








The Influence of Skeletal Muscle Cell Volume on Carbohydrate

Metabolism in Contracting Skeletal Muscle

by

Naomi Cermak

Supervisor: Dr. Brian D. Roy

Submitted in partial fulfillment

of the requirements for the degree

Master of Science in Applied Health Sciences

Faculty of Applied Health Sciences

Brock University

St. Catharines, ON.

Naomi Cermak O July, 2006

MIES A GIBSONLmARV
nOCK UNIVERSITY
ST. CATHARINES ON





ABSTRACT

The Influence of Skeletal Muscle Cell Volume on Carbohydrate

Metabolism in Contracting Skeletal Muscle

Naomi Cermak Advisor:

Brock University Dr. B.D. Roy

This study investigated the regulation of carbohydrate metabolism through changes in

skeletal muscle cell volume immediately post contraction and during recovery. Using an

established in vitro isolated muscle strip model, soleus (SOL) and extensor digitorum

longus (EDL) were dissected from male rats and incubated in an organ bath (perfused

with 95% O2; 5% CO2, pH 7.4, temperature 25°C) containing medium- 199 altered to a

target osmotic condition (iso-, hypo- or hyper-osmotic; 290, 1 80, 400 mmol/kg). Muscles

were stimulated for 10 minutes (40 Hz SOL; 30 Hz EDL) and then either immediately

flash frozen or allowed to recover for 20 minutes before subsequent metabolite and

enzyme analysis. Results demonstrated a relative water decrease in HYPER vs. HYPO-

osmotic condition (n=8/group; p<0.05) regardless of muscle type. Specifically, the SOL

HYPER condition had elevated metabolite concentrations after 10 minutes of stimulation

in comparison to both HYPO and ISO (p<0.05), while EDL muscle did not show any

significant difTerences between the HYPER or HYPO conditions. After 20 minutes of

recovery, metabolic changes occurred in both SOL and EDL with the SOL HYPER

condition showing greater relative changes in metabolite concentrations versus HYPO.

The results of the current study have demonstrated that osmotic imbalance induces

metabolic change within the skeletal muscle cell and muscle type may influence the

mechanisms utilized for cell volume regulation.
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CHAPTER 1:

THE IMPORTANCE OF WATER AND ITS TRANSPORT

Water, our most vital nutrient, is the most abundant constituent in the human

body, making up almost 60% of the total body weight (49). Total body water content

however, depends largely upon a person's body composition, as adipose tissue is

composed of roughly 10% water and muscle tissue is approximately 75% water (90).

Additionally, variables such as the type of species, age and gender also influence total

fluid composition in the body (60).

The body obtains the largest fraction of water (>90%) from oral ingestion in

addition to the relatively small portion of water obtained as a product of internal

metabolic reactions (49). Water is lost from the body in a variety of ways and varies

according to environmental and physiological conditions, such as ambient temperature,

humidity, and the extent of physical exercise or exertion (49).

Total body water is divided into two major reserves. The first reserve is the larger

intracellular compartment which includes all water enclosed within cell membranes, and

the second reserve is the smaller extracellular compartment which includes all water

external to cellular membranes (49). The extracellular water compartment is further

subdivided into two smaller subcomponents which includes the cell-free intravascular

water compartment called the plasma and the interstitial fluid (ISF), which bathes the

extra-vascular cells and provides the medium for the passage of nutrients and metabolic

products (49).





i. CELLULAR DISTRIBUTION

The distribution of water among the various water compartments relies most

heavily on the osmotic pressure which is measured as a function of the osmolarity and is

defined as the amount of pressure required to exactly oppose osmosis (movement of

water) into a solution across a semi-permeable membrane (49). Osmolarity is dependent

on the number of particles in a solution as well as the temperature of the solution, but is

independent of the nature of the particles. Hydrostatic pressure (defined as the pressure

exerted by fluids on the wall of blood vessels), crystalloid pressure (pressure exerted by

solutes which cross the capillary membrane in solution) and ion pumps (which use

energy from adenosine triphosphate to actively move ions) are also responsible for the

distribution of water but to a much lesser degree (60). Thus, when combining all the

pressures together, rapid changes in cell volume are almost always caused by movement

of water across the cell membrane (Jv), which is driven by hydrostatic (Ap) and osmotic

(Aji) pressure gradients and depends on the hydraulic conductivity of the cell membrane

(Lp):

Jv = Lp (Ap - Aji)

The osmotic pressure gradient (Aji) depends on the effective concentration

differences across the cell membrane (Ac) and the reflection coefficient (a) for each

solute (/):

Ati = RTL o, Aci,

where R is the gas constant and T is the absolute temperature respectively (62). In

order to utilize these equations, the cytosol must behave as a dilute solution which is not

an entirely correct assumption. Moreover, the cellular membrane is unable to withstand





hydrostatic pressure gradients exceeding 2 kPa, which is equivalent to 1 mmol/1 Ac (62).

Thus, although interaction within the cytoskeleton may allow for an increase in the

hydrostatic gradient, the movement of water is mainly dictated by the osmotic gradient

across the cell membrane (62).

Often reported in conjunction with osmotic pressure is the osmolality; which

denotes the concentration of solute particles particularly referring to solute concentration

on a weight-per-weight basis (49). More specifically, osmolality is the moles of solute

particles per kilogram of solvent (49), and thus is not influenced by the temperature of the

solution. Normal physiological serum osmolality in the human body (with respect to the

intra- versus extra-vascular space) has been found to be in the neighborhood of 285 to

295 mmol/kg of water (60).

A transmembrane osmotic gradient is generated by the changes in the intra-

cellular or extra-cellular solute concentrations (71). As mentioned previously, animal cell

membranes are unable to generate or sustain a substantial hydrostatic pressure gradient,

thus any generated osmotic gradient results in the flow of water into or out of the cell in

pursuit of osmotic equilibrium. This search for osmotic equilibrium will eventually lead

to cellular swelling or cellular shrinking (71). Thus, the effect of the concentration or

osmotic pressure of dissolved particles in solution is known as the tonicity and three

possible tonicity states exist: isotonic, hypotonic and hypertonic (60).

In an isotonic environment, no net fluid shifts occur between the isotonic

solutions as the osmotic pressure gradient is the same inside and outside the cell (60).

Most human tissue is bathed in isotonic fluid however, in a variety of diseases,

extracellular osmolarity may be altered such as during hyponatremia (during marathon





running from over-hydration) (7) or hyperglycemia due to uncontrolled diabetes mellitus

(6, 71).

Hypotonic solutions on the other hand, have a much lower osmolality than normal

body fluid (<285 mmol/kg water) causing water to be drawn into the cells and promoting

cellular swelling (60). This situation can often be found as a result from either an excess

of water (hyper-hydration) or from a substantial depletion in extracellular sodium (60).

As such, a hypotonic solution may often result fix)m replenishing lost fluids with a

sodium-fr'ee liquid.

Conversely, hypertonic solutions have a much higher osmolality than normal

body fluids (>295 mmol/kg water) resulting in water loss from the cells and consequently

cellular shrinking (60). Hypertonic situations generally develop from either a water

deficit or an excess in extracellular sodium, hence resulting in intracellular fluid depletion

causing cellular dehydration and ultimately cellular shrinking (60). Commonly,

dehydration fix)m environmental or physical stress may act as stimuli for hypertonic

situations.

HYPO ISO HYPER

H2O Flow

Figure 1: Diagram representing water flow (as indicated by the biocic

arrows) and subsequent change in cell size in the three diflierent osmotic

conditions.





Two negatively crucial effects of environmental heat stress and exercise are a net

loss of fluid, and fluid shifts between the intracellular and extracellular sub-compartments

(35). The risk of fluid loss and its negative physiological impact makes the hydration

status of athletes, workers exposed to high temperatures, and any individual during

conditions of envirorunental stress important in assessing their capacity to tolerate further

activity or heat exposure.

Furthermore, with respect to changes in osmolality causing cell swelling or

shrinking, it should also be stated that exposure of cells to anisotonic extracellular fluid

not only modifies cell volume but also the volume of intracellular organelles such as the

mitochondria (62). Lastly, in conjunction with cellular osmolality, intracellular ionic

strength may be altered even if the extracellular ionic strength is kept constant (62).

Therefore, the secondary consequences of osmotically induced alterations of cell volume

may vary according to the hypo-, hyper- or iso-osmotic conditions inside the cell.

ii. WHOLE-BODY HYDRATION

During exercise-heat exposure, body water is primarily lost through sweat output

which results in an increased plasma tonicity (osmolality) with a decrease in blood

volume (hyper-osmotic-hypo-volemia) (90). During times where there are low volumes

of body water loss, the water deflcit primarily arises from the extracellular compartment.

As the body water loss increases however, a proportionately greater percentage of water

loss comes from the intracellular compartment (90).

It is well known that exercise or heat-induced hypo-hydration will increase the

osmotic pressure in the plasma (90). As such, the plasma becomes hypertonic when





dehydration is induced by sweat output, thus increasing plasma osmolality (39). It is this

plasma hyper-tonicity that mobilizes fluid from the intracellular to the extracellular

compartments in an effort to defend the blood (plasma) volume in hypo-hydrated subjects

(90). As dehydration develops further, body sweating becomes compromised in order to

effectively conserve body water at the expense of body temperature regulation (39).

There is evidence however, which suggests that plasma volume may be maintained for

limited time periods without affecting the intracellular water compartment despite

progressive dehydration during exercise. This maintenance of plasma volume may exist

without altering the intracellular environment due to the release of water from glycogen

breakdown and the redistribution of water from inactive skeletal muscle (90).

From a physiological standpoint, a reduced maximal cardiac output may be the

mechanism by which whole-body hypo-hydration decreases an individual's maximal

aerobic power and work capacity (90). A decrease in blood plasma volume impairs the

ability to evacuate heat generated during exercise, thus augmenting core body

temperature, potentially increasing blood viscosity, as well as a possible reduction in

venous return (46, 90). Such a situation would result in a viscosity-mediated increase in

resistance and a reduction in cardiac filling, thus potentially decreasing both stroke

volume, cardiac output (46, 90) and ultimately, athletic performance.

iii. CELLULAR HYDRATION

For cells to maintain their integrity, a constancy of cell volume homeostasis is

critically important. As cells are made up of delicate subcellular structures, it is logical to

assume that cells cannot tolerate large changes in their volume without causing disruption





of their interior architecture. Consequently, water is found to be in a constant state of

equilibrium across the plasma membrane (71) in an effort to maintain homeostasis of

fluids, nutrients and solutes which constantly shift within the body's fluid compartments

(60).

Water's cellular importance therefore stems from being the medium for the

solubilization and movement of a multitude of organic and non-organic nutrients,

metabolic products, and it also serves as a medium in which a vast number of

intracellular metabolic reactions take place (49). Additionally, recent literature has shown

that cells need only microscopic changes in their volume to record drastic effects on their

cellular function. Thus, cells' survival depends heavily on their ability to keep their

volume within a narrow range (61).

For cell volume regulation to occur, alterations of cell volume must be sensed and

the sensor must then trigger cellular transducing mechanisms in order to mediate the

activation of cell volume regulatory mechanisms (61). Two of the major cell volume

sensors include an altered concentration of macromolecules such as proteins; and

mechanical stretch on the cell membrane or the cytoskeleton (61).

As the intracellular environment is densely packed with macromolecules (the first

suggested cell volume sensor), it has been proposed that the interaction of these

macromolecules when in a crowded medium may strongly influence the rate and

equilibria of their reactions (106). Interestingly, the cellular hydration state has the ability

to modify macromolecular crowding thus potentially having an inherent effect on cellular

metabolism (106). In other words, cells may use their macromolecular crowding as a

means of sensing their cell volume (74). When cell water is perturbed, crowding is either





increased or decreased, thus affecting the equilibria and kinetics of cell signaling and

ultimately affecting metabolic reactions (74).

Cell membrane stretch; the second major sensor in cell volume regulation comes

into play during situations where cell swelling causes an increase in the tension of the cell

membrane which in turn, activates some cell volume regulatory ion channels (88). That

is, cells extrude Na^ in exchange for K*, accomplished by the Na^-K*-ATPase. Any

accumulation of K* will leave the cell through K^ channels, thus leaving a cell-negative

potential across the cell membrane. This generated cell membrane potential drives anions

such as Cr out of the cell in an effort to counterbalance the accumulation of osmotically

active organic substances inside the cell (63). Thus in general, activation of Na* channels

(causing an influx of Na* into the cell) will cause cells to swell, whereas the activation of

K* and/or CI' channels (efflux from the cell) will cause cells to shrink (63).

As the hydration state is maintained by cellular homeostasis, and cell volume

constancy is a prerequisite for the maintenance of cellular structure (such as the

cytoskeleton) any excessive swelling or shrinking will eventually disrupt the cell

membrane and possibly lead to cell death (106). This so called, "cell swelling" theory

was first proposed by D. Haussinger in the early 1990's. The theory of cell swelling

argues that cell volume is a key signal for the metabolic orientation of cell metabolism,

specifically making reference to the idea that ceil swelling leads to anabolism and cell

shrinking promotes catabolism (86).

In the human, extracellular osmolarity is tightly regulated by the kidney, and most

cells are bathed in fluid which undergoes little change in osmolarity. As a result, it was

originally believed that alterations of cell volume had little or no effect on their function.





It is now understood however, that almost all cells express cell volume regulatory

mechanisms (61).

As such, the cellular hydration state is dynamic and changes within minutes imder

the influence of aniso-osmolarity, hormones, nutrients and oxidative stress (53). To

respond to volume perturbations, cells must activate mechanisms that regulate their

volimie to compensate for changes in their extracellular osmolality. This is accomplished

through either regulatory volume decreases (RVD) or regulatory volume increases (RVI)

(71). Cells perform RVD or RVI by activating mechanisms that encourage either the gain

or loss of osmotically active solutes, most importantly being those inorganic in nature

such as sodium, potassium, and chloride or small organic molecules called organic

osmolytes (71). After rapid alterations in extracellular osmolality, roughly two-thirds of

cell volume regulation depends upon the contribution of ions. Following cell swelling,

ions and organic osmolytes are released by triggering their respective transport systems

and inhibiting ion uptake mechanisms while following cell shrinking, cells accumulate

ions and organic osmolytes by activating appropriate transport systems and inhibiting ion

release mechanisms (61).

iv. CELLULAR IONS

Ions such as Na*, K* and CI" play vital roles in nerve and muscle fibres through

their regulated movement across the cell membrane. Ions are readily diffused across the

cell membrane by the opening of ion-specific channels in the membrane in response to a

change in the transmembrane voltage or in combination with the channel and a ligand

(such as the neurotransmitter - acetylcholine) (67). For a cell to restore the original





distribution of ions across the membrane, ions must be pumped or transported against

their respective concentration gradients by special molecules found within the cell

membrane. For the calcium (Ca^^ ion however, an additional type of molecule in the cell

binds to calcium once the Ca^^ returns back into the cytosol or sarcoplasmic reticulum.

This calcium binding molecule functions as both a buffer, or as an initiator of a chemical

reaction or chain of chemical reactions (67).

Ion channels and pumps are separated in their ability to transport ions across the

cell membrane. Channels work to move ions along their electrochemical gradient while

pumps have the ability to move ions against their electrochemical gradient and thus

require the use of ATP (67). A single channel can transport several million ions through

the membrane in a relatively small amount of time while a pump, if open for the same

amount of time; can only manage to transport a hundred or fewer ions. Thus, in order to

keep up with the altered concentration of ions in the cytosol, pump molecules must be

very plentiful in cell membranes while charmels need to stay open for only a very small

fiaction of tin^.

The skeletal muscle cell contains sodium, potassium, calcium and anion channels

as well as sodium and calcium pumps. Sodium channels periodically open to allow the

movement of Na* into the muscle fibre however; sodium is much more prevalent in the

extracellular fluid while potassium is much more concentrated in the cytosol. Thus the

Na -K* pump acts to restore the cellular ion concentration and to maintain an appropriate

membrane potential because in each cycle of pump activity only two K* ions are traded

for 3 Na* ions (67). Therefore, with each pump cycle there is an extra positive charge

leaving the cell which contributes to the inside of the cell being more negative with

10





respect to the outside. This created charge/ion gradient serves as a source of potential

energy and is used for transporting different types of molecules across the cellular

membrane. The charge gradient also confers the ability to propagate action potentials

from one region to another. Finally, it acts to indirectly release transmitter from the motor

nerve terminals and to initiate a sequence of events leading to contraction of the

myofibrils (67). In terms of location, the pump molecules seem to be associated with the

surface membranes of the muscle fibres and the quantity of Na^-K* pumps depends on

fibre type (with type 11 muscle fibres containing a greater number ofNa^-K* pumps) (67).

Upon either a stimulated or voluntary muscle contraction, a rise occurs in the

activity of the Na*-K* pump. Because of the electrogenic nature of the pump, the muscle

fibre resting potential may increase which in turn may cause a larger evoked muscle

action potential (55). Interestingly however, research has shown that in rat muscle, the

enhancement of Na*-K* pump activity is greater in the soleus (slow twitch) muscle

following contraction than EDL (fast twitch) muscle (55, 67). This differing activity rate

nuiy be due to the differing total amount of Na^-K^ pumps between the fast and slow-

twitch muscles.

Although there are many different types of potassium channels, their basic

function is to stabilize the membrane potential at its resting level, thereby counteracting

the excitatory effects of the Na* and Ca^* channels (67). Specifically in skeletal muscle

cells, most of the K* channels can be found in the transverse tubules and localized near

the sarcoplasmic reticulimi (67).

Calcium channels are found in all living cells and are utilized to link electrical or

chemical signals at the surface of the membrane to molecular events within the cell (67).
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Once Ca^* ions enter the interior of the cell, they are seized by special binding proteins

and in turn, activate protein kinases that have the ability to phosphorylate certain key

molecules. Other actions of the Ca^^ ions include; initiating the contractile process in the

muscle fibre and releasing acetylcholine from the motor nerve terminals (67).

