

phosphate released by the ATPase reaction in muscle fibres. The sections are incubated in

ATP and Ca^*. Again, the ATPase enzyme is present in the tissue section and splits off

the terminal phosphate group from the ATP. The precipitated phosphate groups then joins

with the metachromic dye to produce the change in colour. The ATPase of a particular

fibre type can be selectively blocked so no stain develops if prior to the incubation in

ATP and Ca^^ the fibres are pre-incubated at various pHs of solution.

The use of metachromic dyes has several distinct advantages; the reaction is easy,

fast and cheap, and the staining is clean without non-specific precipitates. The cell and

nuclear membranes are outlined; therefore fibre diameters can also be easily determined

without the use of additional stains. The difference in colour provides for easy

identification of fibres. The Azure A (or Toluidine Blue) stain can be used to determine

multiple fibre types by altering the pre-incubation time at pH 4.5. The staining will result

in three distinct colours: the type 1 stain dark, IIA light and the IIB medium. Thus, all

fibres can be classified with one stain.

This stain is dependent on 3 variables:

4. pH.

5. Temperature

6. Time.

Stain pH I IIA IlIB

4.5 Bright Blue/Dark Blue Light blue Medium
Dark borders (almost white) Homogenous
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Azure A Metachromatic Dye-ATPase Stain for Fibre Typing

1. Basic Medium: Glycine 3.96 g
Calcium Chloride 4.20 g
Sodium Chloride 3.80 g
Sodium Hydroxide 1 .90 g
dH20 bring to 1000 ml yolume

Store at 0-4 °C for 90 days at pH 9.4 (adjust pH with 5 N or 1 N HCl)

Note: Calcium Chloride may cause a precipitate. If so, make up Basic Medium without

Calcium Chloride, adjust to pH 9.4, then add Calcium Chloride slowly.

2. Acid Medium: Sodium Acetate (82.03 g) 3.90 g
Potassium Chloride 3.70 g
dH20 bring to 500 ml

Store at 0-4 °C for 90 days

3. Tris Buffer Trizma base (Sigma) 12.10g

Calcium Chloride

(Dehydrate) 2.60g

dHzO 950ml

Adjust pH to 7.8 with 5 N HCl and bring to 1000 ml with dH20

(Removes residual acid pre-incubation medium from the tissue and minimizes

contamination of the incubation medium)

4. 1% Calcium

Chloride (dihydrate):





Procedure: (all steps carried out at room temperature 25 °C)

1. Remove sections from fridge and bring to room temperature (ensure that all slides are

dry).

2. Add slides to 4.5 Pre-incubation Medium for 2 minutes.

(pH with glacial acetic acid)

3. Transfer slides through 2 rinses in Tris buffer for 2 minutes each.

4. Incubate in Incubation Medium with ATP for 25 minutes.

5. Rinse in 1% Calcium Chloride Solution at 25°C changing solution as shown:

a. 4 dips

b. 4 dips

c. 4 dips

7. Rinse in 1% Azure A for 10 seconds.

8. Rinse slides under rurming dH20 for approximately 10 seconds.

9. Dehydrate slides rapidly in the following manner:

a. 5 dips in 95% EtOH
b. 5 dips in 100% EtOH
c. 5 dips in 100% EtOH

10. Clear the slides in one change of xylene for 5 minutes and mount with permount.
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Appendix IV Metabolite Assays

a. Metabolite Extraction

Often the preparation of the tissue is the most critical. In the case of metabolite

assays, the most hazardous period is usually the period between the moment the blood

supply is cut off and the moment the enzyme activity is finally stopped. Rapid freezing is

essential. Therefore, most metabolite analysis is performed on extracts prepared from

frozen tissue. Most metabolites are assayed in protein-free extracts prepared with

perchloric acid (HCIO4). HCIO4 is preferred because most of it can be easily removed by

precipitation as a potassium salt. All of the following analyses are performed on freeze-

dried tissue. Not only does it circumvent the problem of changing water contents in

tissue, but also because the tissue is much easier to work with. Enzymes are rendered

inactive in a water-free environment, and will remain so until water is re-added.

Therefore, the weighing of the samples can be performed at room temperature and the

tissue can be dissected free of connective tissues and blood.

