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ABSTRACT

THE INFLUENCE OF SKELETAL MUSCLE CELL VOLUME ON THE
REGULATION OF CARBOHYDRATE UPTAKE AND MUSCLE METABOLISM

Christopher M. Farlinger Advisor:

Brock University Dr. B.D. Roy

This study investigated the regulation of carbohydrate metabolism and glucose

uptake through changes in skeletal muscle cell volume. Using an established in-

vitro isolated whole muscle model, soleus (SOL) and extensor digitorum longus

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

containing Sigma medium-199 with 8 mM D-glucose altered to target osmolality

(hypo-osmotic: HYPO, iso-osmotic: ISO, hyper-osmotic: HYPER; 190, 290, 400

mmol/kg). Muscles were divided into two groups; metabolite (MM) and uptake

(MU). MM (N=48) were incubated for 60 minutes and were then immediately

flash frozen. MU (N=24) were incubated for 30 minutes and then the extracellular

fluid was exchanged for media containing ^H-glucose and ^'*C-mannitol and

incubated for another 30 minutes. After the incubation, the muscles were freeze

clamped. Results demonstrated a relative water decrease and increase in

HYPER and HYPO, respectively. EDL and SOL glucose uptakes were found to

be significantly greater in HYPER conditions. The HYPER condition resulted in

significant alterations in muscle metabolite concentrations (lower glycogen,

elevated lactate, and G-6-P) suggesting a catabolic cell state, and an increase in

glycogen synthase transformation when compared to the HYPO group. In

conclusion, skeletal muscle cell volume alters rates of glucose uptake with further

alterations in muscle metabolites and glycogen synthase transformation.
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CHAPTER 1: THE IMPORTANCE OF WATER AND HYDRATION

I. Introduction '

Water is a clear, colorless, odourless fluid that is often considered to be

the most important essential nutrient for all organisms (69, 118). Even under

optimal conditions, humans are only capable of surviving approximately seven

days without adequate water intake. However, rapid body water loss through

dehydration may prove fatal in a relatively short time, even within hours, as a

result of certain pathological conditions (i.e. gastroenteritis) (118). While

pathological conditions lead to the most serious cases of dehydration, fluid intake

and adequate hydration during exercise is essential during prolonged endurance

training and competition (116). A lack of proper hydration during exercise can

lead to decreased performance and a wide variety of heat related conditions,

possibly even death.

Water consumption provides no caloric value but is vital for the functioning

of other essential nutrients proper functioning, as most nutrients can only be

utilized by way of their reaction with water (118). Water is also the medium in

which most cellular reactions take place and constitutes the majority of body

weight (58, 118). This means that small decreases, as little as 1% water loss,

can result in a variety of conditions including: attenuated ability to regulate body

temperature, decreased plasma volume, increased plasma osmolality, decreased

electrolytes, decreased cell volume, and alterations in metabolism (116). All of
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these changes ultimately lead to decreased exercise performance and potentially

to a variety of serious medical conditions.

Besides water, carbohydrates (CHO) are another essential nutrient for

endurance exercise since fatigue during prolonged moderate intensity exercise is

typically attributed to a depletion of muscle glycogen (34). Thus, for events

lasting longer than one hour, it has been suggested that athletes consume a

source of CHO to attenuate the loss of CHO body stores (116, 118). The uptake

of CHO during exercise has been shown to increase time to exhaustion and

increase power output in endurance athletes. However, when the ambient and

core temperatures are elevated, muscle glycogen stores do not become fully

depleted at exhaustion (34, 35). To complicate matters, increased core

temperature is also coupled with a decreased ability to digest CHO (34, 35). This

results in less total exogenous carbohydrate oxidation in comparison to exercise

at cool temperatures (34, 35). Speculation into this matter suggests that

dehydration occurring from high exercise temperatures may have a disparaging

effect on CHO uptake and utilization. Thus, hydration effects on CHO metabolism

are of critical importance to researchers as the combination, hydration and CHO

metabolism, are two of the main contingents of endurance performance.

The exact mechanisms of hydration status, specifically cell volume, on

CHO utilization in skeletal muscle are largely speculative and for the most part

unknown. Thus, to develop a better understanding of this potential interaction,

this thesis will examine the physiological processes (i.e. cell volume, osmolality,

CHO metabolism) resulting from changes in hydration and cell water movement.
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II. Whole Body Hydration

Water Is essential for human life. The depletion of body water will not only

adversely affect human performance, but can seriously affect the health and

safety of an athlete (69, 71, 99, 102, 118). This Is in large part because water

makes up approximately 60% of an individual's body mass which constitutes 65

- 75% of the weight of muscle and about 50% of the weight of adipose tissue

(58, 71, 98, 99, 102). This large amount of water is important because it provides

the medium for biochemical reactions within cells and tissues and is essential for

maintaining adequate blood volume (101). Some essential functions of water in

the human body include: transport of nutrients and gases via aqueous solution,

expulsion of waste products through the water in urine and feces, lubrication of

many joints and protection of moving organs such as the heart, lungs, intestines

and eyes (71). Although these aspects are all very important, one of most

important aspects of body water, in relation to exercise, is that it is a tremendous

heat-stabilizing reagent. Water is able to regulate temperature by absorbing and

transporting the heat generated by muscle contractions (and other metabolic

processes) away from the source through the redistribution of the body's fluid-

containing spaces resulting in increased sweat rates (102).

To achieve this redistribution, body water, under normal resting conditions.