At the cell membrane, Ca^^ ions are transferred out by a pump that is fueled by

ATP thus fecilitating active transport (to be examined in more detail later) as well as a

transporter which exchanges Na^ ions for Ca^^ ions. The energy exchange for the latter

transporter comes from the Na* concentration gradient established across the cell

membrane by the Na*-K* pump (67). Additionally, the membrane of the sarcoplasmic

reticulum removes Ca^* from the cytosol via the Ca^^ ATPase which is highly sensitive to

elevations in intracellular Ca concentration. Finally, in accordance with the other

channels (Na* and K^, the Ca^* channels are also activated by membrane depolarization.

Similar to sodium, calcium also has pumps. There are two different types of

calcium pumps with one type being located at the surface of the skeletal muscle cell

membrane and used to expel Ca^* from the interior of the fibre to the extracellular fluid.

The second pump is located in the membrane of the sarcoplasmic reticulum (SR) and is

responsible for the transfer of Ca^* from the cytosol into the lumen of the SR, thus

terminating the activation of the contractile filaments (67).

Lastly, the surface of the cell membrane also contains anion channels. In terms of

skeletal muscle, the most abundant anion in the extracellular fluid is chloride (CI). The

chloride chaimels act in a similar fashion as the K* channels in that they are responsible

for stabilizing the membrane potential (67).
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For most cells, cell swelling leads to regulatory volume decreases (RVD) through

activation of separate K* and anion channels which allow the passage of CI", HCO3" and

some organic anions and neutral organic osmolytes (62). Additionally, although less

frequently, cells can also release ions through KCl symport, parallel K^/H* exchange and

Cr/HCOs' exchange (leading to KCl loss) as well as NaVCa^* exchange in parallel with

Ca^^-ATPase (leading to a loss of Na") (63). Most of the HCO3" that is lost from the cell

is replaced by CO2 and the generated H^ is then bound to intracellular buffers. Thus, the

exit of HCO3' is limited by the intracellular buffering capacity. As this creates a negative

potential difference across the cell membrane, the net driving force is for cation

movement directed into the cell. Furthermore, osmotic cell swelling also causes a

decrease in the gap junctional conductance.

The most important transport systems to accomplish electrolyte accumulation for

regulatory cell volume increases (RVI) are the Na*, K* and 2Cr cotransporter, as well as

the Na^/JT exchanger (61) which alkalinizes the cell and leads to a parallel activation of

the CI/HCO3' exchanger. Specifically in muscle cells, NaCl cotransport rather than Na*-

K*-2Cr cotransport is utilized for NaCl uptake. In some cells, RVI is accomplished

dirough activation of Na* channels and/or nonselective cation channels thus inducing

depolarization because of the Na* and in turn promotes CI" entry into the cell.

During metabolic function, the muscle cell accumulates substances such as

proteins or carbohydrate metabolites thus making the concentration of these substances

much higher inside the cell versus the extracellular fluid. To counterbalance the

concentration of the intracellular substances, the cell tries to lower its intracellular ion

concentration (62). The cell regularly extrudes Na* in exchange for K* by the Na*-K*-
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ATPase. The cell membrane however, is highly permeable to K* thus in the cell's attempt

to balance the concentration of intracellular substances, K^ will continue to exit the cell

creating a more positive charge on the outside of the membrane versus inside the cell. To

compensate for the positive outside charge, the cell will begin to drive CI' out into the

extracellular fluid, thus lowering the intracellular ion concentration to compensate for the

increase of intracellular organic substances (62). Thus as briefly outlined, cellular ions

are a potentially integral component of maintaining cell volume and may act as strong

RVD and RVl mechanisms.

V. CELLULAR OSMOLYTES

Cell volume regulation by the accumulation of cellular electrolytes is limited due

to the interference of high ion concentration with the structure and function of

macromolecules (61). As a result, organic osmolytes must come into play.

Organic osmolytes are solutes which at even large concentrations do not cause

any disturbance to cell structure or function, as they have unique biophysical and

biochemical properties (71). Cells utilize organic osmolytes in addition to inorganic ions

to generate intracellular osmolarity (61). In mammalian muscle cells, three groups of

osmolytes exist, including; polyalcohols, such as sorbitol and inositol; methyl-amines,

such as glycerophosphorylcholine and betaine; and amino acids and amino acid

derivatives, such as glycine, glutamine, glutamate, aspartate, and taurine (24, 62).

During situations of cell shrinking, osmolytes are accumulated (to perform RVI)

by stimulated uptake (myoinsitol, betaine and taurine), enhanced formation (sorbitol) or a

decrease in degradation (glycerophosphorylcholine) (24, 61) while during cell swelling.
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osmolytes are rapidly degraded or released (to perform RVD) (61). Altered gene

expression is required for these mechanisms, thus osmolyte accumulation is a slow

process taking upwards of hours to days to become fully effective (62).

In surrunary, cell swelling inhibits the breakdown of proteins and glycogen, thus

decreasing the production of monomers which are osmotically more active in hopes of

accomplishing RVD. In contrast, cell shrinking promotes proteolysis and glycogenolysis

thus stimulating the formation and cellular accumulation of so-called osmolytes or

osmotically active monomers to achieve RVI (63).

It is imperative to understand thus far, that cell volume homeostasis does not

simply mean cell volume consistency, but rather the integration of events which allow

cell hydration to play its physiological role as a regulator of cell function (53). It is not

yet completely understood how cell-size signals are translated into volume-regulatory

responses however, some postulate that cell swelling and shrinking induce changes in

membrane tension, cytoskeletal architecture, cellular ion concentration and/or the

concentration of cytoplasmic macromolecules (71).

Thus, it is impossible to denote only one signaling mechanism to account for the

volume sensitivity of the various genes and membrane transport pathways that are

activated or inactivated in response to cell volume perturbations (71). Recent evidence

however, suggests that cells appear to possess a wide array of volume-detector and

volume-effector mechanisms that respond selectively to both the magnitude and the

nature of the cell volume perturbation (71). Such mechanisms may allow the cell

simultaneous conUx>l of intracellular pH and ionic composition in addition to cellular

volume (71).
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CHAPTER 2:

CARBOHYDRATE DEGRADATION DURING EXERCISE

Diet is essential for the ability of skeletal muscle to synthesize ATP both during

and following exercise (99). The two most prominent macronutrient energy sources from

our diet are carbohydrate and fat, however due to relevancy; only carbohydrate will be

discussed further.

Carbohydrate is stored in both the skeletal muscle (intramuscular) and in the liver

(extramuscular) in addition to the small trace of stored carbohydrate that can be found in

the blood (99). Carbohydrate is the main fuel responsible for exercising at very high

power outputs (>65% of VO2 max) in both trained and untrained individuals (11). Once

carbohydrate has made its way inside the muscle, it must be broken down into a useful

energy source in order to fuel the activities of the skeletal muscle.

Adenosine triphosphate (ATP) is the immediate source of chemical energy found

in the skeletal muscle as shown below:

ATP- ADP + Pj + FT

As ATP is stored in relatively small amounts; it must have the ability to be

quickly replenished in order to sustain muscular contraction (99). The major enzymes

that degrade ATP during exercise are those associated vn\h the contraction-relaxation

cycle in skeletal muscle including the actorayosin adenosine triphosphatases (ATPase),

Ca^*-transport ATPase, and Na*-K* transport ATPase (99). During exercise, Ca^^ is

released firom the sarcoplasmic reticulum which activates the actomyosin and Ca^^
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ATPases, thus accounting for -70% and 25-30% of all the ATP consumed respectively

(80).

1. GLYCOLYSIS

During exercise, once glucose has been transported into the cytoplasm of the

skeletal muscle its primary fate is oxidation (99). To enter the glycolytic pathway

however, free glucose must fu^t be phosphorylated by the enzyme hexokinase (HK) to

form glucose-6-phosphate (G-6-P) (99). Hexokinase is a non-equilibrium enzyme

meaning that it catalyzes reactions that can be regulated by factors other than substrate

and product concentration (99).

In addition to being influenced by substrate concentration during exercise, non-

equilibrium enzymes are covalently and allosterically regulated by factors related to the

intensity of the muscle contraction (hormones and Ca^*) and the severity of the demand

for ATP (99). Specifically, HK is stimulated by insulin and free glucose concentration,

allowing greater glucose utilization when the transport of glucose into the cell is high. In

contrast, a major inhibitor of HK is a high concentration of its product, G-6-P (15).

Furthermore, non-equilibrium enzymes tend to have a lower maximal activity than near-

equilibrium enzymes in a given pathway (99).

Once glucose has been phosphorylated, the main regulatory enzyme in the

glycolytic pathway is phosphofructokinase (PFK), which converts ATP and fructose-6-

phosphate (F-6-P) to fructose 1 ,6-disphosphate, and ADP (99). Like HK, PFK is a non-

equilibrium enzyme that is regulated by a number of aliosteric modulators including

ATP. High concentrations of ATP at rest allow ATP to bind to PFK's aliosteric site, thus
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decreasing the binding of F-6-P to its active site, which inhibits PFK (17). Additionally,

citrate and H* potentiate the inhibition of PFK at rest by strengthening the binding of

ATP to its allosteric site (17).

During exercise, when ATP is degraded, the rise in ADP, NH4*, Pi and AMP

stimulate PFK activity by reducing ATP binding to its regulatory site on the enzyme in

spite of the increases in citrate and H^ at the higher power outputs (98). Additionally,

glycogen phosphorylase (PHOS) which is activated higher up in the glycolytic pathway

provides a higher rate of F-6-P production for the PFK reaction (99).

Glucose Glycogen

cytosol

ATP

ADP

NAD

NADH
ATP

ADP

HK PHOS

G6P ^ G1P

PFK

NADH

NAD

Pyruvate

Lactate

PDH

A-CoA

mitochondria

Figure 2: Schematic diagram of the glycolytic pathway with key enzymes
highlighted and the major fates of pyruvate outlined. (Adapted from Spriet and
Howlett (99)).
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u. GLYCOGENOLYSIS

As exercise intensity increases, carbohydrate becomes the fuel of choice thus

promoting glycogen degradation to support the cell's synthesis of ATP. In the muscle

cell, glycogen is found within a structure called a glycosome. In addition to glycogen,

glycosomes also consist of chains of carbohydrate and a complement of proteins (94).

Under normal conditions, each individual glycogen granule is associated with a full

complement of enzymes that represent 66-80% of its total weight (94). The proteins

associated with the glycosome include glycogen synthase (OS), glycogen phosphorylase

(PHOS), kinases, phosphatases, glycogenin, branching enzyme, debranching enzyme and

cytoskeletal actin (94). Furthermore, the glycogen concentration in the muscle cell alone

is a potent regulator of insulin sensitivity as well as the activity and expression of GLUT-

4, HK, GS, PHOS and pyruvate dehydrogenase (PDH) (94).

The compartmentalized structure of glycogen (in the form of a glycosome) may

allow glycogen to be regulated both individually and regionally within the skeletal

muscle cell (94). For example, as glycogen is associated with the sarcoplasmic reticulum

(SR), it is possible that glycogen may play a key role in excitation-contraction coupling

(52). Hence, glycogen cannot only be viewed as a substrate for metabolism, but should

also be seen as an important player in metabolic regulation.

Previous research has shown that after a set of fatiguing contractions, resulting in

a low glycogen concentration, there is a reduction in Ca^^ release (52). Moreover, even

under conditions in which glycogen is not required for energy production, the capacity of

skinned fibres to respond to T-system depolarization has been found to be directly related

to the level of intramuscular glycogen (52).
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The first step in glycogen degradation consists of the cleavage and

phosphorylation of one glucose residue from glycogen to form glucose- 1 -phosphate (G-

1-P) and is controlled allosterically by the rate-limiting enzyme PHOS (94). PHOS exists

in two forms, a less active b form and a more active a form (99). PHOS contains only one

phosphorylation site and as such, PHOSb is phosphorylated to the PHOSa form by

phosphorylase kinase and is returned to the b form by phosphorylase phosphatase (99).

The transformation to the more active form of PHOS (thus stimulating phosphorylase

kinase) is initiated at the onset of exercise by Ca^^ and to a lesser extent by epinephrine

(84) (see Figure 3).
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Figure 3: Schematic diagram of the regulation of Glycogen Phosphorylase.
(Adaptedfrom Spriet and Howlett (99)).

A second stage of control for PHOS involves the energy status of the cell (99).

During the transition from rest to exercise, the temporary mismatch between ATP

demand and aerobic ATP synthesis causes an accumulation of free ADP, AMP and Pi

which acts to increase PHOS flux (99). Not surprisingly however, PHOS activity

decreases in the presence of low glycogen concentrations and therefore is a likely
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mechanism that conserves glycogen stores and promotes the use of alternative substrates

during exercise (94).

Furthermore, it is imperative to understand that PHOS transformation does not

necessarily correlate with flux through the PHOS reaction during aerobic exercise as the

catalytic activity of the transformed enzyme (PHOSa) is very large (99). As a result, the

potential flux through the PHOS reaction is almost always in excess of the actual flux

through the enzyme (99). Therefore, the accumulations of Pi and free AMP are

responsible for "fine-tuning" the actual flux to the demand for ATP (99).

iii. PYRUVATE DEHYDROGENASE

The rate of carbohydrate entry into the mitochondria and its subsequent oxidative

metabolism is primarily regulated by the mitochondrial enzyme, pyruvate dehydrogenase

(PDH) (99). PDH plays a vital role in determining the amount of acetyl-CoA (acetyl-

coenzyme A) that is derived from carbohydrate sources; thus, PDH is viewed as the

regulator of carbohydrate oxidation (as reviewed by (77)).

PDH is a multi-enzyme complex composed of three different subunits including;

pyruvate dehydrogenase (known as subunit El), dihydrolipoyl transacetylase (subimit

E2) and dihydrolipoyl dehydrogenase (subunit E3) (113). The El subunit has three

known phosphorylation sites; the first site being necessary for the inactivation of the

complex and the other two sites acting as barrier sites to hinder phosphatase activation

(89).
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PDH is also associated with two regulatory enzymes; PDH kinase (PDK) (which

consists of a family of four PDK isomers), and PDH phosphatase (PDP) (113). The

overall reaction of the PDH complex is as follows:

Pyruvate + CoA + NAD^ -^ Acetyl CoA + CO2 + NADH

At rest, the inactive form of PDH (PDHb) dominates (from an increase in PDK

activity) because of the high ratio of ATP/ADP and low ratio of coen2jyme A/acetyl-CoA

as well as a low pyruvate concentration (99). During exercise, increases in Ca^^, pyruvate

and ADP all work to increase the amount of PDH in the active form (PDHa) (from an

increase in PDP) (99) (see Figure 4). Unlike PHOS however, the active form of PDH has

been shown to be quantitatively similar to the estimates of PDH flux during exercise,

therefore making it apparent that PDH transformation is synonymous with flux in most

(but not necessarily all) exercise situations (58).
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Figure 4: Schematic proposed regulation of PDH.

(Adaptedfrom Spriet and Howlett (99)).

In general, as power output increases, PDHa activity follows in a parallel manner

(58) The stimulus for the initial flux stems from the increased intramitochondrial Ca^*

concentration followed by finer modulators through changes in energy charge (ADP) and

pyruvate concentration (from co-ordination with glycolytic flux) (77).

iv. PHOSPHOCREATINE DEGRADATION

When aerobic metabolism is unsuccessful at providing all the required ATP to

sustain exercise, anaerobic ATP production must increase (99). Most often, anaerobic

ATP production occurs at intensities greater than 85% VO2 max with the main sources of

anaerobic ATP synthesis coming from the degradation of phosphocreatine (PCr), and

24





from the glycolytic pathway with the production of lactate and FT (anaerobic glycolysis)

(99).

Creatine kinase (CK) is responsible for catalyzing the conversion of PCr and ADP

to produce ATP. CK is an equilibrium enzyme found in large amounts in the cytoplasm

of the human skeletal muscle (99). When ATP is degraded in the cytoplasm at the onset

of exercise, increases in free ADP and decreases in ATP force the reaction in the

direction ofATP production (99). As such, the build-up of fi-ee Pi is directly related to the

breakdown of PCr (99) (see Figure 5).

The PCr store is limited in the muscle however, with normal resting levels around

-70-90 mmol/kg dry muscle (99). During the first few minutes of exercise at a low

percentage of VO2 max, the mismatch between ATP demand and ATP supply from

oxidative sources is small, thus decreasing PCr by only ~10 mmol/ kg dry muscle (99).

As the aerobic power output increases, PCr decreases to a greater extent until steady-state

aerobic ATP production has been reached. The exception however, is found at power

outputs of greater than 100% VO2 max, where the increase in free ADP and decrease in

ATP concentrations are maintained, thereby promoting PCr degradation until very little

remains (99). Finally, in maximal sprinting, the demand for ATP is so severe that PCr

stores are almost completely depleted, yet total muscle ATP concentration decreases by

only 25-40% (99).
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ADP ADP + Pi ^ ATP

Cr PCr + H^

Figure 5: Schematic representation of the high energy ATP-PCr system
where phosphate from PCr is donated to ADP to form high enei^ ATP.

V. LACTATE FORMATION

The general anaerobic equation is as follows.

Glycogen + 3 ADP + 3 Pj -» 3 ATP + 2 lactate + 2 H*

Specifically, the conversion of pyruvate to lactate, wdth the oxidation ofNADH to

NAD* in the lactate dehydrogenase (LDH) reaction.

Pyruvate + NADH + H* -»- lactate + NAD"^ + H2O,

is the most important cytoplasmic pathway of pyruvate (anaerobic) metabolism (100).

Pyruvate however, can also combine with glutamate to form 2-oxoglutarate and alanine

in the alanine aminotransferase reaction in the cytoplasm along with a minor extent

occurring in the mitochondria. The products of this reaction appear to be important at the

onset of exercise (early stages) to increase the content of the TCA cycle intermediates but

accounts for only 2-5% of the total pyruvate disposal (45).