I. Reagents

0.5 M PCA 2 1 .5 ml 70% PCA
Bring to 500 ml with distilled H2O

Store 0-4''C for 1 month

2.3 M KHCO3 2.3 g M KHCO3
Add 10.0 ml distilled H2O

Fresh Daily

II. Procedure

1 . Freeze dry tissue (overnight to ensure all water is removed)

2. Store with dry rite in freezer until powdering

3. Tease out connective tissue and powder

4. Place in pre-weighed microcentrifuge tube and weigh (3-5mg)

5. Place tubes in an ice bucket (make sure tubes remain cold)

6. Add 600 nL of pre-cooled 0.5 M PCA
7. Extract for 10 minutes, vortexing several times (ensure all tissue is in contact with

PCA)
8. Centrifuge for 10 minutes at 1 5 000 G (spinning helps remove some of the enzymes

that can influence concentration)

9. Remove 540 ^L and place in freezer (-20°C) for 10 min
10. To the frozen supernatant add 135 ^iL of 2.3 M KFICO^ and vortex until liquid

(addition of KHCOi to a frozen supernatant prevents foaming over)

1 1

.

Centrifuge 10 min 0°C at 1 5 OOOG. Remove supernate to assay metabolites.
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b. Background of Fluorometric Assays

Pyridine nucleotides are natural oxidizing and reducing agents in a wide variety of

enz\'me systems. In the reduced form the nucleotide NADH/NADPH is fluorescent while

in its oxidized form (NAD/NADP) it is not. The reduced form is also capable of

fluorescent emission at 460nm when excited at 340nm. Due to these two physical

properties reactions can be quantified based directly on the change in the oxidative state

of these coenzymes. Therefore the limiting factor, in the conversion of any of the

metabolites, and production of the fluorescent material, NADH/NADPH, will be the

amount of metabolite in the muscle/blood. The presence of certain compounds in the

assay, removes certain substrates, essentially forcing all reactions to occur one direction.

Therefore the amount of fluorescence determined using the Flourometer is directly

proportional to the amount of the metabolite in the muscle/blood.

REFERENCE:

Lowry, O.H. and Passonneau, J.V. (1972). A Flexible System of Enzymatic Analysis .

New York, Academic Press.
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c. Muscle Adenosine Triphosphate (ATP) and Phosphocreatine (PCr) Assay for

Plate Reader Fluorometer

CREATINE KINASE
P-CREATrNE + ADP ^ CREATINE + ATP

HEXOKINASE
ATP + GLUCOSE-

—

-> ADP + GLUCOSE-6-P

G-6-P-DH
GLUCOSE-6-P + NADP ^ GLUCANOLACTONE + NADPH

Reagent STOCK FINAL VOLUME VOLUME VOLUME
CONC. CONC. 25ML 50ML lOOML

1. Tris(onshelO

(pH8.1) LOOM 50 mM L25 ml 2.5 ml 5.00 ml

stored infridge

2. MgCl2(onshelO LOOM LO mM 25.00 ^L 50.00 nL 100.00 nL
make fresh

(.2033g/ml)

3. D.T.T. 0-5 M 0.5 mM 25.00 nL 50.00 nL 100.00 nL
(found in -20)

stored in

aliquots -80

4. Glucose 100.0 mM 100.0 ^M 25.00 ^L 50.00 nL 100.00 ^L

(on shelO

stored in aliquots (

-SO)

5. NADP 50.0 mM 50.0 nM 25.00 nL 50.00 nL 100.00 jiL

(found in -20)

stored in aliquots (

SO)

6. G-6-P-DH 2660 U/ml 0.02 U/mi 1.00 jxL 2.00 jiL 4.00 jiL

(found in fridge)

Sigma (G-5760)

7. Hexoldnase 1338 U/ml 0.14 U/ml

(found in fridge)

Sigma (H-5500)

8. ADP (found Solid

in -20)

Sigma (A-2754)

9. Creatine

Kinase 324 U/mg

(found in -201

Sigma (C-3755) ^___
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Note: Mix reagents 1-5 together. Bring to volume with distilled water and adjust to pH
8. 1 . Then add reagent 6. Mix by inversion with enzymes.

Preparation of Dilute Eiiz> me

For step 2. Mix 2.5 nL of Hexokinase with 1ml of buffer. Mix by inversion.

For step 3. Mix -1.5 mg of phosphocreatine kinase and 5 mg ofADP into 5 ml of buffer.

Mix by inversion.

Procedure for Assay (Note: Run everything in triplicate)

Part 1.

1

.