Is separated within the body's fluid-containing spaces or compartments. These

fluid-containing compartments can be subdivided into two main areas. The

Intracellular fluid compartment, (ICV or ICF; representing the area inside the

cells) which accounts for approximately two thirds of the total body water, or 40%
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total body weight, and is considered to contain roughly 30 L of water (98). The

second compartment, the extracellular fluid compartment (ECV or ECF;

representing the fluids surrounding the cells), accounts for approximately one

third of the total body water, or 20% of total body weight, and contains about 1

5

L of water (58, 71, 98). The extracellular fluid can be further divided into the

interstitial fluid (ISV or ISF; 12%) and the cell free Intravascular fluid. The ISV

flows in the microscopic spaces between cells to deliver nutrients and clear

waste. The cell-free intravascular fluid includes the plasma and transcellular

fluids (1%) such as cerebral spinal fluid, synovial, and digestive tract fluid's (58,

71). The volume of each fluid compartment represents the average of dynamic

exchanges of water between compartments since water volumes do not remain

static (71).

The movement of water between these compartments is facilitated by

osmosis which is defined as the diffusion of a fluid through a semi-permeable

membrane from one compartment to another (58, 71). This redistribution is

sustained by four main mechanisms: hydrostatic pressure, crystalloid pressure,

ion pumps, and colloid osmotic pressure. Hydrostatic pressure is the pressure

exerted by fluids against the walls of blood vessels causing the movement of

both fluids and solutes to cross the capillaries into the interstitial space (58).

Crystalloid pressure is the pressure exerted by solutes in solution such as

glucose and sodium, which combine with the solution to cross the capillary

membrane (58). The third mechanism of fluid shifts are ion pumps which use

energy provided by adenosine triphosphate (ATP) to move ions against a
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concentration gradient facilitating the movement of water (58). The final

mechanism, considered to be the main mechanism for water movement, is

colloid osmotic pressure.

Colloid osmotic pressure is the pressure exerted by large molecules in the

vascular compartment which do not typically cross the capillary membrane (58).

Because cell membranes are freely permeable to water, the pressure gradient

formed by large molecules and ions (typically glucose, urea, plasma proteins,

sodium, and chloride) results in an almost immediate flow of water into or out of

the cell (from low solute concentration to high solute concentration) until an

osmotic equilibrium is reached (58, 72). This pressure generated by the large

molecules is termed osmotic pressure, typically expressed as osmolality.

Osmolality represents the number of moles of solute per kilogram of solvent in

which the solutes are dissolved. The osmolality of a solution is expressed as

milliosmoles per kilogram of solution (mOsm/kg or mmol/kg) (58). Normal serum

osmolality is between 285 and 295 mOsm/kg water or 285 - 295 mmol/kg water.

The tonicity of a solution is typically reported in conjunction with

osmolality, as tonicity refers to the effects of the concentration or osmotic

pressure of dissolved particles on fluid movement (58). Thus, the tonicity (iso-

tonic, hyper-tonic, and hypo-tonic) directly determines the direction of the fluid

shift between intracellular and extracellular compartments. In an iso-tonic

solution, there are no net changes in fluid movement between intracellular and

extracellular compartments as the osmotic gradient is the same both inside and

outside the cell. However, in a hypo-tonic solution there is a decreased
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concentration of solutes in the extracellular connpartment (<285 mOsm/kg)

resulting in water being drawn from the extracellular fluid into the cell causing the

cell to swell (58, 61 , 72). This situation can be the result of either excess water

intake (hyper-hydration, sometimes observed by an athlete consuming extra

water before exercise in a hot environment) or sodium depletion (58). In contrast,

a hyper-tonic solution is the result of either a water deficit or an excess

concentration of sodium in the extracellular fluid (hypernatremia), which results in

an osmolality > 295 mOsm/kg. The resulting osmotic gradient causes fluids from

the intracellular compartments to be drawn out, increasing extracellular fluid

volume and causing cell dehydration and shrinkage (58, 72).

As indicated, cation and anion composition of the extracellular and cellular

fluid compartments create the tonicity of body fluids. These ions are present in

different concentrations depending on the fluid compartment. Sodium (Na*) and

chloride (CI) are the major cation and anion, respectively, in the extracellular

fluid (102). These two ions account for approximately 95% of the extracellular

fluid osmolality. Potassium (K*) is the major cellular cation, but is also present in

small quantities in the extracellular fluid. Phosphates and proteins comprise the

major cellular anions. The osmolality between intra and extracellular fluid

compartments, at rest, is theoretically equal and can be maintained in spite of

widely different constituent compositions (102). However, a change in ion

concentration will alter the tonicity and directly affect fluid movement.

A common change in tonicity, and resulting fluid shift, is typically in

response to exercise, which is exacerbated when the extemal environment is hot
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and/or humid. Activity forces an increased amount of heat to be dissipated, which

typically occurs through the release and eventual evaporation of extracellular

fluids (34, 58, 71, 98). If water is not supplemented, extracellular volume

decreases resulting in fluid shifts from the other compartments.

III. Whole Body Hydration

Physical activity increases total body metabolic rate in order to provide

energy for working muscles. Depending on the type of exercise, more than 70%

of energy liberated through metabolism can be released as heat and must then

be dissipated from the body to maintain themrioregulatory balance (98, 101, 102).

This excess metabolic heat is primarily dissipated through the evaporation of

sweat from the skin surface (76, 98). This mechanism is largely dependent on

environmental temperature, which affects the relative contributions of evaporative

and dry (radiative and conductive) heat exchange (98, 102). Thus, the hotter the

environment, the greater the dependence on evaporative heat loss resulting in an

increased rate of sweating and increased water losses (98, 102).

Progressive dehydration resulting from increased sweat rate and total

body water loss produces a disproportionately large reduction in plasma volume

(26, 77, 108). A reduction in plasma volume causes a relative increase in the

concentration of extracellular electrolytes and proteins because of the large

amount of water lost in sweat (21, 22, 97). The increased ion concentration

raises plasma tonicity (osmolality) and also creates a hyper-tonic extracellular

environment (76, 105, 108). The hyper-tonicity of the blood results in water
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redistribution from intracellular to extracellular compartments in order to maintain

blood (plasma) volume and a proper osmolality (97, 98).