Skeletal muscle LDH is a tetrameric enzyme existing in five isoforms within two

different subunits (muscle and heart), both favoring the production of lactate (100). LDH

is a near-equilibrium enzyme, sensitive to the concentrations of its substrates and
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products, thus increases in pyruvate and NADH increase the flux through LDH in human

skeletal muscles (100).

At low exercise outputs there is minimal lactate production as the demand for

ATP, the glycolytic flux, and the rate of pyruvate production are all low, therefore most

of the pyruvate is converted to acetyl-CoA through the activation of PDH (100). As

power output increases however, the demand for ATP follows suit, therefore increasing

the activation of the glycolytic pathway. If the rate of pyruvate and NADH production

exceed the ability ofPDH to metabolize pyruvate, lactate will be produced (100).

There are many different arguments with respect to the production of lactate in

response to various muscle stimulations. One argument believes that lactate production at

the onset of intense aerobic exercise (65-100% VO2 max) is not related to the availability

of oxygen, but rather to the slow activation of the aerobic pathways (i.e., PDH activation,

TCA cycle and beta-oxidation) relative to the glycolytic rates (44, 57, 104). Another

theory, (albeit slightly similar) states that lactate production is simply a continuously

required by-product of glycolytic flux (32, 33). Thus at low intensities and glycolytic flux

rates, lactate production would be difficult to identify (but is still being produced),

whereas at higher power outputs and glycolytic flux rates, lactate production would be

much more signiflcant, thus much easier to detect.

In conclusion, both these sources of ATP production (PCr and anaerobic

glycolysis), can only be maintained for a short period of time due to the depletion of PCr

and the accumulation of by-products from anaerobic glycolysis (99). Therefore, it is not

surprising that the aerobic use of carbohydrate yields a much larger amount of energy.
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providing -38-39 millimoles (mmol) ATP for each mmol of glucose or glycogen

consumed;

C6H12O6 + 6 O2 + 39 ADP +39 Pi -* 6 CO2 + 6 H2O + 39 ATP,

while the anaerobic use of carbohydrate yields only 3 mmol ATP per mmol of glucose

when derived from muscle glycogen (99). The rate of anaerobic ATP production

however, is much greater (~2 fold) than when ATP is derived aerobically (99).

vi. GLYCOGEN RESYNTHESIS

Although the major storage site of glycogen is found in the liver, skeletal muscle

cells also store glucose in the form of glycogen. In humans, glycogen accounts for

approximately 1% of the muscle tissue wet weight (49).

Once glucose enters into the muscle cell it is phosphorylated by HK which

produces a phosphate ester at the number six carbon on the glucose molecule (49). The

phosphate is then transferred from the number 6 carbon, to the number 1 carbon on the

glucose molecule in a reaction catalyzed by the enzyme phosphoglucomutase (49). The

glycogen granule continues formation when uridine dipohosphate glucose (UDP)-glucose

is directed towards glycogenin which acts as an autoglycosylating protein that initiates

glycogen granule formation (94).

Glycogenin exists in a 1:1 molar ratio with glycogen synthase and interacts with

actin filaments in the cytoskeleton (92). Although little is known about the regulation of

glycogenin, it has been suggested that glycogenin may be a key regulator of glycogen

metabolism (95). Work by Shearer et al. (2000); found no free de-glucosylated

glycogenin in resting skeletal muscle, thereby suggesting that the number of glycogenin

28





molecules available within skeletal muscle may dictate the number of glycogen particles

and the amount of stored glycogen (95). Analysis has also shown that the glycogenin

protein content and self-glycosylating activity was higher in slow twitch than fast twitch

muscle fibers (92). Therefore, the habitual use of slow twitch muscles and their higher

glycogen turnover would theoretically result in smaller and more abundant glycogen

particles as seen by Marchand et al. (2002), who found that slow twitch fibers consisted

of significantly smaller glycogen granules (68).

Once glycogenin has acted as an enzyme to catalyze the addition of glucosyl units

(7-1 1 units) it then acts as a substrate for glycogen synthase and the branching enzyme to

catalyze the addition of more glucose residues (93). As further glucosyl units are added

by glycogen synthase and the branching enzyme, the glycogen granule begins to grow

exponentially in organized tiers around the glycogenin core (93). Due to its exponential

growth, the largest proportion of carbohydrate is always located in the outermost tier.

Although exponential growth would suggest that the larger the granule, the more

dynamic the glucose turnover, this may not always be the case (93). It is possible that the

outer most tiers may be too dense with glycogen, thus hindering the movement of

enzymes and potentially inhibiting protein-protein interactions (93).

vii. CELL VOLUME AND CARBOHYDRATE METABOLISM

Extensive study of the interaction between cellular hydration and cell function has

been conducted on hepatocytes, but there is increasing evidence that regulation of cell

function through changes in cellular hydration occur in other cell types (53). As we

depend on skeletal muscle for daily locomotion, it seems appropriate that research should
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branch out to focus on the interaction between cellular volume and skeletal muscle

metabolism. As carbohydrate is a very important fiiel source for skeletal muscle, it seems

appropriate to examine carbohydrate metabolism as a first step in understanding the role

of cell volume with resjiect to skeletal muscle metabolism. As such, this specific body of

research will focus on skeletal muscle cell volume and its' influence on carbohydrate

metabolism.
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CHAPTER 3:

CELL VOLUME AND METABOLISM

An extensive body of research has been conducted in the area of hepatic cell

volume change and its influence on liver metabolism. Hepatic metabolism itself, has been

suggested to be regulated by substrates, enzyme activities, transport across the plasma,

subcellular membranes, hormones, nerves, and most recently, cell volume (54).

Specifically in the liver, cell volume alterations can change within minutes in response to

nutrients, hormones and oxidative stress (54). These short-term volume fluctuations

however, have a drastic impact on modifying cellular fiinction (54).

i. CELL VOLUME AND ITS ROLE IN HEPATQCYTE FUNCTION

In order to maintain prof>er cellular fiinction, hepatocytes strive to maintain a

relatively constant cell volume. When situations of cell volume fluctuation arise,

mechaiusms exist in an attempt to regulate the cell volume (i.e., RVD and RVI). In rat

liver, RVD is mainly achieved by the release of cellular potassium, chloride and

bicarbonate, while RVI is accomplished at least in part by the parallel activation of

Na*/H* and ClVHCOs" ion exchange (53).

Early research on the interaction between hepatocyte metabolism and cell volume

control demonstrated that when the cell is perfused with an amino acid media, an amino

acid along with sodium enters the cell. The sodium is later extruded in exchange for

potassium due to the electrogenic Na*-K*-ATPase, thus ultimately causing an
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accumulation of amino acids and potassium within the cell (54). This accumulation leads

to hepatocyte swelling, which in turn triggers volume regulatory potassium efflux (54).

More specifically, when rat liver is perfiised with glutamine, hepatocytes swell,

increasing their volume by approximately 12% within minutes after the initiated

perfusion (86). Swelling of the hepatocytes continues in parallel with the perfiision of

glutamine, and cell volimie will only decrease upon termination of the perfiision.

Interestingly however, after an initial increase in hepatocyte cell volume due to the

glutamine infusion, cell volume will not show any further increases regardless of the

continued increase in glutamine concentration.

The initial swelling period (during glutamine infiision) occurs because of the co-

transport of glutamine and Na^, which enters the cell simultaneously (86). Sodium is then

exchanged with K* through the Na/K^ ATPase, resulting in a net K^ uptake which causes

the 12% increase in hepatocyte volume (86). Finally, without any change in cell volume,

K* efflux occurs in an attempt to prevent excessive cell swelling. Thus, neither RVD nor

RVI completely restores the initial hepatic cell volume (53) and as a result, the difference

between the initial cell volume and the current cell volume (after glutamine perfusion)

may act as a signal to modify cellular function (53).

Supplementary investigation of amino acids and their impact on cell volume

found that amino acid stimulation of cellular swelling could be quantitatively mimicked

by swelling the cells in a hypo-osmotic media (54). This work was regarded as a

breakthrough in terms of understanding the role of amino acids and cell volume, as many

cascading effects after an amino acid infusion (cellular swelling) could not be explained

by simple amino acid metabolism.
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One of the most prominent effects found after amino acid induced cell swelling

was the stimulation of glycogen synthesis. Research by Baquet and Hue (9), found that

fix)m hepatocytes of fasted rats, the extent of glycogen synthesis stimulation was directly

proportional to their ability to increase cellular volume. Both cell swelling and

stimulation of glycogen synthesis by amino acids were prevented when hepatocytes were

incubated in hyper-osmotic media. Thus, it was concluded that the stimulation of

glycogen synthesis was at least due in part to the hepatocyte swelling (9), and not only

from the cellular perfusion with amino acids.

In the liver, the concept of cellular hydration acting as an independent signal on

liver cell function has been based on the following four general observations. (Adapted

fh)m Haussinger, (53)).

(i) Persistent alterations of metabolism occur within minutes in response to aniso-

osmotic cell volume changes; these changes have been proven to be fully

reversible upon restoration of the resting cell volume. A dose-response

relationship has also been found between the extent of the cell hydration

change that remains after completion of volume-regulatory ion fluxes and the

metabolic response,

(ii) Intracellular pathways are activated in response to changes in cell hydration.

Their interruption by suitable inhibitors abolishes some anisotonicity-induced

metabolic responses. Such pathway-induced metabolic responses include flux

through the pentose phosphate pathway, NADPH production, glycine

oxidation and glutamine breakdown.
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(iii) Several long-known, but poorly understood effects of amino acids which

could not be related to their metabolism, such as stimulation of glycogen

synthesis or inhibition of proteolysis can be quantitatively mimicked by

swelling the cells in hypo-osmotic media to the same extent as that induced by

the amino acids. This finding indicates that the metabolic effects are due to the

amino acid swelling potency and not to the amino acids themselves,

(iv) Several metabolic hormonal effects can be mimicked by equipotent aniso-

osmotic cell swelling or shrinking, and some of their hormonal effects

disappear when the hormone-induced cell volume changes are prevented.

Such hormones include (but are not limited to) insulin, prolactin, gonadtropin

releasing hormone and aldosterone.

Thus, it has been clearly demonstrated that changes in cellular hydration in

response to physiological stimuli are an important, and until recently, unrecognized

signal which helps to adapt cellular metabolism to environmental alterations (53).

Such research on cell volume is slowly beginning to progress from the liver (and

kidney) to manmudian skeletal muscle. For example, Parry-Billings and colleagues (75)

foimd that by incubating rat soleus muscle in a hypo- or hyper-osmotic media, an

alteration in the rate of glutamine release from the muscle occurred. Decreasing the cell

volume (through a hyper-osmotic medium), increased the rate of glutamine release, while

increasing the cell volume (through a hypo-osmotic medium), decreased the rate of

glutamine release from the soleus muscle (75). More specifically, the rate of glutamine

release was negatively correlated with cellular volume. As such, the decrease in the rate

of release in the hypo-osmotic media was not the result of a decrease in the extracellular
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Na* concentration, as the rate of release was not affected if sucrose was used to maintain

the osmolality of the medium (75). Furthermore, the rate of glutamine release was very

rapid as the release of glutamine decreased during the first incubation period in hypo-

osmotic medium but was restored to normal control rates during the second incubation

period in the iso-osmotic medium (75).

Thus, this compilation of research collectively suggests that cell volume

alterations occur in response to aniso-osmotic changes in the extracellular fluid. When

perfused with a hyper-osmotic media cell shrinking occurs, while when perfused with a

hypo-osmotic media, cell swelling is achieved. Although this exploration originated in

hepatocytes, research has now shown that these observations also hold true in other

mammalian cells such as the kidney and skeletal muscle. Furthermore, the cell volume

alterations that occur in response to changes in osmolality are thought to trigger various

cell functioning responses.

ii. CELL VOLUME REGULATION OF CARBOHYDRATE METABOLISM

With specific attention towards carbohydrate metabolism, the liver has been

found to be critically dependent upon the hepatocellular hydration state (53). Hepatocyte

swelling inhibits glycogenolysis, glycolysis and glucose-6-phosphatase activity, but

simultaneously stimulates glycogen synthesis, flux through the pentose phosphate

pathway, and lipogenesis (53). Contrastingly, the opposite effects hold true in response to

cell shrinking (53).

It has been proposed that the activation of glycogen synthase in response to hypo-

osmotic cell swelling is, at least in part, due to a decrease in the intracellular chloride
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concentration, which relieves the inhibition of glycogen synthase phosphatase (53).

Therefore, it is suggested that cell swelling may act like a proliferative anabolic signal,

whereas cell shrinking may act as a catabolic signal (54). As such, the role of Na^-

dependent amino acid transport systems in the plasma membrane can no longer be

viewed as merely amino acid translocation. Rather, these transporters act as a

transmembrane signaling system triggering cellular fimction by altering cellular

hydration in response to substrate delivery (54).

iii. TRANSPORT OF WATER ACROSS THE CELLULAR MEMBRANE

The last 20 years have also seen major advances in the understanding of the

mechanisms responsible for water transport across cell membranes. Observations from

multiple experiments with high membrane water permeabilities, (such as the amphibian

bladder and mammalian erythrocytes) have suggested that the diffusion through lipid bi-

layers is not the only pathway for water to cross the cell membrane (2). Specifically, it

was the discovery of a family of transmembrane proteins (aquaporins) that exclusively

permeate water, followed by structural studies identifying the intramolecular permeation

pathway to suggest that cells have a unique water transport channel (85).

Aquaporins (AQPs) are considered to be highly conserved members of a major

intrinsic protein group and have been found to be present in plants, animals and humans.

Aquaporins may be expressed constitutively in cell membranes or stored in membrane

bound vesicles within the cytoplasm and move into an active position when the

appropriate stimulus occurs (72). When aquaporins are inserted into the plasma

membrane, the cell membrane becomes permeable, allowing the bi-directional flow of
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water. Thus, in this way, aquaporins allow the equilibration of osmotic gradients that are

developed by the intracellular accumulation of metabolic products such as lactic acid.

Due to recent developments into the discovery and investigation of aquaporins, it

is now understood, that diffusion and channel-mediated water movement co-exist across

the cellular membrane. Diffiision occurs through all biological membranes at a relatively

low velocity, while aquaporin water channels are found in a subset of epithelia with a 10

to 100-fold higher capacity for water permeation (2). Furthermore, the aquaporin chaimel

is so selective, that even hydrated protons (H3O*) are repelled (2).

At present, there are 1 1 known human aquaporins (AQPO-10) (72) however; it is

aquaporins 1 and 4 (AQPl and AQP4) that are the major water channels of the

neuromuscular system (having already been identified in mouse skeletal muscle) (42).

AQPl has been detected on endothelial cells of capillaries arranged between muscle

fibers, whereas AQP4 anti-bodies have been found to label the entire plasma membrane

of mouse fast-twitch fibers (42).

AQPl is the predominant and least-specialized subtype found to be also expressed

in red blood cells, endothelial and smooth muscle cells (in addition to skeletal muscle)

(72). AQP4 permits very high water permeability, up to 24 times that produced by AQPl,

As previously mentioned AQP4 has been found to be prominent at the sarcolemma of fast

glycolytic skeletal muscle fibres (43). Thus, these two water channels work together to

facilitate high water transport between the blood and myofibrils during muscle activity

(42).
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iv. CELL VOLUME IN ACTIVE MUSCLE

It has previously been determined that muscle contractile activity causes a fluid

shift of water fix)m the extracellular to the intracellular space under in vivo conditions

without any direct manipulation of extracellular osmolality (59). Specifically, in

untrained rats after extreme exertion (20 minute run at 25 m/minute), a significant shift of

water fixjm the extracellular to the intracellular space has been observed (59). The

opposite proved to be true however in trained rats, where extreme exertion caused a

significant water shift fi"om the intracellular to the extracellular skeletal muscle space

(59).

When electrically stimulated, isometric tetanic force production varies under the

influence of different osmotic mediums acting as the extracellular environment of the

skeletal muscle cell. Early research demonstrated that when tension measurements were

made at the plateau region of the force response in normal and hypertonic solutions, and

at the response peak in hypotonic solutions, there was a linear decrease in force with

increasing tonicity (50). Meanwhile, Burchfield and Rail (23), determined the effects of a

hypotonic solution on the energy liberation associated with cross-bridge and Ca^* cycling

during isometric tetanic contractions in fitjg skeletal muscle. Previous research had

shown that hypotonic solutions can potentiate muscle force production and increase

muscle ATPase activity (23). The results fi-om Burchfield and Rail (23) illustrated that

peak tetanic force increased 13% in a hypotonic solution, and also increased the rate of

relaxation (measured as the time to half relaxation fix)m the last sUmulus) by 18% (23). In

conjunction with previous research, it was also indirectly calculated that a hypotonic
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solution may increase the rate of cross-bridge cycling in conjunction with decreasing the

amount of calcium released from the sarcoplasmic reticulum (23).

Furthermore, a recent study by Fraser et al. (41) demonstrated that cell volume

may also be considered as a variable that is dependent on the intracellular acid-base

status. Increases in the intracellular acidity of resting frog skeletal muscle cells,

predictably decreases cell volume without any change in the resting membrane potential

(41). After a period of incubating fix)g muscle cells in solutions containing NH4CI,

removal of the NH4CI produced decreases in cell volume which were proportionate to the

quantity of NH4'^ loaded into and subsequently lost from the cells (41). NH*"^ is

considered a weak base, thus it was expected that its loss from muscle cells would be

associated with an increase in intracellular [H^]. As a result, it was concluded that the

increase in [H*] was ultimately responsible for the decrease in cell volume (41). In other

words, the decrease in cell volume with increasing H* concentration occurs when H*

accumulation causes the inside of the cell to become more positive with respect to the

outside. To counteract the positive membrane potential, K* efflux occurs followed by

osmotically obliged water and hence, cell shrinking.