Fill three wells with a blank ( 1 0.00 ^L dH20 per well)

2. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with lO.OO^L of varying concentrations ofATP
standard (0.05 mM, 0.1 mM, 0.2 mM, 0.3 mM, 0.4 mM)

3. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with 10.00 \iL of varying concentrations of the

PCr standard. (0.1 mM, 0.2 mM, 0.4 mM, 0.8 mM, 1.2 mM)

4. a. Vortex each sample before pipetting

b. Add 10.00 |iL of sample to the appropriately wells

5. Add 1 85 ^L of buffer to each well

7. Incubate for 25 minutes.

6. Read the plate at sensitivity of 80 (excitation setting 340, emission setting 460)

(base line reading)

Part 2.

1

.

Add 6 ^L of dilute Hexokinase to all of the wells

2. Place in the dark for 80 minutes

3. Read the plate (excitation setting 340, emission setting 460)

(R2-R1= reflects ATP in extract)
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Part 3.

1

.

Add 6 nL of dilute Creatine Kinase to all of the wells

2. Place in the dark for 120 minutes

3. Read the plate (excitation setting 340, emission setting 460)

(R3-R2= reflects PCr in extract)

ATP (Sigma A-7699) Standard Curve

make fresh 5.51 mg into 5 ml dH20

Cone (mM) Stock (uL) dH20 ( umoUL'')

0.05 25 975

0.1 50 950

0.2 100 900

0.3 150 850

0.4 200 800

Phosphocreatine (Sigma P-7936) Standard Curve

Stored in 7.6 mM aliquots in the -80°C

To make 7.6 mM stock: FW (no water) 255.1 mg phosphocreatine into 50 ml dH20

Cone (mM) Stock (uL) dH20 ( umol*L')

0. 076 10 990

0.152 20 980

0.304 40 960

0.608 80 920

0.912 120 880

C4H8N305PNa • 4.4 mol H20»mor' substance

Therefore its etTective weight is 334.3 g^mol"'
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d. Muscle Creatine (Cr) Assay for Plate Reader Fluorometer

CREATINE KINASE
CREATINE + ATP ^ P-CREATINE + ADP

PYRUVATE KINASE
ADP + P-PYRUVATE -> ATP + PYRUVATE

LDH
PYRUVATE + NADH ^ LACTATE + NAD

(flour will decrease)

Reagent STOCK FINAL VOLUME VOLUME VOLUME
CONC CONC 25ml 50 ml 100ml

1. Imidazole '00 M 50 mM 1.25 ml 2.5 ml 5.00 ml

(on shelO

<pH8.l)

stored in aliquols ( -80)

2. MgCl2(onshein LOOM 5.0 mM 125.00 nL 250.00 ^L 500.00 nL
make fresh (.2033g/ml)

3. KCI (on shelO 'OOM 30.00 mM 0.75 ml 1.5 ml 3.00 ml

make fresh (.148g/ 2ml)

4. PEP (found in -20) 10.0 mM 25.0 ^M 60.00 nL 120.00 nL 240.00 nL
stored in aliquols (SO)

5. ATP (found in -20) SOLID 200 jiM 3 mg 6 mg 12 mg
make fresh

6. NADH 15 mM 45 jiM 75.00 jiL 150.00 nL 300.00 nL
(found in -20)

Sigma(N-8l29)
make fresh 10.5 mg ml

7. LDH 5264 U/ml 0.24 U'ml 1.10 nL 2.3 nL 4.6 ^L

(found in fridge)

Sigma (L-5 132)

8. Pyruvate Kinase 1252 U/ml 0.75 U/ml 15.00^L 30.00 nL 60.00 nL
(Ibund in fridge)

Sigma (P- 1506)

9. Creatine Kinase ^24 U/mg 3.6 U/ml

(found in -20)

Sigma (C-3755)

Note: Mix reagents 1-6 together. Bring to volume with distilled water and adjust to pH
7.5. Ihcn add reagents 7 «& 8. Mix by inversion when en/ymcs added.
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Preparation of Dilute Enzyme

For step 2. Mix 1.0 mg of Creatine Kinase with 2.6 ml of buffer. Mix by inversion.

Before beginning to pipette the samples you must test the fluorescence of the buffer

(might have to change gain)

Procedure for Assay

Parti.

1. Fill three wells with a blank (10.00 ^L dH20 per well)

2. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with lO.OOjiL of varying concentrations of Cr standard

(0.1mM, 0.2 mM, 0.4 mM, 0.8 mM, 1.2 mM)

3. a. Vortex each sample before pipetting

b. Add 10.00 |iL of sample to the appropriately wells

4. Add 1 85 fiL of buffer to each well

5. Incubate for 30 minutes

6. Read the plate at a sensitivity of 100 (excitation setting 340, emission setting 460)

(base line reading)

Part 2.