The mobilization of water between compartments is well documented

through heat-induced dehydration (environmental conditions) in both animal and

human studies (23, 26, 76, 97, 100). Costill, Cote, and Fink found that increased

levels of dehydration (2.2%, 4.1%, and 5.8% body weight reduction)

corresponded with a linear increase in plasma osmolality (23). This increase in

osmolality was coupled with increased extracellular sodium concentrations

resulting from the decreased plasma volume. The increase in plasma osmolality

caused water to be drawn out of the intracellular compartments in order to

equalize the osmolality between compartments. Of the water lost during the 2.2%

dehydration trial, roughly 70% came from the ECV and 30% from the ICV

compartments. On the other hand, during the 4.1% and 5.8% dehydration levels,

the total water losses were nearly equally divided between ECV (48-50%) and

ICV (50-52%). The increase in ICV water loss with more pronounced dehydration

(4.1% and 5.8% groups) could be the result of water being sequestered from

glycogen breakdown and/or the redistribution of water away from inactive

muscles to maintain plasma volume (23, 29).

Similar results have been documented in animal models, as Durkot et al.

have reported that during heat-induced dehydration, fluids were shifted to the

vascular compartment to maintain plasma volume, thereby supporting

cardiovascular and thermoregulatory mechanisms (26). The authors indicated

that plasma volume was maintained as a result of the redistribution of water from
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the intracellular fluids. In this model, it was suggested that an increased hypo-

hydration would compromise all water compartments: this is supported by the

fact that multiple organ failure is nonnally observed with dehydration heatstroke

(58). Although heat-induced dehydration (environmental heat stress) is a

significant contributor to the amount of total water loss from the ECF and water

redistribution, it does not fully account for the loss (32). The volume and

distribution of fluids among the various body compartments can also be

influenced by muscle activity, exercise intensity, and duration.

The onset of exercise (muscle contraction) is characterized by a shift of

fluids from the extravascular spaces to interstitial spaces without any change in

body water content (20). This initial shift, occurring within minutes of muscle

activation, is thought to be the result of increased hydrostatic pressure due to an

increase in mean arterial pressure (MAP). The increase in MAP has been shown

to be directly related to a greater efflux of fluids from the plasma to interstitial fluid

compartments (74). This effective shift in fluids can be further enhanced by

increased exercise intensity. For example, Convertino et al. and Miles et al. have

both reported that early plasma volume decreases during exercise were linearly

related to the intensity of work until near maximum (21, 74). The authors

suggested the results were probably due to the aforementioned effect of

increasing MAP and the resultant increase in plasma fluid shifts. It should be

noted that these shifts in fluid do not result in any total water loss. Total water

loss primarily occurs when the duration of exercise is lengthened, as it has been

shown that increasing exercise duration directly affects total water loss (101).





However, when duration and intensity are combined, the same duration of

exercise at a higher intensity requires more heat dissipation and thus a greater

total waterless (101).

Dehydration from exercise and/or heat causes a decrease in performance

from attenuated stroke volume, reduced central venous pressure, and cardiac

filling, an inability to continue to dissipate heat, and from a variety of other

mechanisms (34, 98, 101, 108). Thus, adequate or greater than nornial hydration

(hyper-hydration) has been suggested to improve themrioregulation and exercise

heat perfomiance above normal hydration (101). The theory behind hyper-

hydration is that expanding body water might reduce the cardiovascular and heat

strain of exercise by expanding blood volume and reducing blood tonicity (101).

Attenuating blood tonicity could result in a decreased concentration gradient,

drawing less water out of intracellular fluid compartments. A decreased fluid shift

would preserve cell volume later in exercise, potentially allowing for increased

muscle performance, though research on skeletal muscle cells is still unclear.

However, it should be noted that although hyper-hydration might maintain

osmolality for longer, if fluids are not maintained dehydration and increased

osmolality will always result.

IV. Cell Hvd ration

Alterations to the extracellular and intracellular osmolality, as the result of

dehydration (water loss) or the loss/breakdown of osmotically active substance,

affects cell volume by forcing water to leave or enter the cells (60). To avoid

10





excess alterations in cell volume, cells have developed a number of different

regulatory mechanisms including: transport of ions across the cell membrane,

expression of enzymes or transporters, and alterations in metabolism (20, 60, 72,

82, 83, 94). The regulatory mechanisms not only serve to readjust cell volume

but also stimulate and affect a wide variety of other cell functions (20, 60). Thus,

cell volume is a vital component in regulating cellular performance/function.

a. Water Transport

The tonicity of extracellular and intracellular fluid is equal under steady-

state conditions. A change in solute concentration in either compartment

generates an osmotic gradient which results in the immediate or instantaneous

flow of water into or out off the cell until an osmotic equilibrium is re-established

(58, 61, 72). This transport of water was originally thought to be the result of

simple diffusion across the cell membrane (1). However, it has been recently

discovered that, in systems with high membrane water permeabilities, there

might be other pathways for water to cross the cell membrane (1 ). There is a

family of transmembrane proteins that exclusively or dominantly permeate water

and they have been collectively called aquaporins (1, 93, 114). The identification

of this family of proteins has established that along with diffusion, channel-

mediated water movement also exists (1).

Aquaporins are the major water channels in all physiological systems with

aquaporin-1 (AQP1) and aquaporin-4 (AQP4) being the main water channels of

skeletal muscle (30, 114). These channels permit a 10- to 100-fold higher

11
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capacity for water permeation than simple diffusion, while simultaneously not

transporting other solutes such as urea, glycerol, or even protons (1). The ability

of the aquaporin to shunt protons clarifies how the kidneys can reabsorb

hundreds of litres of water from glomemlar filtrate each day while excreting acid

(1). Aquaporin-1 channels have been detected primarily on the endothelial cells

of capillaries arranged between muscle fibres, whereas there is a strong

expression of AQP4 at the sarcolemma membrane of fast twitch fibres (30, 31 ).