In terms of skeletal muscle function; the primary function of the skeletal muscle

cells is to provide power for locomotion. As such, it is well known that the rest to work

transition in skeletal muscle is associated with an increase in cell volume due to the

accumulation of osmotically active metabolites within muscle cells (65). Along with the

increase in cell volume, the initial transition from rest to exercise is also associated with

an increase in intracellular acidification (101). The increase in cell volume however,

stimulated by the transition from rest-work, appears to be beneficial with respect to
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muscle contractility. The accompanying decrease in intracellular ionic strength has been

directly associated with an increase in force generated per actin-myosin cross-bridge (65).

Additionally, it is imperative to understand that there must be an upper limit to which the

muscle can increase its cell volume as any excessive increase would impair protein-

protein interactions and cellular integrity (65). Therefore, the ability of protons to bind to

a wide range of diffusible and non-diff\isible intracellular constituents which may act to

provide a significant intracellular non-bicarbonate buffering capacity within the cell

(including proteins, amino acids, nucleotides, organic and inorganic phosphates) may

provide a means for reducing intracellular osmolality £md ultimately, cell volume (41).

Although it has yet to be determined whether the results from Fraser et al. (41)

can be mimicked in mammalian muscle, fiiture research is warranted in this area as little

is known as to how skeletal muscle cells reduce cell swelling. It may be worth

considering that the intracellular acidification associated with moderate to high intensity

muscle contraction may provide an additional, albeit indirect, means by which excessive

increases in cell volume may be prevented (65).

Extensive research conducted on cells of the liver has illustrated the importance of

cell volume acting as a regulator of hepatocyte metabolism. It has been suggested that the

occurrence of osmotic imbalance causes a signaling cascade in an effort to restore

original cell volume, but in the process alters cellular metabolism. In general, cell

swelling, stimulated by conditions of extracellular hypo-osmolality favors cell anabolism,

while cell shrinking stimulated by conditions of extracellular hyper-osmolality favors cell

catabolism. Furthermore, the discovery of aquaporins in the last 20 years - specific water

channels found in cellular membrane's of the body - gives justification that researchers
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should continue to focus on the importance of cell volume and its regulation. As the

majority of water in the human body is found in the skeletal muscle, it seems logical to

focus our attention on how cell volume affects the metabolism of the skeletal muscle,

specifically during times of muscle activity.

V. IMPORTANCE OF SKELETAL MUSCLE ON REGULATION OF WHOLE-BODY

HYDRATION

Acute increases in plasma osmolality such as those that occur during exercise and

hypertonic fluid resuscitation induce important changes in water and electrolyte

homeostasis (51). Due to the body's innate requirement for maintaining homeostasis,

steady-state osmolality must be achieved in all the principal body fluid compartments.

Thus, rapid fluid shifts fix)m one part of the body to another will cause either water or

solute changes in the other organs (51). Therefore, during any osmotic disturbance,

skeletal muscle becomes a tissue of central importance because it contains approximately

three-fourths of the body's intracellular water volimie and one-third of the total interstitial

fluid volume (5 1 ).

It has been well documented that even small body water deficits, incurred prior,

or during exercise, can significantly impair aerobic performance (96). Research on

whole-body fluid shifts has been extensively studied in the animal model. For example,

Durkot and Martinez (38) established that the initial loss of fluid during thermal stress

prompted the movement of fluid fi^m the interstitial fluid pool (ISF) to sustain both the

plasma volume and the intracellular fluid volume (ICF). In severely hypo-hydrated rats

however, plasma volume was found to be maintained at the expense of the ICF
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suggesting that plasma volume is protected to a greater degree than the ICF, hence

promoting cell shrinking (38).

Generally, performance is adversely affected when hypo-hydration leads to a

decline in plasma volume. Part of the loss in volume is due to the increase in the total

body metabolic rate to provide energy for skeletal muscle contraction (90). Research has

found that maximal aerobic power generally decreases when hypo-hydration equals or

exceeds 3% of the subject's body weight (90). As such, it is safe to assume that as the

water deficit becomes more pronounced, the reduction in physical work capacity follows

suit (90).

During intensive, dynamic exercise however, the water content in the active

skeletal muscles have been reported to initially increase. A study by Sjogaard and Saltin

(97), found total muscle water content in the vastus lateralis to increase by 15% or 46

mL/100 grams of dry weight after 3x3 minutes of intense bicycle exercise, demanding

approximately 120% of VCh max. Furthermore, Sjogaard and Saltin (97) found that an

elevation in muscle lactate caused an increase in tissue osmolality, which led them to

suspect that this increase in osmolality was the main cause for the higher muscle tissue

water with exercise. This finding and subsequent hypothesis however, was in complete

contrast to Fraser's study (where intracellular FT was thought to be responsible for cell

shrinking). Unfortimately however, the lactate could not account for all of the 15%

increase in water content, therefore, other unknown factors must be involved (97). Thus

further research is warranted, and the hypothesis proposed by Fraser et al. (41) as well as

the hypothesis proposed by Sjogaard and Saltin (97) remains inconclusive.
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vi. HYRDRATION AND ITS EFFECTS ON CARBOHYDRATE METABOLISM

One of the most important goals of the athlete's everyday diet is to provide the

skeletal muscle with enough substrates to fuel the training programme that will achieve

optimal adaptation and performance enhancements. As such, carbohydrates are one of the

most important fuel sources for exercise as they become a limiting factor in performance

during prolonged sessions (>90min) of submaximal or intermittent high-intensity

exercise (25). As hydration status plays an imperative role on exercise performance, it

seems only logical that it has the ability to manipulate carbohydrate metabolism. For

example, research has reported a substantial decrease of intracellular water content in

skeletal muscle following 1.5-2.5 hours of exercise (36). As it is estimated that each gram

of glycogen is associated with 3-4 grams of water, it has been suggested that the loss of

intracellular water may be the result of water released from the breakdown of muscle

glycogen (90).

The effects of acute hyper-osmolality and hypo-osmolality on whole body

protein and glucose kinetics as well as lipid metabolism in humans were investigated by

Bemeis and colleagues (12). These investigators used the administration of a vasopressin

analog and liberal water drinking or an infusion of a hypertonic saline solution and

restriction from drinking to produce changes in extracellular osmolality, most likely

resulting in a modest state of cell swelling or cell shrinking. It was concluded that hypo-

osmolality, exerted a protein and glucose-sparing effect with increased utilization of fat,

while hyper-osmolality exerted opposite effects on glucose metabolism, with increased

hepatic glucose production, resulting in modestly increased plasma glucose

concentrations ( 1 2).
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Thus, with the importance of whole-body hydration on exercise performance, and

its manipulative impact on metabolism at the cellular level as illustrated by extensive

research on hepatocytes, it has become essential to take an in-depth look and examine

what is happening with hydration changes at the level of skeletal muscle. Therefore, the

focus of the current study was on determining the effects of varying extracellular

osmolalities on changes in cell volume and carbohydrate metabolism at rest and during

muscle contraction in an isolated skeletal muscle preparation.

This novel area of study was based on the rationale that muscle contraction leads

to fluid shifts between the various fluid compartments within the body. During muscle

contraction, it was expected that an increase in cell volume would be associated with a

lower flux rate through glycolysis. Therefore, a hypo-osmotic extracellular environment

would cause decreased muscle glycogen breakdown and lower accumulation of lactate in

comparison to a hyper-osmotic extracellular environment. Thus, when extrapolated, this

research would have vast implications on monitoring hydration levels in the active human

to optimize metabolic functioning in various environmental situations.
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CHAPTER 4:

STATEMENT OF THE PROBLEM

i. PROBLEM

From the extensive research done on hepatocytes and cell volume regulation, we

now understand that cell volume manipulation affects cellular metabolism. We do not yet

know however, whether the interaction between cell volume and metabolism occur when

cell volume is manipulated in the skeletal muscle. Thus, a recent study done at Brock

University developed an isolated skeletal muscle model for investigating the impact of

cell volume manipulation on carbohydrate metabolism. The study manipulated skeletal

muscle cell volume by submerging the skeletal muscles in three different osmotic

mediums and then assayed the muscles for key metabolites. As the model proved to be

viable for resting skeletal muscle and trends emerged with respect to different osmotic

conditions, the next step in understanding cell volume's role in metabolism was to use the

model to study the skeletal muscle in a contracted state. Thus by exploring the role that

skeletal muscle cell volume regulation may play on carbohydrate metabolism may

eventually assist our understanding of diseases such as type II diabetes and muscular

dystrophy in addition to understanding the consequences and importance of human

hydration.

ii. PURPOSE

The purpose of the current study was to investigate the effects of changes in

extracellular osmolality on carbohydrate catabolism (breakdown) in both contracting and
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recovering in vitro rat skeletal muscle. This study specifically measured muscle

metabolites, acute maximal activity of key regulatory enzymes as well as force

production in order to assess the influence of changes in cell volume on carbohydrate

breakdown.

iii. HYPOTHESES

It was hypothesized that the three different osmotic mediums acting as the

extracellular environment of the skeletal muscle would strongly affect the magnitude of

carbohydrate breakdown, maximal force production, and the relative rate of force

decrease during the 10 minute contraction period. In general, it was suspected that

cellular swelling (under conditions of hypo-osmolality) would promote anabolism - or a

decrease in carbohydrate breakdown while cellular shrinking (under conditions of hyper-

osmolality) would promote catabolism - or an increase in carbohydrate breakdown.

Specifically, when comparing the hypo- or hyper-osmotic extracellular fluid condition to

the iso-osmotic (control) condition, the following hypotheses were determined:

• Muscles in the HYPO condition would result in a higher maximal force during

stimulation versus the ISO, while muscles in the HYPER condition would result

in a lower maximal force during stimulation versus the ISO.

• Muscles in the HYPO condition would have a smaller relative force decrease than

the ISO over 10 minutes of contraction, while muscles in the HYPER condition

were expected to have a larger relative force decrease versus ISO.
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• Muscles in the HYPO condition would have a decreased glycogen breakdown and

decreased accumulations of glycolytic metabolites such as muscular lactate in

comparison to muscles irom the ISO condition, while muscles fix)m the HYPER

condition would have increased metabolite accumulation versus ISO.

• Muscles fh)m the HYPO condition would have decreased activity of glycolytic

enzymes in comparison to muscles from the ISO condition, while muscles from

the HYPER condition would have increased activity versus ISO.

Finally, it was hypothesized that regardless of condition, the recovering muscle would

demonstrate an increase in the concentration of metabolites such as ATP and PCr as well

as a lower concentration of lactate. Additionally, it was hypothesized that muscles from

the HYPO condition would have a much greater rate of recovery than muscles from the

HYPER condition.
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CHAPTER 5:

METHODOLOGY

i. ANIMALS

Thirty-six male Long Evans rats aged 4-5 weeks (13L6 ± 16.6g) were used in the

study. The first dozen rats were bred in the Brock University animal care facility and the

remaining two dozen were bred and transported fi-om Charles River Laboratories (St.

Constant, Quebec). All the experimental procedures and protocols were approved by the

Brock University research subcommittee on animal care and conformed to the Canadian

Council on Animal Care guidelines. Within the Brock University Animal Facility, all

animals were housed in cages consisting of 4-6 rats, operating on a 12:12 light-dark cycle

at an approximate temperature of 22°C. Before the experimental procedure, rats had ad

libitum access to both food and water with the rat's diet consisting of standard rodent

chow (5012 rat diet, PMI Nutrition hic LLC, Brentwood, MO).

All rats had an established target body weight of 115-145g in order to ensure

optimal sizing within the organ bath, and optimal diffusion distance. A possible

consideration of using these young rats is that all the limb muscles in the rat are

uniformly slow twitch at birth. By 4 weeks of age however, the differentiation between

fast and slow-twitch muscle is essentially complete (30). Thus, all rats in this study were

at least 4 weeks old before their weight became a consideration. Furthermore, previous

studies in our lab have established that animals 4-5 weeks old have a mature distribution

of skeletal muscle fibres in their extensor digitorum longus and soleus (4).
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ii. MUSCLE PREPARATION

Intact, isolated rat soleus (SOL) and extensor digitorum longus (EDL) muscles

were used in the study. The basic principle behind an in vitro procedure is that individual

muscles can be placed in small baths with a precise control over the oxygenation and

content of the incubation medium (18). In addition to the isolated model's ease of

manipulation and examination, the isolated rat muscle model was selected as it had the

ability to be incubated under extreme conditions that cannot be studied in vivo (97).

Soleus and EDL were selected as the muscles of study because of the differing

proportion of fast to slow-twitch fibers. In the rat muscle, soleus is comprised of mainly

slow-twitch (type I) muscle fibres (>80%), while the opposite is true in EDL rat muscle,

which is comprised of mainly fast-twitch (type II; >90%) muscle fibers (1 14). Thus, due

to the slow-twitch nature of the soleus, it contains higher mitochondrial content, lower

glycogenolytic capacity and PCr content, as well as a low ATPase rate during stimulation

(78) in comparison to EDL. Additionally, it has also been shown that the distribution of a

fluid regulatory protein (AQP4) is also different with respect to the soleus and EDL

muscles; with AQP4 having only been found in fast twitch muscle (42). Thus, it seemed

vital to determine whether the differing metabolic nature and possible distribution of

AQP4 had an impact on carbohydrate breakdown with respect to changes in cellular

volume.

Prior to the dissection of the soleus and EDL muscles, all rats were anaesthetized

with sodium pentobarbital (55 mg/kg, intraperitoneal). The dissection began by removing

the skin from one of the hind limbs followed by severing the calcaneous bone. Gentle

tugging in a proximal direction exposed the soleus muscle which was then sef)arated fix)m

49





its surroundings by severing the thin adhering fasciae. Once the muscle was fully exposed

(tendon-to-tendon), the top and bottom tendons were sutured for placement in the organ

bath. The distal tendon of the soleus was dissected and removed together with a few

millimeters of the Achilles tendon to aid in subsequent handling. The dissection of the

EDL muscle occurred in a similar manner, where the hind limb was medially pronated

and the foot placed in dorsi-flexion. Once the leg was correctly positioned, the fascia was

severed followed by the separation of the EDL from its surrounding environment. To

assist the dissection of the distal tendon, an incision was made halfway along the superior

portion of the foot and once exposed, all tendons in the foot were severed thus enabling

easy access to suture the distal tendon. Once the muscle was fully exposed, the proximal

and distal tendons were sutured in similar fashion as the soleus muscle.

Immediately following dissection, muscles were transferred to the organ bath

(Radnoti Glass Technology Inc, Monrovia, CA) as quickly as possible (<30 seconds)

where the proximal end of the muscle was subsequently attached to a force transducer

(Grass Telefactor, West Warwick, RI) to monitor resting and contractile tension. The

organ bath was set at a temperature of 25°C to ensure active muscle viability while being

continuously perfused with a gas mixture consisting of95% O2, 5% CO2 with the goal of

maintaining muscle oxygen uptake and pH balance.

Extreme caution was taken during the incubation procedure to assiu^ optimal

muscle viability. If incubating conditions were not properly controlled, diffusion of

oxygen and other substances may not have been adequate to sustain normal metabolic

function (18). Thus, oxygen was continuously bubbled into the media during the present

study, hence any problem with the in vitro preparation was probably not be due to oxygen
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saturation but rather to whether all muscle fibres were penetrated with oxygen. Studies by

Segal and Faulkner (91) with rat soleus and EDL muscles and by van Breda et al. (105)

with mouse soleus and EDL muscles indicate the potential for considerable glycogen loss

in the core of these muscles when incubated at temperatures at or above 37°C. Further

calculations by Segal and Faulkner (91) show a direct relationship between the VO2 of

the muscle and the incubating temperature, and an inverse relationship between the

critical radius of the muscle (distance into the muscle at which O2 tension declines to

zero) and the incubation temperatxire (91). Thus, as the incubation temperature is

increased, the VO2 increases with a temperature coefficient (Qio) of 2.5 whereas the

diffiisibility increases with a Qio of 1.1 (48, 56). Therefore, as incubation temperature

increases, some fibers in relatively thick soleus and EDL muscles would not be

accurately oxygenated because the rate of oxygen delivery may be inadequate to the

internal fibres. Thus, an incubation temperature of 25°C was selected as an attempt to

decrease the risk of small muscles suffering fixjm an insufficient oxygen supply to the

interior-most fibres. A lack of sufficient oxygen-supply may compromise the muscle's

force producing capabilities over the course of stimulation (105) in addition to potentially

resulting in glycogen depletion or fibre necrosis because of the greater oxygen diffusion

distances in the in vitro compared to the in vivo situation (91). From Segal and Faulkner's

data (91), a muscle incubated at 25°C has a critical radius slightly less than 1mm which

was large enough to encompass the soleus and EDL muscles used in the present study.

In human muscle, it has been found that skeletal muscle metabolism is different

when subjected to higher (35-39°C) or lower (22-32°C) muscle temperatures (14). hi rat

muscle however, no significant diflFerences have been found concerning maximum tetanic
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tension, neuromuscular transmission or fatigability when soleus and EDL muscles were

subjected to either 28°C or 36°C (16). In terms of the effects on metabolism, the

concentration of lactate was higher in muscle bathed in a temperature of 36°C than 28°C,

however no other differences in the concentrations of resting metabolites were seen (16).

After stimulation, soleus muscle at 28°C had a smaller decrease in muscle glycogen

concentration while ATP concentration was higher after stimulation at a muscle

temperature of 28°C than at 36°C (16). The discrepancy in the results however, may be

explained by the potential for fibre necrosis and support the animal age/weight and

temperature selection in the current study.

iii. OSMOTIC CONDITIONS

The extracellular fluid was manipulated according to the isolated in vitro method

developed by Antolic et al. (4). The extracellular fluid (ECF) was mimicked using Sigma

Medium-199 of which the major ingredient included Earle's salts, L-glutamine and

sodium bicarbonate (see appendix 6). The medium was set at pH 7.4 and manipulated to

three different osmotic conditions. Sigma Medium-199 has generally been used as a

media for cell culture studies as it closely simulates the physiological properties of the

ECF in vivo. Additionally, soleus muscle has been shown to be quite viable using Sigma

Medium-199 (102) and this media was also used for developing the current model for this

area of study (4, 12).