1. Add 6 nL of dilute Creatine Kinase to all of the wells

2. Place in the dark for 55 minutes

3. Read the plate (excitation setting 340, emission setting 460)

Note: Everything analyzed in triplicate

Creatine (Sigma C0780-50g) Standard Curve

Stored in 10 mM aliquots in the -80°C

To make 10 mM stock: 131.1 mg into 100 ml dH20

Cone (mM) Stock (uL) dHaO ( umoUL*)
0.1 10 990

0.2 20 980

0.4 40 960

0.8 80 920

1.2 120 880
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e. Muscle Lactate Assay for Plate Reader Fluorometer

LDH
Lactate + NAD* -> Pyruvate + NADH + H^

PYRUVATE + Hydrazine --> Pyruvate Hydrazone

Reagent STOCK FINAL VOLUME VOLUME VOLUME
CONC CONC 25ml 50 ml 100ml

1. Hydrazine
(on shelf)

stored infridge

2. Glycine
(on shelO

stored in/ridge

3. NAD*
(found in -20)

stored in aliquots ( -80)

4. LDH
(found in fridge)

Sigma (L-5 132)

LOOM lOO.OmM 2.5 ml

LOOM 100.0 mM 2.5 ml

100.0 mM 0.5 mM

5264 U/ml 8 U/ml

125 ^L

See

5.00 ml 10.00 ml

5.00 ml 10.00 hL

250 ^L 500.00 ^L

Procedure

Note: Mix reagents 1-3 together. Bring to volume with distilled water and adjust to pH
10.

Preparation of Dilute Enzyme

Add 60 ^L of LDH to 1.0 ml of reagent. Mix by inversion. (For 50 ml do

120 ^iL of reagent). (17.25 nL if using L-2500, LDH)

Procedure for Assay

Part 1.

1. Fill three wells with a blank (10.00 ^L dH20 per well)

2. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with lO.OO^L of varying concentrations of lactate

standard (0.025 mM, 0.05 mM, 0.1 mM, 0.2 mM, 0.8 mM)

3. a. Vortex each sample before pipetting

b. Add 10.00 \kL of sample to the appropriately wells

4. Add 1 85 jiL of buffer to each well
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5. Incubate for 1 5 minutes

6. Read the plate at a sensitivity of 100 (excitation setting 340, emission setting 460)

(base line reading)

Part 2.

1. Add 10 |iL of dilute LDH to all of the wells

2. Place in the dark for 120 minutes

3. Read the plate (excitation setting 340. emission setting 460)

Note: Run everything in triplicate

Lactate Standard Curve

Pre-made lactate standard (4.44





f. HvdroK'sis of Tissue for Glycogen Assay

A. Reagents

2.0 N HCl To 83 ml water add 1 7 ml HCl (37% or 12 N)

2.0N NaOH To 8 g NaOH add 1 00 ml water

B. Procedure

1 . Use frozen tissue or tissue residue from perchloric acid extract or freeze dried

powdered tissue.

2. Add tissue to a microfuge tube (Not to exceed 5 mg dry weight).

3. Add 500 ^L 2 N HCl

4. Record weight of each tube

5. Place at 100°C for 2 hours. Mix after the first hour.

6. Re-weigh each tube and add water to achieve initial weight

7. Add 500 ^L 2N NaOH, mix well.

8. Store at -90°C until analysis.

Dilution Factor = 1 .3
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g. Muscle Glycogen Assay for Plate Reader Fluorometer

HEXOKINASE
Glucose + ATP -> Glucose-6-P + ADP

G-6-P-DH
Glucose-6-P + NADP -> G Iucano lactone + NADPH

Reagent STOCK FINAL VOLUME
CONC CONC 25ml

VOLUME VOLUME
50 ml lOOml

LTris
(on shelO

(pH8.1)

stored in fridge

2. MgCh (on shelO

make lresh(.203 3g/mi)

3. DTT (found in -20)

stored in aliquots (-80)

4. ATP (found in -20)

stored in aliquots (-80)

5. NADP (found in -20)

stored in aliquots (-80)

6. G-6-P-DH
found in fridge

(Sigma G-5760)

LOOM 50 mM

LOOM

0.5 M

50 mM

1 mM

0.5 mM

300 mM 300 nM

50 nM

2660 U/ml 0.02 U/ml

1.25 ml

25 ^L

25 nL

25 nL

25 nL

See

2.5 ml 5.00 ml

50 nL





Procedure for Assay

Part 1.