This conclusion comes from experiments performed using rat extensor digitorum

longus (EDL) and soleus (SOL). Immunolocalization of AQP4 performed in EDL

revealed that the vast majority of fibres were labelled with AQP4 (31). In contrast,

soleus had only a few fibres expressing AQP4, likely the fast-oxidative glycolytic

fibres (31). This highly selective locafion of AQP4 at the sarcolemma membrane

of fast-twitch skeletal muscle suggests that the physiological role of AQP4 in

skeletal muscle may be linked to fibre metabolism or function (intracellular lactate

and other metabolites; discussed in Chapter 2). The authors support this

speculation by suggesting that the presence of AQP4 in skeletal muscle might be

important in resisting cellular fafigue by augmenfing water movement. Thus, the

concentrations of AQP4 in separate muscle groups might be directly related to

the type of muscular contractions normally undertaken by a given muscle. Fast

twitch fibres might contain greater amounts of AQP4 because of their need to

transport water to a larger cross sectional area and also possibly due to their

increased metabolic rate. Alternafively, with training or repetitive stimulation in

which some muscle fibres are more heavily engaged than others, it is possible

12
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that the most repetitively activated fibres (fast or slow twitch) might develop a

greater concentration of AQP4. Thus, the type of muscle fibre and the training

status might both affect the content of AQP4. This idea is speculative as there is

no clear research support to date.

In addition to passive diffusion and AQP water transport there are also a

number of cotransporters which can transport anywhere from 50 to 400 water

molecules per turnover. For example, there is a family of NaVglucose

cotransporters (SGLT) that are able to transport Na* ions, glucose and water

molecules across the plasma membrane into the cell in strictly stoichiometric

ratios (25, 64, 65, 104, 122). The cotransport involves two external Na* ions

binding to the SGLT which increases the affinity of the protein for a sugar

molecule, most notably D-glucose or D-galactose (62, 121). The binding of a

sugar molecule results in a conformational change in the cotransporter which

delivers the two Na* ions and sugar molecule to the other side of the membrane,

which results in water molecules being drawn through the cotransporter into the

cell. Approximately 260 water molecules flux into the cell per turnover,

approximately 1000 cycles per second, which could augment cell hydration when

extracellular glucose is elevated (121).

The family of SGLTs consists of six isomers though a specific muscle

Isomer has yet to be identified (64, 65). Instead, it has been shown that the

SGLT3 isotope, which is expressed in most tissues in the body, is also largely

expressed in skeletal muscle (64, 65). Of interest however is that this isomer

does not function exactly like other SGLTs as it is unable to transport glucose
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into the cell (64, 65). Instead, SGLT3 is believed to function as a glucose sensor,

conveying information to the cell regarding the extracellular glucose

concentration (103). Therefore, the SGLT3 functions are similar to other isomers,

except it does not transport glucose into the cell. When extracellular glucose is

elevated SGLT3 binds with two Na* ions and transports them inside the cell

along with the -260 molecules of water. Although AQP are likely the primary

mechanism of water transport, the use of SGLT3 could present a method by

which elevated extracellular glucose concentrations are able to augment cell

hydration status and the movement of water into the cell.

b. Cell Volume Regulation

Maintenance of a constant volume in the face of extracellular and

intracellular osmotic perturbations is a critical problem faced by all cells (72, 82).

Most cells respond to swelling or shrinking by activating specific metabolic or

membrane-transport processes that return cell volume to its normal resting state

(72). These mechanisms are triggered almost immediately after minute

alterations in cell volume: they not only readjust cell volume but also profoundly

modify a wide variety of cellular functions (i.e. glycolysis, proteolysis) (60). Thus,

the cell volume regulatory machinery is an integral element in maintaining proper

cell function.

There are two main mechanisms proposed for sensing changes in cell

volume (75, 83). The first is the volume signals arise from mechanical events,

such as bending or stretching of the membrane, or rearrangement of structures
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within the cell (83). The second is that volume is sensed by virtue of changes in

the concentrations of cellular components such as water, salt, or cytoplasmic

proteins (83).

The first theory that cell volume change is sensed by mechanical events is

an attractive theory, since cell structure is directly affected by volume change

(82). This has been investigated by measuring the effects of stretching the

membrane of red blood cells. Investigations have shown that a stretch receptor

would be inadequate for sensing cell volume changes because it would only

react when a cell increased in size (hypo-osmolality) (18, 19). Colclasure and

Parker concluded from studies involving red blood cells that activation of NaVH"^

cotransport was not due to decreases in cell volume as such, but rather due to

an increase in the concentration of the cell contents (18, 19, 75). The authors

conclude that instead of mechanical structure receptor, sensing intracellular

osmolality to control cell volume would fall under the theory of macromolecular

crowding.

The possibility of macromolecular crowding is based on the theory that it is

not cell volume per se that is regulated but the state of intracellular water (75,

82). This theory, as proposed through a quantitative anecdotal model (no current

research support) by Minton et al. proposes that small dilutions of total cytosolic

protein from changes in cell size can exert non-specific effects to change

reaction rates and influence the cell's volume (75). In their proposed model,

Minton et al. indicated that the activation of volume-sensitive transporters maybe

regulated by the degree of phosphorylation of a transporter, which, in turn is
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controlled by two soluble enzymes, kinase and phosphatase (Figure 1.1) (53, 54,

75, 87). This idea is supported by suggestions that coordination between

shrinking and swelling activated transporters is controlled by the phosphorylation

state of a regulatory molecule (83).

c II
^Swelling-activated transport

^ Regulalof ^
-"Phosphatase

-

Phosphorylatecl~inactive Oephosphorylated-active

"Kinase-

oKj i..-^ ^\k.Shrinkage-activated transport
^''^"'^ ^(RVQ

Figure 1,1: Proposed regulatory volume increase and decrease mechanism -

adapted from Minton et al and Parker et al. (75, 83)

Minton et al. indicated that cell swelling mechanisms could possibly result

in the inhibition of kinase relative to phosphatase activity, thereby increasing the

steady state concentration of the active form of the transporter (Figure 1.1) (75).