The iso-osmotic condition was manipulated with either mannitol or distilled water

to achieve a normal physiological osmolality of 290 ± 10 mmol/kg. Mannitol is a six-

carbon alcohol with a molecular weight of 1 82 daltons and is the reduced form of the
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sugar mannose. When mannitol is administered intravenously, it rapidly equilibrates in

the ECF with virtually no entry into the intracellular compartment (22, 103) (thus it

cannot be transported or oxidized in skeletal muscle) (112). Furthermore, it is a relatively

inexpensive agent and highly soluble, thus often being used as a diuretic in clinical

situations as it increases extracellular osmolality (73).

To create a hyper-osmotic ECF (thus creating cell shrinkage), mannitol was added

to Sigma Medium- 199 to achieve an osmolality of approximately 400 ±10 mmol/kg,

w^ile distilled water was added to Sigma Medium- 199 to create a hypo-osmotic

environment (cell swelling), until an osmolality of approximately 180 ± 10 mmol/kg had

been reached. These manipulations of media did not vary in ionic content and the

osmolality of all the incubation media was verified using a VAPRO pressure osmometer

(VAPRO5520, Westcor, Logan, Utah) (pre and post incubation).

iv. FORCE APPLICATION

Once dissected, the muscle was immediately immersed in the organ bath with the

distal end of the muscle attached by a silk suture to a glass rod located in the bottom of

the bath and the proximal end attached to a force transducer (Grass Model FT03 with

PI IT amplifier). Following an equilibration period of approximately 30 minutes at

resting tension (Ig), the muscle's peak twitch force (Pt) was found. This was

accomplished by twitching the muscle at 10 volts (1ms in duration), and slowly

increasing the voltage (stimulus intensity) until a maximal twitch was seen (Pt) with

approximately 30 seconds to 1.0 minute of rest (91) between each twitch. Following a 5-

10 minute rest period, optimal muscle length was found (U) by adjusting the organ bath
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micrometer and stimulating at a voltage 120-125% higher than that found for the

muscle's threshold stimulus to account for any impedance (3). Lo was defined as the

length at which peak twitch tension was produced and similar to finding the muscle's

threshold stimulus, approximately 30 seconds to 1 .0 minute of rest was allotted between

each twitch with all subsequent measurements made at optimal length. Although optimal

length was found using twitches and the stimulation protocol induced tetanic

contractions, studies have reported that optimal length in rat EDL muscle is the same for

both twitch and tetanic contractions (31, 111).

A standard isometric fatigue protocol (repetitive fused tetanus) was used

consisting of a 300ms train duration, a train rate of 0.2 trains per second and a stimulation

frequency of 30 Hz for EDL and 40 Hz for soleus (26) at a voltage 120-125% higher than

that found at maximal twitch force (3). A similar fatigue protocol was also used by

McGuire et al. (69) when looking at the effects of dietary creatine supplements on the

contractile properties of rat soleus and EDL muscle (69). Total stimulation time was 10

minutes with fatigue being defined as a relative decrease in force across the 10 minutes of

contraction. Prior to the commencement of the fatigue protocol, the muscle had at least

another 5-10 minutes of rest (69, 91). All stimulation data was recorded using Grass

Polyview Data Acquisition and Analysis System (West-Warwick, Rl) and all force

transducers were calibrated to 0.1 volts equaling 1 gram of force.
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Figure 6: Diagram representing time allotments for the stimulation procedure for

both the metabolite and enzyme groups. \''\ = 30 minute equilibration time

I I

= Finding peak twitch force (Pt) ^^ = Finding optimal length (Lo)

m = 10 minute stimulation protocol I = Start /finish of the stimulation

' = Flash freeze muscle sample

V. RECOVERY AND GROUP SELECTION

As one of the aims of the study was to examine carbohydrate breakdown after a

period of recovery to ensure muscle viability, one group was allowed to rest for 20

minutes following the 10-minute contraction protocol (see Figure 7). This group was

utilized to ensure that the muscles were surviving the stimulation protocol as 20 minutes

of recovery should be enough time to show significant increases in metabolites such as

PCr. Additionally, a stimulated tetanus was produced at 1 and 20 minutes of recovery to

check for the recovery of muscle force.
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Figure 7: Diagram representing time allotments for the stimulation procedure for

both the metabolite and enzyme groups. EI]] = 30 minute equilibration time
I—1 = Finding peak twitch force (Pt) ^ = Finding optimal length (U)^ = 10 minute stimulation protocol I = Start /finish of the stimulation

M^ = 20 minute recovery period ' = Flash freeze muscle sample
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Thus, with three osmotic conditions, two different muscles and both a contraction

and a recovery group the animals were allotted into the appropriate groups as follows:

tSOL
lEDL

HYPO-
OSMOnC
24 SOL
24EDL

Enzyme
tSOL:
lEDL

Recovety

«SOt:
SEOL

36R«s
72 SOL:

72EDL

ISO-

osMonc
24 SOL:

24EDL

Metabolilc

»SOL:
8EOL

Enzyme

8 SOL:

8EDL

Recovtfy

8 SOL:

8EDL

Metabolilc

8 SOL:

8EDL

HYPER-
OSMOTIC
24 SOL:

24EDL

Enzyme
8 SOL
8EDL

Recovciy

8 SOL:

8EDL

Figure 8: Tree diagram outlining the three osmotic conditions (HYPO-, ISO- and
HYPER-osmotic conditions) and the three groups (metabolite, enzyme and
recovery) within each condition.

As the study utilized young rats, it was deemed necessary to split the animals into

a metabolite group and an enzyme group in order to gather enough tissue per sample for

appropriate analysis.

vi. FORCE ANALYSIS

All force analysis was completed using Polyview Reviewer (Grass Polyview Data

Acquisition and Analysis System; West-Warwick, RI). Maximal force was determined as

the average force production from 0-30 seconds while relative force decrease was

determined as the percent decrease from a 30 second increment measured at 10 minutes

of stimulation. For each 30 second increment, the force response from each muscle

sample was enlarged, a low-frequency pass was applied (to eliminate low frequency
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noise) and each tetanus was measured as the peak force minus resting force. The 4-6

tetani for each 30 second increment were then averaged to obtain approximate force

production for each measured time-point. Force in volts were then multiplied by ten to

obtain grams of force and then further multiplied by 9.8 to achieve results in milli-

Newtons of force. All force results were normalized using the appropriate dry muscle

mass.

vii. MUSCLE ANALYSIS

Upon completion of the contraction or recovery, all muscles were quickly

removed from the media and flash frozen in liquid nitrogen (-196°C).

To determine the ratio of wet-dry weight, the metabolite and recovery samples

were weighed (wet weight of the frozen muscle) on days of low humidity (to ensure that

the environmental conditions would not affect the muscle weights), lyophilized (freeze-

dried), followed by re-weighing (dry weight). The water content was calculated as the

ratio of wet to dry weight. In both the metabolite and recovery groups the following

assays were completed:

a. ATP/Creatine Phosphate

b. Creatine (plus total creatine)

c. Muscular lactate

d. Glycogen

All metabolite assays used approximately 2-5mg of dry muscle, dissected free of

any blood or connective Ussue. After freeze-drying and dissection, samples were stored at

-86'X^ until analyses. One portion of the stored sample was powdered and then extracted
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on ice using 0.5 M perchloric acid (PCA), neutralized with 2.3 M KHCO3, and the

resulting supernatant was used for the determination of all the above mentioned

metabolites except glycogen as described by Passonneau and Lowry (66, 76).

For glycogen analysis, an approximate 2-3 mg aliquot of freeze-dried muscle was

incubated in 2.0 N HCl and heated for two hours (mixing after one hour) at an

approximate temperature of 100°C to hydrolyze the glycogen to glucosyl units. After two

hours, the solution was removed fi-om the heat and subsequently neutralized with an

equal volume of 2.0 N NaOH and analyzed for glycogen using a fluorometric assay (76).

For the enzyme group the following enzymes were analyzed:

a. Glycogen phosphorylase a activity and total glycogen phosphorylase activity

(PHOSa and PHOS total)

b. Active pyruvate dehydrogenase activity (PDHa)

As previously mentioned, fi-ozen wet muscle samples were initially stored in

liquid nitrogen (-196°C). For PDHa analysis, approximately 10-15 mg of wet muscle was

chipped off the intact fh)zen sample and stored in liquid nitrogen until analysis. The

methods employed were as described by Constantin-Teodosiu et al. (34) with adaptation

by Putman et al. (79).

Briefly, muscle samples were first homogenized in a buffer at pH 7.8 (containing

5 mM dichloroacetate, 50 mM NaF, 0.1% Triton X-100, 50 mM Tris HCl, 5 mM EDTA,

5 mM MgCh, 50 mM KCl and 200 mM sucrose) to inhibit both pyruvate dehydrogenase

kinase (PDK) and pyruvate dehydrogenase phosphatase (PDP) respectively. One hundred

microlitres ( 1 00 nL) of the homogenizing buffer was first added to a pre-weighed glass

homogenization tube. The muscle sample was subsequently added and the weight was
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recorded before adding additional homogenization buffer for a final volume

corresponding to 30 times the weight of the muscle sample in milligrams (34).

Homogenization was initiated by slow twisting hand movements of the glass plunger (to

begin gentle disintegration of the muscle) in the homogenization tube and thereafter for

an additional 60 seconds, using a motor-driven homogenizer. After freeze-thawing the

muscle homogenate twice in liquid nitrogen to ensure mitochondrial breakdown, the

homogenate was used for PDHa analysis within 1-2 days of initial homogenization

(muscle homogenate stored in liquid nitrogen between homogenization and PDHa

analysis).

To drive the PDHa reaction and determine PDHa activity 30 \il of muscle

homogenate was added to 720 jiL of reagent mixture pre-warmed to 37°C in a block-

heater containing assay buffer (144.4 mM Tris, 0.72 mM EDTA and 1.44 mM MgCb)

and essential coenzymes (3 mM NAD, 1 mM CoA, and 1 mM TPP). To initiate the

reaction, 30 nL of pyruvate (26 mM) was added to the reagent mixture and 200 ^l

aliquots were removed at precise intervals (1, 2, and 3 min) into 40 \il of 0.5 M PCA (to

halt the reaction) (79). Following 5 minutes of acidification with PCA, samples were then

neutralized vrith 1 M K2CO3 or 2.2 M KHCO3. All samples were run in duplicate plus one

blank where distilled water was substituted for pyruvate.

All the neutralized extracts were then stored at --80°C for subsequent analysis of

acetyl-CoA using a radio-isotopic method as described by Cederblad et al. (28). The

acctyl-CoA assay used is composed of two enzymatic reactions:

a. L-[ CJaspartate + 2-oxoglutarate -<-* ['^Cjoxaloacetate + L-glutamate

(catalyzed by glutamic-oxaloacetic transaminase (GOT))
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b. ['"CJoxaloacetate + acetyl-CoA -» ['"CJcitrate + CoASH

(catalyzed by citrate synthase)

Into fresh microtubes, 200 jiL of distilled water was added to 10 nL of neturalized

extract for each sample followed by the addition of 20 ^L of reagent containing 0.1 M

DTT and 1 mM CuS04 • H2O to eliminate any excess endogenous oxaloacetate. The

copper was then chelated using 20 ^L EDTA followed by the addition of 30 |iL N-

ethyhnaleimide (NEM). To enable the measurement of acetyl CoA, 20 \xL of prepared

['"C] oxaloacetate label and 10 nL of citrate synthase were added as oxaloacetate binds to

acetyl CoA at the beginning of the TCA cycle when catalyzed by the presence of citrate

synthase. Finally, a transamination mix was added (containing 178 mM K-glutamate,

GOT and H2O) to push the reaction;

L-['^C]aspartate + 2-oxoglutarate *-* ['''Cjoxaloacetate + L-glutamate

in the reverse direction so that any unbound oxaloacetate returned back to aspartate.

Before counting the ['''C] on the scintillation counter, Dowex ion exchange resin was

added and the microtubes were spun so that any remaining ['''C]aspartate would bind to

the Dowex resin and not interfere with the resulting supernatant. The slope of acetyl-CoA

versus time plots were determined to yield the reaction rates for PDHa activity (28).

The remaining frozen muscle samples were freeze-dried, dissected free of

connective tissue and blood and used for subsequent PHOS analysis. As PHOS activity

was assayed in the direction of glycogen breakdown the following principles were

applied;

1 . (Glycogen)n + Pi - (Glycogen)n.i + Glucose- 1 -phosphate

60





(catalyzed by PHOS)

2. Glucose- 1 -phosphate —» Glucose-6-phosphate

(catalyzed by phosphoglucomutase)

3. Glucose-6-phosphate + NADP —» 6-phosphoglucono-lactone + NADPH + H*

(catalyzed by glucose-6-phosphate dehydrogenase)

An approximate 4mg aliquot of freeze-dried muscle was homogenized for PHOS

in a glass homogenization tube containing pre-cooled homogenization buffer followed by

dilution buffer. All muscle samples were analyzed for PHOSa activity (incubated at 30°C

for 1 hour) and total PHOS activity (incubated at 30°C for 30 minutes) immediately

following homogenization. PHOSa activity was assayed in the absence ofAMP and total

PHOS (a+b) activity was assayed in the presence of 2 mM AMP to fully activate the

enzyme. Besides either the presence or absence of AMP, the incubation buffer also

consisted of 10 ^L DTT, 15 ^L phosphoglucomutase and 10 mL of prepared stock

reagent (consisting of 50 mM imidazole-HCl, 1.25 mM MgCl2»6H20, 20 mM K2HPO4,

0.25% BSA, 5 ^iM glycogen 1 ,6-di-phosphate and 1% glycogen). After the appropriate

incubation times, the reaction was stopped by adding 0.5 N HCl. The acidification was

allowed to sit at room temperature for at least 10 minutes before 10 ^L of each sample of

total PHOS activity or 20 ^iL of each sample of the 'a' form was added to 200 |iL of

glucose-6-phosphate reagent (consisting of 50 mM tris-HCl, 1 mM Na2EDTA, 250 ^M

NADP and 0.5 \ig/mL glucose-6-phosphate dehydrogenase) in a 96 well-plate. Glucose-

1 -phosphate was analyzed using an enzyme spectrophotometric assay for absorbance on a

plate reader set at a wavelength of 340 nm. Any repeated samples were replicated no

longer than three days after initial homogenization.
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viii. CALCULATIONS

Total creatine was calculated from the sum of measured PCr and Cr. Water

content was calculated as the percent difference of the dry weight subtracted from the wet

weight divided by the wet weight, hiorganic phosphate was calculated using the change

in PCr (from recovery (rest) to contraction) plus resting inorganic phosphate (assumed to

be 10.8 mmol/kg dry weight).

ix. STATISTICAL ANALYSIS

All values are reported as means ± standard deviation (n=8 unless otherwise

stated). A two-way analysis of variance (ANOVA) was conducted on all metabolite and

enzyme data. For the force data, a two-way repeated measures analysis of variance was

used. If the ANOVA indicated significant interactions (p<0.05), a Tukey HSD post-hoc

test was conducted to determine which of the pair wise comparisons were statistically

significant (HYPO-, ISO-, HYPER-osmotic; contration versus recovery). All statistical

analysis were completed using SigmaStat 3.1 (Point Richmond, California).

62





CHAPTER 6:

RESULTS

i. RELATIVE WATER CONTENT

After 10 minutes of stimulation in both the soleus and EDL muscles, all three

conditions were significantly different (p<0.001) from one another with respect to their

relative water content. Specifically in the soleus, the muscles immersed in the HYPO

condition had approximately 5% more water (83 ± 0.68%) than the muscles immersed in

the HYPER condition (78 ± 0.54%) (see Figure 9).

Similarly, after 10 minutes of stimulation in the EDL, the muscles immersed in

the HYPO condition had roughly 3.5% more water (83 ± 0.82%) than the muscles in the

HYPER condition (79 ± 1.2%) (see Figure 10). Water content results after contraction in

the ISO conditions (both in soleus and EDL) are consistent with previous literature (14).

ii. FORCE PRODUCTION

With the soleus, the muscles inmiersed in the HYPER condition (208 ± 79

mN/mg) were found to have the highest maximal force during the first 30 seconds of

contraction (P<0.05) in comparison to muscles fix)m both the HYPO (98.2 ± 17 mN/mg)

and ISO (99.2 ± 13 mN/mg) conditions.
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Figure 9: Soleus water content (%) after 10 minutes of stimulation. All values are

expressed as means ± SD (n = 8 per condition) and calculated using the percent (%)
difference in wet to dry muscle weights. * Significantly different from ISO (P<0.001 ).

HYPO ISO HYPER

Figure 10: EDL water content (%) after 10 minutes of stimulation. All values are

expressed as means ± SD (n = 8 per condition) and calculated using the percent (%)
difference in wet to dry muscle weights. All conditions were significantly different from
one another (P<0.05).
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Figure 11: Soleus muscle - relative force decrease from PRE to POST. All values are

expressed as means ± SD (n=8 per condition). * Significantly different from POST ISO
and POST HYPER (P<0.05).
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iii. METABOLITES

With the soleus, no significant differences between conditions were found with

respect to the concentration of ATP immediately following 10 minutes of stimulation

(P>0.05). Significant differences were found however, with respect to the concentrations

of PCr, lactate, creatine, inorganic phosphate and glycogen. More specifically, the

muscles in the HYPO condition had an approximate 18% higher concentration of PCr

than muscles in the HYPER condition (P<0.05) and an 8% lower creatine concentration

after 10 minutes of stimulation (P<0.05) (total creatine content however, was similar

between all conditions). Furthermore, muscle lactate concentration was significantly

different in the muscles fh)m all three conditions after 1 minutes of contraction with

lactate concentration 64% higher in muscles fix)m the HYPER versus the HYPO

condition (P<0.001). With respect to calculated inorganic phosphate, muscles from the

ISO and HYPER condition had a 41% higher concentration than muscles from the HYPO

condition (P<0.001). Lastly, glycogen content was significantly lower in muscles from

the ISO condition with no significant difference found between muscles from the HYPO

and HYPER conditions.