1. Fill three wells with a blank (10.00 ^iL dH20 per well)

2. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with lO.OOf^L of varying concentrations of 5^M/ 2.5

HM Glucose standard (0.1mM, 0.2 mM, 0.4 mM, 0.8 mM, 1 .2 mM)
3. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with 10.00|aL of varying concentrations of 5uM
G6P standard (0.1mM, 0.2 mM, 0.4 mM, 0.8 mM, 1.2 mM) (only if determining

G6P-DH)
4. a. Vortex each sample before pipetting

b. Add 10.00 ^L of sample to the appropriately wells

5. Add 185 ^L of buffer to each well

6. Incubate for 1 5 minutes

7. Read the plate at a sensitivity of 95 (excitation setting 340, emission setting 460)

(base line reading)

Part 2.

1. Add 5 nL of dilute G-6-P-DH to all of the wells

2. Place in the dark for 1 7 minutes

3. Read the plate (excitation setting 340. emission setting 460)

Part 3.

1. Add 5 nL of dilute Hexokinase to all of the wells

2. Place in the dark for 20 minutes

3. Read the plate (excitation setting 340, emission setting 460)

Note: Everything analyzed in triplicate

Glucose Standard Curve

2.5 mM stock

2.5 mg of glucose (sigma G 8270) to 5.52 ml ofdH^O

Cone (mM) Stock (uL) dH20 (umol*L')

0.1 40 960

0.2 80 920

0.4 160 840

0.8 320 680

1.2 480 520
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h. Extraction of Lactate from Extracellular Media

I. Reagents

0.6 M PCA 5 1 .5 ml 70% PCA
Bring to 1000 ml with distilled H2O

Store 0-4°C for 2 months

1 .25 M KHCO3 1 .25 g M KHCO3
Add 10.0 ml distilled H2O

Fresh Daily

II. Procedure (Extract on experimental day)

1

.

Add 100 ^L of extracellular media to 500 ^L of pre-cooled 0.6 M PCA
2. Centrifuge for 2 minutes (0°C) at 1 5 000 G
3. Add 250 jiL of 2.3 M KHCO3 and vortex for 10 min
4. Centrifuge 2 minutes (0°C) at 15 OOOG. Remove supemate to assay metabolites

(Store in -80).

Total Volume = 850 ^iL (dilution is 8.5:1)

Calculations (Generate a standard curve)

(sample - blank) x (Concentrated standard)x Dilution factor = Concentration (mM)
(standard - blank)
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i. Extracellular Media Lactate Assay for Plate Reader Fluorometer

LDH
Lactate + NAD' — --> Pyruvate + NADH + H'

Reagent

PYRUVATE + Hydrazine -> Pyruvate Hydrazone

STOCK FINAL VOLUME VOLUME VOLUME
CONC CONC 25ml SO ml 100ml

1. Hydrazine
(on shelO

stored infridge

2. Glycine
(on shelO

stored infridge

3. NAD*
(found in -20)

stored in aliquols (-80)

4. LDH
(found in fridge)

Sigma(L-5l32)

LOOM 100.0 mM 2.5 ml

LOOM 100.0 mM 2.5 ml

100.0 mM 0.5 mM 250 ^iL

5264 U/ml 8 U/m[ See

5.00 ml 10.00 ml

5.00 ml 10.00 ^L

500 nL

Procedure

1 mL

Note: Mix reagents 1-3 together. Bring to volume with distilled water and adjust to pH
10.4

Preparation of Dilute Enzyme

Add 32 ^L of LDH to 25 ml of buffer. (17.25 ^iL if using L-2500, LDH).

Procedure for Assay

Parti.

1

.

Fill three wells with a blank ( 1 0.00 ^L dH20 per well)

2. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with lO.OOfiL of varying concentrations of lactate

standard (0.025 mM, 0.05 mM. 0.1 mM, 0.2 mM, 0.8 mM)

3. a. Vortex each sample before pipetting

b. Add 25.00 ^iL of sample to the appropriately wells

4. Add 185 \iL of buflcr to each well

5. Incubate for 120 minutes in the dark
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6. Read the plate at a sensitivity of 100 (excitation setting 340, emission setting 460)

Note: Run everything in triplicate

Lactate Standard Curve

Pre-made lactate standard (4.44 mM)

Conc(mM) Stock (uL) dH20 (umol«L'')

0.1 23 977

0.2 45 955

0.4 90 910

0.8 180 820

1.2 270 730

Cone (mM) Stock (uL) dH:0 (umol^L"')

0.025 5.6 994

0.05 11.25 988

0.1 22.5 978

0.2 45 955

0.8 180 820
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