This means that cell swelling might increase phosphatase activity leading to

increased KCI transport to decrease cell size back closer to normal. During cell

shrinkage, there potentially could be an increased kinase (requiring energy)

activity which would result in augmented activation of Na*-K*-2Cr cotransport to

increase cell volume. These two mechanisms of regulating cell volume after

change are referred to as cell volume regulatory decrease (RVD) and cell volume

regulatory increase (RVI), respectively.

As previously stated, the RVD and RVI mechanisms to correct acute

deviations in cell volume occur through activation of specific transporters in the

plasma membrane that mediate net fluxes of osmotically active molecules (and

therefore influence the flow of water) (82). RVI is typically the result of volume
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regulation occurring primarily through electroneutral transporters, principally the

Na*-K*-2Cr cotransporter (NKCC1). the Na^H* antiporter (NHE1), and the Na*-

K* pump (82).

HCC^-

Na-K pump

> I V

Figure 1.2: Transporters involved in regulatory volume changes (82)

NKCC1 mediates coupled influx of Na*, K*, and CI" and is found in virtually

all cells and is inhibited by high intracellular CI' concentrations. NHE1, which is

an isoform of NHE, produces a net influx of ions by coupling with CiVHCOa'

exchange (Figure 1.2). The combined effect is an influx of Na* and CI' with efflux

of H"^ and HCO3". The later ions combine to form CO2, which diffuses back into

the cell to regenerate H"^ and HCO3'. The net result is an influx in NaCI which Is

accompanied by an inward flow of water. The Na*-K* pump is also involved in

RVI as it exchanges intracellular Na* for extracellular K*. By maintaining a low

intracellular Na* concentration, the Na*-K* pump regulation results in a low

intracellular CI' concentration (82).

RVD is considered to be much less complex than RVI. RVD is generally

accomplished by the release of ions from the cell which results in the efflux of

water. The transport systems most often activated by cells during periods of

increased cell volume are separate K* and anion channels (60). The K* channels
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involved are usually large-conductance, Ca^* activated channels (82). The

conductance through the anion channels is quite non-selective and can include a

variety of organic anions in addition to CI', thus these channels are termed

volume-sensitive organic anion channels (VSOAC; i.e. HCO3"). The reason for

these ambiguous anion channels is that intracellular CI' concentration might be

low or could reach equilibrium before RVD is complete (82).

In addition to VSOAC, K*-CI' cotransporter (KCC) transports K* and CI'

stoichiometrically in either direction across the plasma membrane (82). This

transporter is activated when intracellular CI' concentrations are high, which is

typically seen when cells are swollen (82). Thus, the KCC transporter is capable

of lowering the intracellular CI' concentration helping to decrease cell volume.

Although these processes are thought to occur regularly in skeletal muscle

in response to cell volume changes, the mechanisms by which swelling or

shrinking activates specific volume-sensitive ion channels are poorly understood.

Thus, studying the effectiveness of a specific ionic channel would have to be

accomplished using a variety of specific blockers to eliminate individual volume

restoration mechanisms.

c. Hypertonic/Hypotonic vs. Iso-osmotic Shrinkage/Swelling

It is important to distinguish the difference between cell volume changes

as the result of hyper-tonic and iso-osmotic shrinkage. Hyper-tonic shrinkage

only removes water from the cell whereas iso-osmotic shrinkage involves the

loss of osmotically active molecules which brings water with them (82). This

differentiation is important because RVI is commonly seen after iso-osmotic
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shrinkage but is infrequent after hyper-tonic shrinkage. It has been previously

stated by O'Neill that it appears that volume-regulatory pathways in mamnnalian

cells are designed with the dual purpose of avoiding RVI after hyper-tonic

shrinkage yet mediating rapid volume recovery after iso-osmotic shrinkage (82).

Speculation into this matter reveals the following possible explanations. Periods

of water deprivation in mammals is quite common and can be devastating if

blood volume is not maintained. Thus, the absence of RVI helps maintain

vascular volume during water deprivation, essentially meaning intracellular fluid

stores are serving as a water reservoir and thus can tolerate a sustained

reduction to preserve the organism as a whole (82).

On the other hand, it seems that all cells respond to hypo-tonic swelling

with an RVD, but the response is typically slower than an RVI and the cells

remain somewhat swollen (82). A failure to completely disperse water from the

cell has remained a mystery, but it is has been suggested that the increased cell

size is an adaptation from being in a hyper-hydrated state (82). The RVD

mechanisms for hypo-tonic and iso-osmotic situations still remain largely

unknown.

It is clear that cells rapidly undergo changes in water volume and ion

concentration during periods of fluid shifts. Following a shift in fluids, there are

cellular mechanisms which facilitate changes in cell volume so that volume may

be returned to a homeostatic level. However, it is of interest what effects these

changes in cell volume have on the metabolic and performance characteristics of

functioning skeletal muscle.
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CHAPTER 2: CARBOHYDRATE METABOLISM

The human body requires a continual supply of chemical energy to

perform its many complex tasks including exercise (70). The energy required for

muscular contraction comes from the transfer of energy from chemical bonds.