SOL

Stimulation





HYPO ISO HYPER

Figure 13: Soleus PCr concentration immediately following 10 minutes of

stimulation. Values are expressed as means ± SD (n=8 per condition) in mmol/kg of dry

muscle weight. ' Significant difference between HYPO and HYPER (P<0.05).

HYPO ISO HYPER

Figure 14: Soleus muscle lactate concentration immediately following 10 minutes of
stimulation. Values are expressed as means ± SD (n=8 per condition) in mmol/kg of dry
muscle weight. Significant difference from ISO (P<0.05).
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Similarly to what was observed in the soleus, there were no significant differences

found in the concentration of ATP between conditions after 10 minutes of contraction in

the EDL muscle group. There were also no significant differences in PCr, creatine or total

creatine concentration between conditions in the EDL muscle group. Inorganic phosphate

was significantly different between muscles from all three conditions. Interestingly

however, muscles from the HYPER condition had the lowest concentration. With respect

to lactate, (and in complete contrast to the soleus muscle group), lactate concentration

was 17% lower in muscles from the HYPER condition versus the HYPO condition

following 10 minutes of contraction in the EDL muscle (P<0.05). Furthermore, glycogen

concentration was highest in muscles from the HYPO versus the ISO condition following

10 minutes of contraction (P<0.05).

EDL

Stimulation





HYPO ISO HYPER

Figure 15: EDL lactate concentration immediately following 10 minutes of

stimulation. Values are expressed as means ± SD (n=8 per condition) in mmol/kg of dry

muscle weight. ' Significantly different from both the ISO and HYPO conditions

(P<0.05).

iv. RECOVERY GROUP

After 20 minutes of recovery (after an identical 10 minute contraction protocol), a

significant decrease in relative percent water content in comparison to water content

immediately following 10 minutes of stimulation was seen in the muscles from the EDL

HYPER condition (HYPER recovery 77.3 ± 0.7 vs. HYPER stimulation 79.0 ± 1.2;

p<0.001). No significant changes in percent water content were seen in the soleus muscle

group after 20 minutes of recovery.
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Figure 16: EDL % water content immediately following 10 minutes of contraction

(open bars) or immediately following 20 minutes of recovery (closed bars). All values

are expressed as means±SD(n= 8 per condition). ' Significantly different fixxn HYPER
contraction (P<0.001).

Additionally, 20 minutes of recovery was a significant enough time period to

recover maximal force production as demonstrated by evoking tetanus. Force recovered

regardless of condition or muscle (see Figure 17).
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Figure 17: EDL relative maximal force production reached during

contraction and after 20 minutes of recovery . No significant differences

were found.

In almost all metabolites, 20 minutes of recovery was a sufficient enough time

period to produce significant changes in their concentration. In the soleus muscles, PCr

and glycogen concentration were significantly elevated regardless of condition after 20

minutes of recovery. Muscle creatine concentration however, recorded similar decreases

in muscles from both the HYPO and HYPER condition (40 and 46% respectively) while

the only change in lactate concentration after 20 minutes of recovery was seen in muscles

from the HYPER condition (43% decrease). One should keep in mind however, that very

small amounts of lactate were recorded in muscles from both the ISO and HYPO

condition already following 10 minutes of contraction. Furthermore, there was a small

but significant increase in ATP concentration in muscles immersed in the HYPER

condition afkr 20 minutes of recovery.
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Figure 19: Soleus creatine concent ration immediately following 10

minutes of contraction (open bars) and 20 minutes of recovery (closed

bars). All values are expressed as means ± SD (n=8 per condition).

Significantly different from corresponding contrac tion (P<0.001 ).

* Significant difference between HYPO recovery and ISO recovery

(P<0.05).

Similar to the soleus, after 20 minutes of recovery in the EDL muscle, there were

significant increases in PCr concentration (HYPO muscles 30% versus HYPER muscles

65% increase) and a significant decrease in creatine concentration regardless of condition

(HYPO muscles 19% versus HYPER muscles 11% decrease). Lactate also significantly

decreased after 20 minutes of recovery regardless of condition (HYPO 34% versus

HYPER 24% decrease). Glycogen however, in contrast to soleus, only increased in

muscles from the ISO condition following the 20 minutes of recovery.
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Figure 21: EDL creatine concentration immediately following 10

minutes of stimulation (open bars) or 20 minutes of recovery (closed

bars). All values are expressed as m cans ± SD (n=8 per condition).

Significantly different from corresponding 10 minute c ontraction (P<0.05).
* Significant difference between HYPER recovery and ISO recovery

(P<0.05).

V. ENZYME ACTIVITY

After 10 minutes of contraction no significant differences were seen in the activity

of PHOSa or total PHOS in the soleus muscle. In the EDL however, muscles from the

HYPER condition had a significantly elevated PHOSa activity over HYPO (131.2 ± 1 1.0

vs. 81.0 ± 7.1 ^imoles/g/min; p<0.001). Total PHOS activity however, was similar across

all conditions in both soleus and EDL. If the fiction of PHOSa was expressed as a

percentage of the total PHOS the EDL muscles from the HYPER condition were

significantly higher in the fraction ofPHOSa over both muscles from the ISO and HYPO

conditions (83 ± 5.6% versus 56.7 ± 8.0% and 55.1 ± 8.4%; P<0.001). Thus, after

contraction as shown in previous literature, EDL has a much higher PHOS activity than

soletis.
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Figure 22: Soleus PHOS a and total PHOS activity immediately following 10

minutes of stimulation. Values are expressed as means ± SD (n=8 per condition) in

Hmol/g/min of dry muscle weight.
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Figure 23: EDL PHOS a and total PHOS activity immediately following 10 minutes
of stimulation. Values are expressed as means ± SD (n=8 per condition) in |imol/g/min

of dry muscle weight. * Significantly different from ISO PHOSa (P<0.05).
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PDHa activity following 1 minutes of contraction was not different between jiny

conditions in the EDL muscle group (HYPO 1 .46 ± 0.46 mmol/min/kg wet muscle versus

HYPER 1.36 ± 0.56 mmol/min/kg wet muscle; P>0.05). However in the soleus group,

after 10 minutes of contraction, muscles from the HYPER condition had a significantly

higher PDHa activity (1.37 ± 0.47 mmol/min/kg wet muscle weight; P<0.05) than the

muscles from the ISO (0.65 ± 0.32 mmol/min/kg wet muscle weight) or HYPO (0.75 ±

0. 1 8 mmol/min/kg wet muscle weight) conditions.

HYPO ISO HYPER

Figure 24: Soleus PDHa activity immediately rollowing 10 minutes of stimulation.
Values expressed as means ± SD (n=6 per condition); mmo 1/min/kg of wet muscle
weight, 'significantly different from ISO and HYPO ( P<0.05).
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vi. REST VERSUS STIMULATION

As mentioned previously, Antolic et al. (4) developed the model for the current

protocol in resting soleus and EDL muscle. As her data was collected in the same

laboratory as the current study, using identical equipment and muscles, a brief summary

comparing only the resting versus stimulated percent water data will be examined.

The resting relative percent (%) water content was significantly lower than water

content after 10 minutes of contraction in muscles from all three conditions regardless of

muscle type. After 10 minutes of contraction in soleus, the muscles from the HYPO

condition had an approximate 2.8% increase in water content over the resting condition

(83.0 ± 1.1 vs. 79.0 ± 0.56; p<0.001) and the muscles from the HYPER condition had a

1% increase in water content over the resting condition (78.3 ± 0.54 vs. 77.5 ± 0.48;

p<0.05). In comparison to soleus, EDL muscle in the HYPO condition had only half the

increase (1.4%) in water content after 10 minutes of contraction in comparison to its

resting value (82.5 ± 0.89 vs. 81.3 ± 0.51; p<0.05). On the opposite side of the spectrum,

the EDL muscles from the HYPER condition had a 3-fold higher increase in water

content (3.1%) than soleus. EDL muscles from the HYPER contraction versus resting

data were 79.0 ± 1.2 vs. 76.5 ± 0.45 respectively (p<0.001).

The relative percent water content will be the only data examined between the

resting versus contraction data as the resting protocol occurred over an incubation of 60

minutes while the contraction was only 10 minutes in length. Thus, inaccuracy in results

may be reported if the resting versus contraction data was extrapolated any ftirther.
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Figure 25: Soleus percent (%) water content after 1 hour of rest or 10 minutes of

contraction. Values are expressed as means ± SD (n=8 per condition) as a percentage of

wet to dry muscle weight. * All contraction conditions are significantly different from

their corresponding resting value (P<0.001).
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Figure 26: EDL percent (%) water content after 1 hour of rest or 10 minutes of
contraction. Values are expressed as means ± SD (n=8 per condition) as a percentage of
wet to dry muscle weight. *AII contraction conditions are significantly different from
their corresponding resting value (P<0.001).
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CHAPTER?:

DISCUSSION

i. RELATIVE WATER CONTENT

In the current study, after 10 minutes of contraction, the muscles from the two

aniso-osmotic conditions differed significantly (p<0.001) from the ISO condition wdth

respect to relative water content regardless of muscle type (i.e., soleus or EDL). Thus, in

both soleus and EDL, muscles from the HYPO condition had the highest relative water

content (83.0% ± 0.68; 82.5% ± 0.82) and HYPER the lowest (78% ± 0.54; 79.0% ±

1.19). This data confirms that the method utilized for inducing cell volume change is

effective (4). More specifically, after altering extracellular osmolality by adding either

mannitol or distilled water to the simulated ECF media (Medium- 199), a modest state of

cell shrinking (with mannitol) or cell swelling (with distilled water) occurred.

Numerous studies have indicated that skeletal muscle cells undergo volume

alterations during isometric contractions, however these volume changes can be both

non-osmotic (resulting from alterations in the inter-filament lattice spacing) (10, 27) and

volume-related osmotic changes. Non-osmotic changes are the products of alterations

from the interaction between contractile proteins, however these volume associated

changes have been found to be very small. Volume osmotic changes however, are much

larger in comparison and are generally due to the net loss or gain of intracellular

osmolytes followed by osmotically-obligated water (8 1 ).

During contraction, the increased overlap between the actin and myosin actually

causes the filament spacing to expand because of their repelling negative charges, which
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ultimately causes the cell to swell (81). Along with filament changes, intracellular

metabolites (e.g. ADP, lactate, inorganic phosphate) begin to accumulate as a result of

the increased ATPase activity during contraction. Thus, contraction causes further

increases in cell volume as evidenced by the augmentation in cell volume as previously

described during resting conditions (4) to immediately following 10 minutes of

contraction (regardless of osmotic condition or muscle type). It should be noted however,

that volume non-osmotic and volume osmotic changes may work together to assist cell

swelling. After prolonged contraction, an expansion of the cellular lattice spacing is often

found, which has been established to be the result of an osmolyte accumulation and not

from the original presumption ofcross-bridge radial force expansion (82).

Additionally, in response to stimulation, a large increase in [Ca^^i occurs which

subsequently induces contraction, leading to an initial movement of water from either end

of the cell. This pattern of water movement towards the centre of the muscle cell may

also produce a slight increase in the cell's cross-sectional area, however any deviation

from cell volume homeostasis will trigger RVI's or RVD's. Thus in response to

contraction, the increase in [Ca^*]i, is large enough to activate a Ca^*-dependent process

with a higher threshold to encourage the loss of intracellular calcium (83). This loss of

intracellular Ca^* contributes to the net loss of intracellular osmolytes followed by

osmotically obligated water which eventually leads to cellular shrinking (83) and

ultimately, an RVD control mechanism.

This RVD control mechanism is evident in muscles from the EDL HYPER and

ISO conditions after 20 minutes of recovery as cell volume decreased in comparison to

the value found post 10 minute contraction. Full recovery of resting cell volume was not
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observed which was not surprising as Rapp et al. (82) demonstrated that for a complete

recovery of lattice spacing, over one hour of rest is needed. No significant changes were

seen in relative water content following 20 minutes of recovery in soleus muscle.

This apparent lack of cell volume change in the soleus muscle leads one to

speculate that the difference in aquaporin content between EDL and soleus muscle may

enable the EDL to perform regulatory volume decreases at a faster rate. Aquaporin 1 has

been detected on endothelial cells of capillaries arranged between muscle fibers

(regardless of fibre type), whereas AQP4 anti-bodies have been found to label the entire

plasma membrane of mouse fast-twitch fibres (42) thus making it seem likely that AQP4

anti-bodies may also label the plasma membrane of rat fast-twitch fibres. Further research

in the area of aquaporins is warranted in order to make any definitive conclusions.

Future studies should utilize mRNA blots for AQPl and AQP4 to determine

mRNA transcription rate pre and post contraction under different osmotic conditions as

well as during various time points during recovery. Skeletal muscle cells should be

allowed a full cell volume recovery (RVD) after contraction thus, more than 20 minutes

would be needed. Additionally, lattice spacing should be measured as it has also been

demonstrated that recompression of the lattice spacing (during RVD) is slower in muscles

from the HYPO conditions (82). This coincides with the current data as muscles from the

HYPER group had a much more pronounced RVD (in response to stimulation) after 20

minutes of recovery than the HYPO condition.
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ii. FORCE PRODUCTION

In the current study, the highest maximal force output in the soleus muscle was

found in muscles immersed in the HYPER condition versus soleus muscles in the ISO or

HYPO conditions. In the EDL muscle however, the muscles in the ISO condition

produced a significantly greater force output over muscles in both the HYPO eind

HYPER conditions.

As these results were contradictory to the original hypothesis, any definitive

explanation for these opposing results between muscle groups may again lie in the

differing aquaporin isoform content between the two muscles. For example, vast amounts

of research are in agreement that upon initial contraction, measurable increases in cell

volume occur (97). In the soleus (slow twitch) HYPER condition, an increase in cell

volume upon contraction may be normalized (RVD) at a much slower rate than in the fast

twitch EDL muscle. Thus, the initial increase in cell volume due to contraction may be

regulated so quickly in the EDL muscle (RVD) that any positive effect the increase in

cell volume may have is lost due to the muscle's ability to rapidly adjust its cell volume.

A general trend emerged relatively however, as both soleus and EDL muscles in

the HYPO condition were the most fatigueable (experienced the greatest relative force

decrement over the 1 minutes of contraction) in comparison to muscles in the HYPER

condition. The greater fatigueability trend in the HYPO condition may best be explained

by a few different theories including lattice spacing, ion transport and metabolite

concentration.

Firstly, although this was not measured in the current study, lattice spacing

(measured using x-ray diffraction) may have been modified due to the alterations in cell

85





size. Potentially, cell swelling as induced by the HYPO condition may have caused such

a potent increase in lattice spacing that the cross-bridge power stroke became severely

compromised in its force generating capacity. Not only was the cell trying to undergo

RVD caused by the osmotically induced cell swelling, but contraction increased cell

volume to a fiirther extent, thus potentially causing an even binding greater stress on the

cross-bridge power stroke.

Secondly, in reference to the HYPO condition, intracellular ion concentration may

have potentially decreased in response to the cell trying to evoke RVD. This decrease in

ion concentration may have been the result of a diminished release of calcium from the

intracellular calcium stores, thus potentially hindering the force generated per attached

cross-bridge. Additionally, due to the various ion chaimels and pumps located in the

cellular membrane, ions may have been leaving the cell, altering the cell membrane

potential and ultimately causing a direct alteration in the force output over a 10 minute

contraction period.

Lastly, according to the cell swelling theoiy, swelling promotes anabolism

whereas cell shrinking promotes catabolism. Thus, the increase in concentration of

metabolites during the HYPO condition may have had hindering effects on force

development and fatigueability. For example, the accumulation of inorganic phosphate or

lactic acid stimulated by catabolism would result in a reduction of force. Phosphate may

act by direct action on contraction and regulation, and lactic acid, by the accompanying

acidification (from H*) which reduces both the calcium sensitivity of thin filament

regulation and the maximal calcium activated force (50% reduction for one pH unit

acidification) (47).
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Interestingly, the EDL muscles fix)m the HYPER condition were the most fatigue

resistant in comparison to the EDL muscles from the ISO and HYPO conditions which

coincides with the results from the measured lactate and the calculated inorganic

phosphate. After 10 minutes of contraction, the EDL muscles from the HYPER condition

had the lowest amount of lactate thus presumably the lowest H^ accumulation as well as

the lowest concentration of inorganic phosphate. As H^ accumulation competes with

calcium for binding to troponin, a lower concentration of H^ would thus favor a more

fatigue resistant muscle cell. An accumulation of inorganic phosphate on the other hand,

moves into the SR and negatively impedes force by impairing calcium release.

Furthermore, there are limitations in the interpretation of these force results as

some discrepancy lies in the potential inaccuracy in achieving an appropriate length-

tension relationship. The organ bath used for this study had only a micrometer knob to

adjust the muscle tension yet lacked an actual measure of length ou^ut Thus, there was

no authentic measure of optimal length between muscle fibres; however, one must

remember that the primary focus of this study is on metabolism and not the contractile

properties.

In conclusion, a low maximal force in the EDL HYPER condition may have been

due to the contractile structure (i.e., lattice spacing) while the EDL muscles fatigue

resistance in the HYPER condition may have been due to a favorable increase in

intracellular ion concentration as well as small accumulations of inorganic phosphate and

lactate. In the soleus muscle, differences in force output may have been due to a lack of

AQP content, lattice spacing and ion concentration. Further research is warranted.
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iii. METABOLITES AFTER STIMULATION

Although there was concern for cell death when submerging muscles in a HYPO

or HYPER osmotic condition, all measured metabolite values (regardless of condition)

corresponded to physiological values seen elsewhere in the literature (13, 87).

To reiterate Haussinger's cell swelling theory, cell's which undergo swelling

become more anabolic in nature, while cells which undergo shrinking become more

catabolic in nature. In order to restore cell volume homeostasis in the HYPER condition,

the muscle cell attempts to perform RVI. In doing so, a substantial increase in glycolytic

flux occurs with the intention of producing a cytosolic accumulation of metabolites in an

effort to increase the intracellular osmolality, and ultimately, cell volume. Thus in

comparison to the soleus muscles in the HYPO condition, the current results illustrated a

significant trend towards the soleus HYPER condition recording a higher PCr

degradation (p<0.05) as well as an elevated creatine (p<0.05) and lactate accumulation

(p<0.001). Moreover, the ATP concentration did not differ remarkably after 10 minutes

of contraction between muscles from any ofthe conditions.

At first glance, one might argue that the muscles were having difficulty

maintaining force production, thus the need to accelerate glycolytic flux in an efifort to

increase ATP production. However, upon examining the data relatively, the HYPER

condition did not have any greater difficultly maintaining force productioa over the other

two conditions regardless of muscle type. Furthermore, none of the conditions seemed to

be in any type of erxn^ crisis (evidenced by the physiological ATP values). Thus, we

must refer back to the cclFs basic principle of homcostatic cell volume regulation. As the

muscles in the HYPER condition underwent a significant decrease in cell volume (as
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evidenced by the cell volume change in comparison to muscles from the ISO and HYPO

conditions) the cell must undergo RVI to return back to homeostasis. Thus, in order to

meet the demands for RVI, the cell may produce an accumulation of metabolites in an

effort to mediate the osmotic imbalance.

As previously mentioned, one way for the cell to accumulate metabolites is to

have large degradations in PCr concentration. Specifically, when the PCr reaction

proceeds to the right;

PCr + ADP + H"*^ ATP + Cr (Catalyzed by CPK)

an accumulation of cytosolic creatine results. To continue the production of ATP the

ADP that is produced after ATP is utilized;

ATP -> ADP + Pi + H*

may continue through to the adenylate kinase reaction:

2ADP <- ATP + AMP

To keep the adenylate kinase reaction moving to the right, the produced AMP must

quickly be degraded by AMP deaminase (AMPD) to produce the following:

AMP + H*— IMP + NH4*,

thus ultimately giving rise to the ammonium ion. As the ammonium ion has the ability to

act as an osmolyte, any accumulation may enable the cell to perform RVI. Additionally,

due to the sustained activity of these two reactions, a slight decrease in ATP

concentration may be observed (as seen in muscles from the soleus HYPER condition).

Moreover, by increasing glycolytic flux, an accumulation of lactate and H^

develops (see equation below), further increasing macromolecular crowding in hopes of

signaling the cell to activate its RVI mechanisms.
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Glycogen + 3 ADP + 3 Pi — 3 ATP + 2 lactate" and 2 H*

In order to promote anabolism in the soleus muscles from the HYPO condition

however, opposite actions must occur. After an initial increase in cell volume due to the

HYPO-osmotic nature of the extracellular fluid, the cell is trying to undergo RVD, by

decreasing glycolytic flux at the expense of losing force production. Therefore, one could

speculate that the muscle cells may prioritize RVI or RVD over maintaining force

production. In doing so, muscles fix)m the HYPER condition produce enough ATP

through its elevated glycolytic flux to maintain force production, while in the HYPO

condition; the cell may slow glycolytic flux in order to assist in RVD, thus inherently

becoming more fatigueable.

In addition to the metabolites listed, extracellular pH was also measured pre and

post stimulation. The results showed very small, non-signiflcant changes (thus not

included in the results). Research has shown however, that veiy small or almost non-

existent decreases in pH in a buffered medium may be due to the large accumulation of

lactate and phosphate. As lactate accumulates, it causes a release of protons, whereas

phosphate accumulation leads to proton uptake. (82). Thus, the proton uptake may

potentially mask any substantial attempts at decreasing pH (as expected in muscles from

the HYPER condition) as in both the soleus and EDL muscles from the HYPER

condition, very small almost nonexistent decreases in pH were recorded.

Interestingly, most of the results from the soleus muscle are in direct contrast to

what was observed in the EDL muscle. In the EDL, besides the calculated inorganic

phosphate, there was no signiflcant difference between muscles from the HYPO and

HYPER conditions in any of the measured metabolites, litis observation was in spite of
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the fact that the relative water content was significantly different between all conditions.

Any explanation for the unexpected turn of events may have been due to a few different

mechanisms.

The general consensus in the EDL muscle is the idea that fast twitch muscles may

be able to adapt to cell volume change without compromising metabolism. In other

words, alterations in cell volume do not affect the fast twitch muscles to the same degree

as the slow twitch muscles. This was evidenced by the non-significant changes between

EDL muscles from the HYPO and HYPER condition in almost all the measured

metabolites. More specifically, the lack of significance may have s(Hnething to do with

the differing aquaporin content between the fast and slow twitch muscles, differing

amount of sodium-potassium channels and differing amounts of total basal PCr and ATP

concentrations. Thus, fast twitch muscles may place greater regulatory responsibility on

maintaining homeostatic cell volume through ion concentration and not through

metabolite accumulation. Finally, it may have been possible that the contraction protocol

was not stressful enough for the EOL muscle, thus it may not have imposed any type of

metabolic threat.

Initially, it was surprising to fmd that afier 10 minutes of contraction, EDL

muscles in the HYPER condition had the lowest measured lactate concentration. This

was in complete contrast to our hypothesis (as well as the results observed in the soleus

muscle). Although peculiar, it was first speculated that the EDL muscles fit)m the

HYPER condition may indeed have had a large lactate production; however it may have

been exported into the extracellular fluid (via mono-carboxylate transporters). To test

this theory, extra-cellular lactate was assayed, however consistency was difficult to
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obtain amongst conditions (thus the data was not shown). In muscles from the EDL

HYPER condition, extra-cellular lactate was sometimes at measurable levels, and

sometimes not, thus giving way to the possibility that the phenyl red used in medium-199

(to mimic the extra-cellular fluid) may have affected the sensitivity of extra-cellular

measurements. Prior cell culture research has reconunended avoiding phenol red due to

its negative affect on measuring the viability of cells (37).

However, if referring back to the paper by Fraser et al (41), cell volume decreases

with increasing H* concentration. As muscles from the HYPO condition may expel

neutral intracellular constituents (in an efifoit to undergo RVD) the muscle cell starts

losing its intracellular buffering capacity. Thus, H*^ accumulation becomes more

prominent (as H^ has lost much of its buffering capacity) and the in^de of the cell

becomes more positive with reelect to the outside. To counteract the positive membrane

potential, K* efflux occurs followed by osmotically obliged water and hence, cell

shrinking. Thus, tiiis intracellular acidification causing ceil shrinking theory makes sense

in the current study as the EDL muscles from the HYPO cooditioa had a greater lactate

accumulation (hence, a higher H^ concentration) than the EDL muscles from the HYPER

condition.

In conclusion, the soleus results from the current study arc consistent with the cell

swelling theory, as the soleus muscles from the cell swelling (HYPO) condition were

more anabolic in nature and the muscles finom the cell shrinking (HYPER) condition

acted more catabolic in nature. To accomplish RVI and RVD in the soleus muscle,

metabolites were either increased or decreased depending on the rate of glycolytic flux

with a secondary consequence being a decrease in force production. From the current
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data, fast twitch and slow twitch muscles act differently in response to changes in cell

volume. Although EDL did not demonstrate any differences in metabolite concentrations

between conditions, it may have had variations in ion concentrations, thus further

research is warranted.

iv. ENZYME ACTrVlTY

In agreement with research suggesting that fast-twitch muscles have higher

activities of glycolytic enzymes (110), PHOSa and total PHOS activity were much higher

in EDL versus soleus muscle. Thus, it was not surprising that we saw no difference

between PHOSa or total PHOS activity between soleus muscles in any of the osmotic

conditions.

Muscle glycogen degradation during contraction is a function of the

transformation of phosphorylase b to a as induced by Ca^^ release (29), thus potentially

being related to the intensity of the exercise. In the EDL, muscles firom the HYPER

condition had a significantly higher PHOSa activity than HYPO (131.2 ± 1 1.0 vs. 81.0 ±

7.1 junoles/g/min; p<0.001). Interestingly, this was the only significant metabolic finding

found between the EDL muscles fixwn the HYPER and HYPO conditions.

An explanation for the increased PHOSa activity in the EDL muscles from the

HYPER condition may have been related to the amount of intracellular Ca^*, as the

muscles from the EDL HYPER condition were the least faligucable. Thus, instead of

producing an accumulation of metabolites to accomplish RVI, the fast twitch muscle cells

may rely instead on changes in intracellular ion concentration, hence a greater Ca^*

release, leading to an increase in PHOSa activity and less faligueability. Likev^se, after
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10 minutes of contraction, the EDL muscles fix)m the HYPER condition also had the

lowest lactate accumulation. This low accumulation is beneficial as hydrogen ions

negatively affect PHOSa activity by inhibiting phosphorylase kinase. Thus, as lactate

accumulation is generally correlated with increases in H^ accumulation, low

accumulations would suggest a greater potential for a higher PHOSa activity.

The main responsibility of the PHOS enzyme is to catalyze the reaction that

cleaves and phosphorylates one glucose residue from glycogen to form glucose- 1-

phosphate. In EDL, the glycogen concentration in muscles from the HYPER condition

after 10 minutes of contraction were slightly lower than the HYPO condition si^gesting

that a higher PHOSa activity in muscles from the EDL HYPER condition may have been

accountable. What would have been interesting to measure was the activity of PHOSa

after 20 minutes of recovery and whether the slight increase in the concentration of

glycogen after 20 minutes of recovery coincided with a potential decrease in PHOSa

activity.

It is important to stress however, ttiat rapid PHOS transformation from 6 to a

alone is not enough of a stimulus to [xovoke rapid glycogen degradation. Therefore,

another proposal for an increased glycogenolysis in EDL muscles from the HYPER

condition may lie in the area ofATP turnover. Both AMP and inosine 5'-monophosphate

(IMP) have been shown to activate the b form of phosphorylase (5). In ral muscle

however, high concentrations of AMP have actually been shown to increase PHOSa

activity (5).

Muscle contraction however, initiates not only the transformation of PHOS 6 to a

but also the hydrolysis of ATP with the release of ADP and Pi (84). The rale ofADP re-
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phosphorylation is dependent on the PCr level (through the creatine kinase reaction) and

the glycolytic rate (84). Thus any rapid degradation of PCr during muscle contraction

may result in a decreased rate of ADP re-phosphorylation, and a prolonged transient

increase in ADP with the formation ofAMP (through the adenylate kinase reaction) (84).

Thus, any significant increase in AMP could increase glycogenolysis (5). Althoi^ AMP

was not measured in the current study, the EDL muscles fix)m the HYPER condition had

a slightly smaller concentration of ATP after 10 minutes of omtraction. This suggests

that a high ATP turnover rate during contraction may have resulted in a higher transient

increase of AMP, which in turn could potentially increase the affinity of jdioqphKxyiase

for Pi and thus PHOSa activity in EDL muscles fix)m the HYPER condition.

In contrast to the PHOS enzyme, the only significance found after measuring

PDHa was in soleus muscles fifom the HYPER condition. After 10 minutes of

contraction, the soleus mi^cles from the HYPER cmidition had a significantly devated

PDHa activity over both muscles fit)m the HYPO and ISO conditions. Like EDL, this

significance may have been due to the concentration of intracellular Ca'^^ as the soleus

muscles fix)m the HYPER condition had the highest maximal force production. In

addition, the soleus muscles showed a trend towards the muscles fixMm the HYPER

condition having a greater accumulation of metabolites after 10 minutes of contraction.

More specifically, the muscles finom the HYPER condition had an increased lactate

accumulation thus presumably a higher glycolytic flux and thus a higher pyruvate

production (stimulator of PDHa activity). In following tlus trend, it may have been

possible that the greater activity ofPDHa may have been due to the HYPER cell trying to

invoke RVI.
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Thus in conclusion, elevated PHOSa activity was observed in EDL muscles

immersed in the HYPER condition, hi contrast, due to the high mitochondrial capacity of

the slow twitch fibres, the soleus muscles in the HYPER condition had an elevated PDHa

activity. Both enzyme activities however, are thought to be related to the concentration of

intracellular calcium.

V. METABOLITES AFTER RECOVERY

In almost all cases, regardless of muscle type, metabolites either increased (PCr,

glycogen) or decreased (lactate, creatine) after 20 minutes of recovery. In the soleus

muscles from the HYPER condition, there was a larger relative increase w decrease in

metabolite concentrations in comparison to muscles from the HYPO condition. This

observation of relative differences between muscles from the HYPER aad HYPO

conditions were not a(^>arent in the EDL muscle. As previously mentioned, 10 minutes of

contraction did not induce any significant diiTerences in metabolite concentration

between the EDL muscles from the HYPO or HYPER conditions.

To recap, in the soleus, almost all metabolites were significanUy different after 10

minutes of contraction between muscles fixMn the HYPO and HYPER conditions. The

muscles from the HYPO condition tended to have a larger concentration of PCr and a

smaller concentration of lactate and creatine in comparison to muscles fix)m the HYPER

condition. However, after 20 minutes of recovery, it was the soleus muscles from the

HYPER condition that were better able to recover in a relative sense. This observation

may in part be explained by the principal of ""more to gain". During the contraction

protocol, the muscles from the HYPER condition nwy have been under greater metabolic
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stress and a higher catabolic state than muscles from the HYPO condition. Thus, muscles

in the HYPER condition may have attempted to optimize recovery time in an effort to

return back to homeostasis. In contrast, during the HYPO condition, muscles may not

have been under as much metabolic stress during the 10 minutes of contraction, thus

maximizing its metabolic recovery may not have been necessaiy.

After 20 minutes of recovery there was a significant increase in ATP

concentration in soleus muscles from the HYPER condition compared to immediately

foUowing contraction. This observation strengthens the adenylate kinase hypothesis such

that in muscles from the HYPER conditioii, ADP is Ixoken down via the adenylate kinase

reaction instead of being resynthesized back into PCr (in order to achieve osmolyte

accumulation). Thus the PCr reaction jxoceeds to the right;

PCr + ADP + H+^ ATP + Cr (Catalyzed by CPK)

and following ATP degradation 2ADP's are broken down to produce additional ATP.

Moreover, since the soleus muscles from the HYPER condition had a slightly higher

amount of force production (versus miKcles from the other two conditionsX a greater

amount of total ATP may have been utilized through the actomyosin and Ca^^-transport

ATPases.

Furthermore, an increase in glycogen concentration was seen after 20 minutes of

recovery in all soleus muscles regardless of condition, thus suggesting that a few various

mechanisms for glycogen synthesis may have occurred. First, resting blood glucose in rat

is approximately 90 mg/ dL of serum. Medium- 199 contains 100 mg per decilitre of

solution thereby suggesting the potential for higher glucose uptake due to an adequate

glucose concentration. No insulin however was present in the media, thus indicating that
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any uptake was due to the contraction induced translocation of GLUT 4, or to the basal

GLUT 1 transporter (99).

In terms of glycogen and lactate recovery, it has been well established fiwm in

vitro studies that lactate can be converted to glycogen (via glyconeogenesis) within a

skeletal muscle (19, 70). Estimations of the relative contribution of lactate to glycogen

formation vary, ranging anywhere from 10-66% in rat skeletal muscles (70). In the

current study, the EDL muscles with the highest amount of lactate accumulation afier 10

minutes of contraction (HYPO and ISO) also had the greatest relative increase in

glycogen after 20 minutes of recovery, and the greater relative decrease in lactate,

suggesting that this was a major contributor to glycogen synthesis in these muscles.

Moreover, research by Bangsbo and colleagues (8) found that more lactate

production during activity produced a signiiicantly greater resynthesis of glycogen in the

initial phase of recovery. Further evidence of the importance of this p^hway was found

in the EDL muscles fix>m the ISO condition, which had the greatest amount of lactate

accumulation as well as the greatest amount of glycogen resynthesis. Furthermore, the

soleus muscles from the HYPO condition produced the smallest amount of lactate during

the 10 minute contraction period and in following, after 20 minutes of recovery, had the

smallest amount of glycogen resynthesis. However, no significant correlations were

found between any of the data.

In skeletal muscle, the actual metabolic pathway for glyconeogenesis is not

exactly known since it is generally accepted that the gluconeogenic en^^mes are not well

developed. The current understanding is that glyconeogenesis in mammalian muscle

occurs by the reversal of the pyruvate kinase reaction permitting the formation of
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phosphoenolpynivate directly fix)m pyruvate (70). As such, the faster rates of

glyconeogenesis in perfiised rat hindlimb muscles have been attributed to the presence of

greater activities of the enzyme fructose 1 ,6-bisphosptiatase in fast-twitch fibres.

Therefore, the more pronounced glycogen resynthesis in slow twitch (soleus) muscle was

in contrast to other studies which show glycogen resynthesis occurring faster in &st

twitch fibres (8, 19) or only in fast-twitch fibres (70).

It has also been previously demonstrated thai regardless of insulin, glucose

transport into the soleus muscle is greater than in the EDL muscle (20). Thus, intrinsic

differences in glucose tran^x)rteis at the muscle memlxane pennit additioDal glucose to

be transported. More glucose transport may result in a greater rate of glycogenesis in

soleus muscle, thus potentially explaining the di£ference in glycogen resynthesis between

muscles. One must interpret this hypothesis with caution however, as the actual

contribution of lactate glycooeogensis to glycogen resynthesis in both rats and humans is

still under debate.