This chemical energy is provided by dietary macronutrients such as

carbohydrates, fats, and proteins. Metabolic reactions harness energy stored in

the macronutrients, and this energy is used to phosphorylate adenosine

diphosphate (ADP) to adenosine triphosphate (ATP) (46). Contracting muscles

can then release the stored energy through ATP hydrolysis, cleaving one of the

phosphates from ATP, resulting in ADP and inorganic phosphate (Pj). The

energy released is utilized by various ATPases within the muscle. This overview

elucidates the importance of maintaining sufficient ATP levels by actively

rephosphorylating ADP to ATP.

As indicated, the immediate source of energy for muscle contraction

comes from the hydrolysis of ATP. ATP exists in very low concentration in the

muscle, and regulatory mechanisms appear to prevent its complete degradation,

and thus, the body has developed well regulated metabolic pathways to

regenerate ATP to allow muscle contraction to continue (36, 37). The

regeneration of ATP involves three distinct, yet closely integrated, processes that

operate together to satisfy the body's energy requirements (36). Because this

investigation is focused on CHO, specific fat and protein metabolic pathways will

not be discussed.
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The first process, which will not be discussed in-depth, involves the

splitting of the high-energy phoshagen, phosphocreatine (PCr), which, along with

the stored ATP, produces an immediate source of energy for intense or explosive

exercise (36). The stored PCr is able to phosphorylate an ADP by creatine

kinase which results in ATP and creatine (Cr). This reaction is extremely fast and

does not provide a significant amount of long term energy.

I. Glvcolysis

The primary fate of glucose transported into the cytoplasm of skeletal

muscle during exercise is oxidation (111). Once free glucose has entered the

cytoplasm it must first be phosphorylated by hexokinase (HK) to glucose-6-

phosphate (G-6-P) in order to enter the glycolytic pathway. HK is a non-

equilibrium enzyme which, unlike near-equilibrium enzymes (only stimulated by

substrate and product concentration), is regulated by allosteric mechanisms

related to the intensity of muscle contraction and the severity of the demand for

ATP (110). In addition to a different mechanism of activation, non-equilibrium

enzymes have lower maximal activities than near-equilibrium enzymes (110).

The combination of allosteric and some substrate concentration regulation

(depending on the situation), allows HK to be stimulated by insulin as well as the

concentration of free glucose, thus allocating greater glucose utilization when

glucose transport into the cell is high (7). HK can further be regulated by G-6-P

concentrations as elevated G-6-P, typically from increase glycogen utilization,

can down regulated HK thus sparing free glucose (67).
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The next important step in the glycolytic pathway after the phosphorylation

of glucose is the conversion of ATP and fructose-6-phosphate (F-6-P) to ADR

and fructose 1, 6-disphosphate, respectively. This reaction is regulated by

phosphofructokinase (PFK) which, like HK, is a non-equilibrium enzyme that is

regulated by a number of allosteric modulators, the most powerful being ATP.

While ATP is also a substrate for the reaction, high concentrations at rest allow

ATP to bind to an allosteric or regulatory site on PFK and decrease the binding of

F-6-P to its active site, thereby inhibiting PFK (8). Furthermore, the strength of

ATP allosteric binding to PFK can be augmented by citrate and H* (8). During

exercise, there is an increase in PFK activity due to an increase in the turnover of

ATP with a subsequent rise in ADP, Pi and AMP (111). The rise in these

metabolites reduces the affinity of ATP binding to PFK, thus resulting in

increased PFK activity despite increases in citrate and H* at the higher aerobic

power outputs (8, 109, 111).

In order to meet the increase in energy turnover during exercise, there

needs to be an influx of substrates into the glycolytic pathway in addition to the

increased PFK activity (109). This is achieved through the activation of glycogen

phosphorylase, which increase the rate of F-6-P production for the PFK reaction

(111). ;3-^ • .;>.

II. Glycogenolvsis

The decrease in cellular energy caused by muscle contraction, especially

in intense exercise, increases the glycolytic rate of the cell. This decrease in
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cellular energy must be coupled with greater metabolism of substrates,

specifically CHO's, and their entry into the glycolytic pathway. In skeletal muscle,

CHO (glucose) is stored as glycogen granules and serves as a rapidly

expendable source of energy when needed (106). The glycogen granules are,

however, not merely a storage site for CHO, but also house an independent

organelle-like structure, or glycosome (106). Like other non-membranous

organelles such as ribosomes, the glycosome is a specialized, functionally

independent unit containing its own enzymatic machinery. The most commonly

studied enzymes within the glycosome are glycogen synthase (discussed later)

and glycogen phosphorylase (PHOS) which are key enzymes in the synthesis

and degradation of glycogen, respectively (106). However, several other proteins

known to associate-dissociate with the glycogen granule have also been proven

to be important in its metabolism (106). These proteins include glycogenin, the

protein responsible for initiating glycogen granule formation, as well as glycogen-

targeting proteins (branching and debranching enzymes), which act as

scaffolding proteins, orienting the glycogen branches to other glycogen-

metabolizing proteins (106).

The initial step in glycogen degradation is the cleavage of one glucose

residue from glycogen to form glucose-1 -phosphate (G-1-P) which is then

converted to G-6-P by phosphoglucomutase to enter glycolysis (91, 92, 111).

The degradation of glucose from glycogen is controlled by the rate-limiting

enzyme PHOS which exists in two states: as a less active b form, and a more

active a forni (111). PHOS b is phosphorylated to PHOS a by phosphorylase
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kinase and returned to the b form by phosphorylase phosphatase (91, 92, 111).

The transformation of PHOS to the more active form occurs with the onset of

exercise due to the activation of PHOS kinase by Ca^* and, to a lesser extent,

epinephrine (15). 4 ^i u ' . , -^ . 4^
:'

The second step in glycogen degradation control serves as a post-

transfomnation mechanism to "fine-tune" the flux through PHOS based on the

energy status of the cell (16, 47, 92, 1 1 1 ). This "fine-tuning" of PHOS activation is

thought to occur because at the onset of exercise there is almost always an initial

excess transformation of PHOS to the a form (16, 47, 92, 111). An over-

transfomnation to PHOS a during aerobic activity is likely due to the fact that

these aerobic power outputs are less than 10% of that required during high

power outputs associated with sprint exercise (111). Thus, at the start of exercise

the metabolic pathways prepare themselves for maximal type exercise, and

adjust the flux later to meet actual requirements. The "fine-tuning" occurs from a

mismatch between ATP demand and aerobic ATP production during the initiation

of exercise. This results in the accumulation of ADP, AMP, and Pi within the cell

which all work to regulate the actual flux through the PHOS reaction, since free

Pi is a substrate for the reaction and free AMP is an allosteric regulator of the

enzyme.

III. Pyruvate Dehydrogenase

In exercising muscle, glycolysis and glycogenolysis set the rates of

glucose and glycogen utilization (111). However, subsequent CHO transport into
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the mitochondria (conversion of pyruvate to acetyl CoA) for further oxidation is

prinnarily regulated by the mitochondrial pyruvate dehydrogenase (PDH)

complex, which consists of several enzymes (111). Pyruvate dehydrogenase (the

regulatory enzyme in the complex) exists in a non-active b form and an active a

form. The transformation of PDH is regulated by PDH kinase and PDH

phosphatase which deactivate and activate PDH, respectively. PDH kinase is

highly regulated, inhibited by pymvate and high ratios of coenzyme A/acetyl CoA

and NAD/NADH and is stimulated by a high ATP/ADP ratio whereas PDH

phosphatase is stimulated by Ca^* and insulin (86, 90, 117).

At rest there are high ratios of ATP/ADP and low ratios of coenzyme

A/acetyl CoA and low pymvate concentrations which keep PDH kinase activated.

These ratios and concentrations are combined with low concentrations of Ca^*

which keep PDH phosphatase relatively inactive (111). Thus, these mechanisms

result in only a small amount of PDH to be in the active form. During exercise,

the increased turnover of ATP reduces the ATP/ADP ratio which, when combined

with an increase in pyruvate (from increased glycogenolysis and glycolysis) and

Ca^*, results in an increased amount of PDH in the active form (48). The reduced

ATP/ADP attenuates PDH kinase while the increase in Ca^"^ works to activate

PDH phosphatase (48).

The PDH transformation to the active form has been shown to be directly

related to increasing power outputs (intensity) and the calculated flux through the

enzyme in most exercise situations (47). Howlett at al. indicated that the rise in

PDH transformation is likely due to increased Ca^* and/or increased pyruvate
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concentrations that occur with increasing exercise intensity (47). The Ca^* would

also increase PHOS activity and subsequently pyruvate concentration which

would further stimulate PDH and increase PDH flux. The exercise-induced

alterations in the energy state of the cell would then "fine-tune" the activity of

glycogenolysis, and thus pyruvate delivery, with an overall effect of regulating

PDH flux and CHO metabolism.

IV. Lactate Dehydrogenase

Carbohydrate metabolism through the glycogenolytic/glycolytic pathway

results in the production of pyruvate, which then has one of two possible fates: (i)

it can be metabolized in the cytoplasm or (ii) it can be transported across the

inner mitochondrial membrane and metabolized inside the mitochondria (111).

The latter metabolic pathway involves the conversion of pyruvate to acetyl CoA

by the aforementioned PDH enzyme (111). This pathway occurs during periods

of low to moderate energy turnover as PDH is able to shuttle most pyruvate into

the mitochondria for oxidation. However, at high power outputs, with higher rates

of ATP turnover, activation of the glycolytic pathway increases due to increased

Ca^* release and accumulations of ADP, AMP, and Pi; this results in increased

rates of pymvate production, thereby exceeding the ability of PDH to metabolize

pyruvate (47, 88, 112). The excess pyruvate is then converted to lactate with the

oxidation of NADH to NAD in the lactate dehydrogenase (LDH) reaction (47, 88,

112). The conversion of pyruvate through LDH is also critical as it regenerates

NAD* so that anaerobic glycolysis can continue.
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Skeletal muscle LDH Is present in two isoforms, a muscle form and a

heart form, with the muscle form favouring the production of lactate (111). LDH is

a near-equilibrium enzyme meaning (as previously indicated) that it is not under

covalent or allosteric regulation but is sensitive to the concentrations of

substrates (pyruvate) and products (lactate) (111). Therefore, the increased

pyruvate concentration causes increased flux through LDH to lactate resulting in

higher cellular lactate levels. This reaction yields much less energy than oxidative

mechanisms (3 mmol ATP/ mmol glucose vs. -39 mmol ATP/ mmol glucose).

The Vmax (velocity of reaction) of LDH is several times greater than the combined

activities of enzymes which provide alternative pathways of pyruvate metabolism

(111). Thus, when a large amount of energy is needed quickly, as during the start

of intense exercise, there is a large build-up of lactate because of the increased

flux through LDH. >. ,.
i

V. Glucose Transport

During the initial periods of moderate exercise the contribution of blood

glucose to ATP synthesis is relatively minor but, as exercise continues or

intensity increases, glycogen stores become depleted and the contribution of

blood glucose becomes more substantial. In such instances, decreased muscle

glycogen, the contribution of blood glucose for oxidative metabolism can reach

-35% of leg oxidative metabolism and -100% of muscle carbohydrate

metabolism depending on the level of glycogen degradation (96). The transport

of glucose from the blood to the muscle (glucose uptake), can be theoretically
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regulated by three mechanisms: glucose delivery to skeletal muscle cells,

surface membrane permeability to glucose (i.e. glucose transport), and flux

through intracellular metabolism (96). However, it is thought, and generally

accepted, that the rate limiting step in glucose utilization is glucose transport

(111). In skeletal muscle, glucose transport can be activated by two separate

pathways: one stimulated by insulin, insulin mimicking agents, and/or insulin like

growth factor; and the other activated by muscle contraction/exercise. There is

also some suggestion that there might be stimulation of glucose uptake from a

hyper-tonic environment (38, 57, 63).