The difference in glycogen resynthesis however, may also be related to the

availability of glucose transporters. One large limitation for glucose uptake lies directly

arouixi the isolated in vitro model itself. In addition to muscle cootractioa, increasing

glucose transport (through translocation of GLUT 4 to the plaana membrane), dynamic

exercise also increases muscle blood flow and capillary recruitment which effectively

iixn^ases muscle glucose delivery and by doing so, works to enhance muscle glucose

uptake (108). Due to the isolated in vitro model, an increase in flow or capillary

recruitment does not exist, thereby potentially under-estimating glycogen recovery as it

would be extrapolated to an in vivo model.
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Additionally, since all soleus muscles (regardless of condition) showed significant

increases in glycogen following 20 minutes of recovery, this may support literature by

Shearer and Graham (92), who observed that the glycogenin protein content and self-

glycosylating activity was higher in slow twitch than fast twitch muscle fibers (92). Thus,

this theory would support the slower rate of glycogen resynthesis in the EDL muscle.

Furthermore, other carbon sources may have been involved with glycogen

resynthesis. Some possible candidates include: the intramuscular pool of glycolytic

intermediates, glycerol released from triglyceride breakdown and the gluconeogenic

amino acids derived from proteolysis (40).

Lastly, given that the recovery state of a muscle from high intensity exercise

initiates a rapid transition of muscle glycogen metabolism from a catabolic state to an

anabolic state, the question arises as to whether the role of the phosphorylation state of

enzymes such as glycogen synthase and glycogen pho^)horylase are in control of the rate

of glycogen resynthesis. Although we do not have any data from this study showing the

activity of PHOSa after the 20 minute recovery period, it has been shown that during the

onset of recovery, the phosphorylation state of GS and PHOS is lower than basal levels

and only returns to pre-exercise levels as the recovery progresses (21). Thus, the pattern

of change in the phosphorylation state of the above mentioruxi enzymes suggests that

reversible phosphorylation plays an important role in the control of glycogen synthesis

(21).

In summary, 20 minutes of recovery was ample time to dennonstrate at least

partial metabolic recovery in both the soleus and EDL muscles. The soleus muscles from

the HYPI£R condition showed greater relative changes in metabolite concentrations firom
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post 10 minute contraction to 20 minutes of recovery in comparison to muscles fix>m the

HYPO condition. One explanation may be the need for muscles fixjm the HYPER group

to optimize recovery as the 10 minute contraction protocol caused the muscle to produce

a build-up of metabolic products.

vi. REST VERSUS STIMULATION

From the data produced by Antolic et al. (4) resting cell volume was significantly

different between the muscles from all three conditions; muscles bom the hypo-osoK^c

group having the highest cell volume and muscles from the hyp)er-osmotic having the

lowest When comparing resting cell volume in Antolic's study to the cell volume

immediately following 10 minutes of contraction (in the current study), results

demonstrated that cell volume in all conditions were signiCkantly lower during the

resting state. These results indicate that (as stated in [xcvious literature), cell volume

increases during contraction (97). Research using an (^cal mJcroscopy technique,

demonstrated that the volume of skeletal muscle cells increased by up to 35% as a result

of repeated tetanic contractions to the point of fatigue (64). This increase in intracellular

fluid during exercise is caused by an accumulation of small metabolic osmolytes such as

Pi (from net PCr hydrolysis) and lactate (107, 109).

The theory of the existence of change in muscle volume during contraction has

been developing since the 17* century (10). The magnitude of cell volume increase due

to contraction was found to be strongly dependent upon muscle length. Thus, volume

increases were smaller at lengths above the reference point and larger at lengths below

the reference point (I). This was evident in muscles from the EDL HYPO condition as
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after 10 minutes of contraction, the muscles had only half the increase (1.4%) in water

content in comparison to muscles from the HYPER condition (3.1% increase in relative

water content). The roles were reversed in the soleus muscle however; (HYPER lower

increase versus HYPO) suggesting that again, any explanation may lie in the differing

distribution of aquaporins. Further research is warranted and future studies should utilize

similar iiKubation protocols for both the resting and contracting conditions.
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CHAPTER 8:

CONCLUSIONS AND FUTURE DIRECTIONS

The results of the current study have clearly demonstrated that osmotic imbalance

induces metabolic change within contracting skeletal muscle. In the soleus muscle, the

muscles from the HYPER condition illustrated elevated metabolite concentrations after

10 minutes of contraction. These alterations in metabolite concentrations suggest one

possible route for the cell to achieve RVI or RVD and partly coincide with one of the

hypotheses where by muscles from the HYPER condition were expected to have a greater

metabolite accumulation. Thus, our data su{^K>rt Haussinger's cell swellii^ theory, such

that for the rat soleus muscle as under states of contraction, cell swelling promotes

anabolism, while cell shrinking promotes catabolism.

In contrast, the fast twitch EDL muscle did not show any significant differences in

metabolite concentrations between muscles from the HYPER or HYPO conditions. This

was in contrast to one of the original hypotheses, and may have been due to a variety of

reasons including the differing AQP content and potentially r^d RVI and RVD

mechanisms. Either the fast twitch muscle can withstand high levels of osmotic stress, or

RVD/RVI does not occur through changes in metabolites but rather through changes in

ion concentration (as evidenced by the force results).

Furthermore, a few methodological issues should be taken into consideration

upon the interpretation of these results. Both the incubation media and the contraction

protocol may have slightly nxxiified the results. However, it should be remembered that
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with respect to the relative water content, a significant difference between conditions was

seen regardless of muscle type.

Further research is warranted in the area of cell volume change and its influence

on carbohydrate metabolism. Future studies should focus on glucose uptake with specific

reference to the translocation of GLUT 4 and the enzymes associated with a glycosome

as it would be interesting to note whether osmotic imbalance is already influential at the

level of uptake. Lastly, in order to better understand the RVI and RVD differences

between fast and slow twitch muscles, this study should be repeated and AQP content

should be examined for differences in distributioo and transkx:atioo.

In closing, this novel research on cell volume change in skeletal muscle may one

day shed new light on diseases such as type II diabetes and muscular dystrophy where

there has been the suggestion ofabnormalities in fluid movement in skeletal muscle cells.

The scope of future research of^xHtunities in this field of study is vast, and over time we

will gain much more knowledge about the importance of cell volume in eiddition to

fiirther understanding the dynamic consequences ofhuman hydratioo.
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APPENDIX 1

FORCE RAW DATA

SOLEUS RAW DATA - FORCE (mN/mg)

min

10min

10 min % Diff

SOL ISO 1





EDL RAW DATA - FORCE fmN/mg)

min 10 min

10 min

% Diff

EDL ISO 1





APPENDIX 2

EXPERIMENTAL (METABOLITE) RAW DATA
SOLEUS RAW DATA (mmol/kg dry weight)

EXPERIMENTAL (METABOLITE) GROUP

ISO %H20 ATP PCr Lactate Creatine Total Cr. Pi Glyc.

SoM





EDL RAW DATA (mmol/kg dry weight)

EXPERIMENTAL (METABOLITE) GROUP

%H20 ATP PCr Lactate Creatine Total Cr. Pi Glycogen

ISO

EDL1





SOLEUS RAW DATA (mmol/kg dry weight)

RECOVERY (CONTROL) GROUP

% H20 ATP PCr Lactate Creatine Total Cr Glycogen

ISO Sol 1





EDL RAW DATA (mmol/kg dry weight)

RECOVERY rCONTROL) GROUP

%H20 ATP PCr Lactate Creatine Total Cr. Glycogen

ISO EDL 1





APPE^fDIX 3

ENZYME RAW DATA

SOLEUS RAW DATA - ENZYME GROUP PHOS fumol/e/min dry weight)

A Total (a>b)

ISO SOL 1





EDL RAW DATA - ENZYME GROUP PHOS (umol/g/inin dry weight)

Total (a+b)

ISO EDL 1





SOLEUS RAW DATA - ENZYME GROUP PDH (mmol/min/kg wet weight)

ISO HYPO HYPER

1





APPENDIX 4

GLYCOGEN PHOSPHORYLASE ASSAY PROCEDURE

1. (Glycogen)„ + Pi —^ (GlycogenVi + Glucose- 1 -Phosphate

(PHOS)

2. G-l-P -< Glucose-6-Phosphate

(Phosphoglucomutase)

3. G-6-P + NADP -* 6-phosphoglucono-lactone + NADPH + H*
(G-6-P dehydrogenase)

PHOS requires 3 separate procedures:

L Homogenization

iL Incubation

Hi. Spectrophotometric Assay

L Homogenization Procedure

Homogenization Buffer:





Dilution Buffer





iL Incubation Reaction

PHRL stock reagent:





PROCEDURE:

1

.

On day of assay, add 10 |aL of prepared DTT stock, and 1 5 \iL of undiluted

phosphoglucomutase to EACH 10 mL aliquot of prepared (and thawed) PHRL
reagent (usually you need two 1 mL aliquots ofPHRL - one to determine

PHOSa and one for total PHOS).

2. For total PHOS activity ONLY, add 30 nL of prepared AMP stock to the

appropriately labeled PHRL aliquot. (Thus the PHRL aliquot designated to

measure PHOSa contains NO AMP).

3. Add 500 ^L of appropriate PHRL reagent (without AMP for PHOSa and WITH
AMP for total PHOS) to 12x75 mm glass tubes. Use 1 glass tube per sample

(including standards). Standards are treated as TOTAL PHOS. Also use 1 glass

tube for a blank. Blanks are also treated as TOTAL PHOS.

4. Pre-incubate all glass tubes for 5 minutes at 30°C.

5. Add 50 ^L of water (for the blank), prepared standard (for the standard tubes) or

sample homogenate to the appropriately labeled glass tubes (that have been pre-

incubated) and gently vortex.

6. Incubate for 30 minutes for the glass tubes measuring TOTAL PHOS (appropriate

samples, standards and blank). Incubate for 60 minutes for the glass tubes

measuring PHOSa.

7. Stop the reaction (at 30 or 60 minutes) by adding 60 fiL of 0.5 N HCl to each

tube. Vortex and let tubes stand at room temperature for 10 minutes.

iiL Spectrophotometric Assay

G-6-P Reagent:





PROCEDURE:

1

.

Add 10 ^L of the incubated PHOS total samples or 20 |iL of the incubated

PHOSa samples to appropriate plate wells.

2. Add 200 \iL of the prepared G-6-P reagent to each well.

3. Vortex (using plate shaker) and incubate at room temperature for 10 minutes.

4. Reeid absorbance on plate reader at a wavelength of 340 nm.

CALCULATIONS:

1

.

Produce a graph plotting standard curve and absorbance readings.

2. Calculate regression equation.

3. Solve for X.

e.g. y = 0.0135x + 0.006

0.185 (from absorbance readings) - 0.0006 = 0.0136x

x= 13.56 mM

4. Calculate the sample dilution factor: (g dry tissue + 1 mL (homog + dil buffers) /

g dry tissue

e.g. 3.55 mg tissue = (0.0035 + 1) / 0.0035 = 286.7

5. Calculate PHOSa form of activity as follows:

a = DF X micromoles (from answer 3) x (1/60)

= micromoles / minute / g

6. Calculate total PHOS (a + b) as follows:

total = DF x micromoles (from answer 3) x (1/30)

= micromoles / minute / g
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APPENDIX 5

PYRUVATE DEHYDROGENASE a (PDHa) ASSAY PROCEDURE

PDHa composed of3 parts

i Homogenization

ii Incubation

Hi Acetyl CoA Assay

L Homogenization

PDHa Homogenizing Buffer:





5. Begin homogenization of the sample with gentle twisting hand movements

(keep on ICE!).

6. Homogenize for an additional 50 seconds with a motor-driven glass pestle

(-20-30 rpm). After -25 seconds - give the homogenization a short rest

before completing the other 25 seconds.

7. Store the homogenate in an appropriately labeled eppendorf tube (with a

small hole in the top) in liquid N2. Analyze for PDHa activity within 1-2

days.

8. Freeze-thaw 2x before using for PDHa analysis.

u. Incubation

PDH Assay Buffer:





For a given sample (homogenate) there are duplicate (2) incubations for the

determination ofPDH activity, plus 1 blank (initiated with water) for a total of 3

incubations per 1 homogenate. Assume a requirement of 0.72-1.0 mL of PDHa reagent

mixture per incubation.

PROCEDURE:

1. Pre-heat block heater to 37°C. Monitor the temperature by placing a thermometer into

a glass tube of water in one of the holders.

2. For each sample (homogenate), the reaction will be run in duplicate (initiated with

pyruvate) plus 1 blank (initiated with water) for a total of 3 incubations per homogenate.

To determine the reaction rate, acetyl-CoA production will be determined at the precise

intervals of 1, 2 and 3 minutes after the initiation of the reaction. Therefore, use coloured

eppendorf tubes (e.g., 1 minute yellow, 2 minutes blue and 3 minutes green) for each of

the duplicates (label A and B) and the blank (C).

3. Pipette 40 ^L of 0.5 N PCA into each of the labeled eppendorf tubes and place in a

separate rack.

4. Pipette 720 ^iL of reagent into 12x75 culture tubes and place in block heater. Allow the

reagent to warm for a sufficient period of time. The pyruvate (to initiate the reaction)

should also be warmed in the block heater (-150 \iL, warm just enough pyruvate to

initiate a few samples) in a separate glass tube. Be sure to label all glass tubes.

5. For the PDHa Assay, add 30 jiL of the homogenate (sample) using a positive

displacement pipetter into 720 ^L of pre-warmed reagent mixture. Mix well by drawing

up and ejecting fix)m the pipetter several times or by gently vortexing.

6. For PDHa Assay, initiate the reaction by adding 30 ^L of pre-warmed pyruvate.

Vortex very gently and start the timer. It is extremely important that once the timer has

begun, samples of the incubating solution are obtained at precise 1 minute intervals for

the determination of the slope (reaction rate).

7. After precisely 1 minute, draw 200 nL of the incubation mixture and pipette into the

appropriately labeled eppendorf tube containing PCA. Vortex and let sit on ice.

8. Repeat step U7 at precisely 2 and 3 minutes into the incubation.

9. Repeat steps #5 through #8 so that the entire procedure is run in duplicate.

10. Repeat steps #5 through #8 EXCEPT initiate with 30 ^L of DISTILLED WATER
instead of pyruvate (for the blank).
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.

Neutralize all samples with 1 nL of 1 M K2CO3 and vortex. Allow the acidified

homogenates to sit for at least 5 minutes before adding the neutralizer. Be sure to check

that upon adding the neutralizer the pH of the solution rises to a value between 6-7.

12. Store neutralized extracts at -80°C until analyzed for acetyl-CoA content. Acetyl-CoA

is viable for ~1 week at this temperature. Prior to analysis, thaw samples and vortex.

NOTE: Use the following dilutions for determining acetyl-CoA in RAT STIMULATED
muscle:

Rat stimulated muscle: 200 |iL of distilled water + 10 jiL extract (from PDHa analysis).

iii. Acetyl CoA

PROCEDURE:

1

.

Label 2 mL microtubes (in duplicate for the standard, triplicate for the samples - (A

sample: B sample: C (blank).)

2. Pipette appropriate amount of water plus appropriate amount of standard OR sample

into the microtubes.

3. Prepare reagent:





Incubate

5. Add 20 nL of 60 mM EDTA to each tube. Vortex and incubate at RT for 5 minutes.

6. Add 30 nL ofNEM (30mM) to each tube. Vortex and incubate at RT for 5 minutes.

7. Add 20 ^L of the prepared 14C-0AA PLUS 10 jiL of citrate synthase. Vortex and

incubate at RT for 20 minutes.

8. Make up the transamination mix during the above 20 minute incubation.

9. Add 30 ^L of the transamination reagent to each tube. Vortex and incubate for 20

minutes.

10. Prepare the Etowex resin. (60 g ofDOWEX into 100 mL ofdH20).

11. With the Dowex stirring, pipette 1.0 mL of the resin into each tube. Cap each tube

tightly and mix for ~2 minutes by inverting the rack.

12. Centrifuge the tubes at -3000 rpm for 3 minutes.

13. Pipette 500 \xL of the supernatant into the appropriately labeled scintillation vial.

Caution! Do not pipette any of the Dowex resin into the vials - will cause contamination.

14. Add 5.0 mL of scintillation fluid. Cap each vial and shake well.

15. Count each vial on the scintillation counter.
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APPENDIX 6

SIGMA MEDIUM-199 COMPOSITION

Product Name: Medium 199

Product Number: M4530

Components:





VITAMINS
Ascorbic Acid«Na 0.0000566

D-Biotin 0.00001

Calciferol 0.0001

Choline Chloride 0.0005

Folic Acid 0.00001

Menadione (sodium bisulfite) 0.000016

myo-Inositol 0.00005

Niacinamide 0.000025

Nicotinic Acid 0.000025

p-Amino Benzoic Acid 0.00005

D-Pantothenic Acid -'/jCa 0.00001

Pyridoxal-HCl 0.000025

Pyridoxine-HCI 0.000025

Retinol Acetate 0.00014

Riboflavin 0.00001

DL-a -Tocopherol Phosphate-Na 0.00001

Thiamine«HCl 0.00001

OTHER
Adenine Sulfate 0.01

Adenosine Triphosphate«2Na 0.001

Adenosine Monophosphate*Na 0.0002385

Cholesterol 0.0002

Deoxyribose 0.0005

Glucose 1 .0

Glutathione (reduced) 0.00005

Guanine»HCl 0.0003

HEPES —
Hypoxanthine 0.0003

Phenol Red-Na 0.0213

Tween 80 0.02

Ribose 0.0005

Thymine 0.0003

Uracil 0.0003

Xanthine«Na 0.000344
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