There are six different glucose transporters (GLUT) identified in the

human body, with skeletal muscle expressing the unambiguous GLUT1 and

GLUT4 isoforms (111). The GLUT1 isoform, believed to be found in every tissue

of the body, is responsible for basal glucose uptake and is found only on the

plasma membrane and does not change with stimulation (111). In comparison,

GLUT4 is highly expressed in muscle and is located on the surface of the

sarcoiemma and inside the skeletal muscle cell in association with the Golgi

apparatus (111) (Figure 2.1). Other than location, GLUT4 differs from GLUT1 in

the fact that the cytoplasmic pool of GLUT4 is able to translocate to the

sarcoiemma in response to insulin and/or muscle contraction (24, 111). The

importance of this translocation has been previously shown through

photolabeliing assays as contraction-induced glucose transport was completely

accounted for by the translocation of GLUT4 (68).
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The exact mechanisms and signalling pathways that facilitate the

translocation of GLUT4 to the surface of the sarcolemma are not completely

clear. It has been proposed that there are two levels of regulation. One level

might be related to the stimulation frequency of the motor neuron and thus, this

signalling pathway may involve Ca^Vcalmodulin dependent protein kinase and

some isoforms of protein kinase C (50). The second level of regulation is thought

to be related to the actual metabolic status of the contracting muscle (50). The

metabolic state would represent energy charge, ion balance, pH and substrate

levels, and may implicate the 5'AMP-activated protein kinase (AMPK) (50). Thus,

there are many factors within the cell that could possibly contribute to GLUT4

translocation.
'.''

Figure 2.1 : GLUT4 storage and translocation (96)
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Figure 2.1 outlines some of the previously explained mechanisms for

GLUT4 translocation. As shown, the "vesicle" ring with GLUT4 transporters

around the outside represents the intra-muscular pool of GLUT4. The arrows on

the left indicate that GLUT4 on the sarcolemma membrane bring glucose into the

cell where it goes through glycolysis to produce ATP for contraction. This results

in AMP, which can activate AMPK, thus stimulating more GLUT4 to be

translocated to the sarcolemma membrane. The right side of the figure shows

how an electrical stimulus results in the release of Ca^* from the sarcoplasmic

reticulum. The Ca^* release stimulates calmodulin which, in addition to AMPK,

can further stimulate GLUT4 to be translocated to the sarcolemma membrane.

Two of the main factors relevant to this discussion are contraction and

insulin-induced GLUT4 translocation. Lund et al. previously investigated the

acute effects of contraction and insulin on glucose transport and GLUT4

translocation (68). From their findings, the authors indicated that glucose uptake

was increased as a function of the frequency of soleus contraction with the

maximal glucose transport activity achieved at 10 Hz for 5 min. However,

although glucose uptake increased with frequency, the maximal contraction

mediated glucose uptake only represented -60% of the glucose uptake induced

by insulin at a maximally stimulatory concentration of 1 .0 mU/ml. The combined

effects of maximal insulin stimulation with high-frequency contractions resulted in

a glucose uptake significantly higher than that mediated by insulin or contraction

alone (approximately additive). The authors concluded that there was increased
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glucose uptake when progressing from contraction, to insulin, to a combination of

both (combined > insulin only > contraction only > rest) (68).

It has recently been reported that hyper-osmolality can also mimic the

effects of insulin on GLUT4 translocation and glucose uptake in muscle (38). In

2001, Li et al. investigated how insulin and hyper-osmolality affect the recycling

of GLUT4 in L6 muscle cells in culture (63). More specifically, they examined

how each stimulus modulates the exocytotic and endocytotic arms of GLUT4

translocation and evaluated whether either stimulus recmited GLUT4 from

separate intracellular pools (63). The results of their study indicated that both

insulin and hyper-osmolality induced subcellular redistribution of GLUT4 to the

plasma membrane. Further analysis revealed that insulin primarily stimulated

GLUT4 exocytosis, while hyper-osmolality largely prevented endocytosis. The

authors also indicated that insulin and hyper-osmolality recruit GLUT4 from

separate intracellular pools. Furthermore, the lack of endocytosis of GLUT4

under hyper-tonic conditions may be feedback resulting from elevated glucose

concentrations such as in Type II diabetic populations. High blood glucose levels

would increase osmolality. Thus, increased plasma membrane GLUT4

concentrations may be necessary for the cell to effectively take up glucose as

insulin effects are largely insignificant due to insulin insensitivity. This

investigation did not directly observe an increase in glucose uptake, thus it can

only be speculated that an increase in surface GLUT4 from hyper-osmolality has

some affect on glucose uptake kinetics. nr'

-
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VI. Glycogen Synthesis

Excess CHO (glucose) Is stored as glycogen in muscle and liver with

muscle glycogen thought to be stored in a 1:3 ratio with water (1g glycogen: 3g

water) (107). The formation of glycogen involves the conversion of G-6-P to G-1-

P by the phosphoglucomutase enzyme. From here G-1-P is then converted to

uridine diphosphate (UDP) glucose which glycogen synthase then converts to

glycogen (106). Glycogen synthase (GS) works with another enzyme, branching

enzyme, to form larger more complex glycogen molecules. GS attaches 10 - 18

UDP glucose residues via a-1,4 glycosidic linkages to the distal end of a growing

chain while branching enzyme creates a-1,6 glycosidic linkages (12). The

processes between the GS and branching enzyme occur repeatedly in order to

form the branched structure of a mature glycogen granule.

The GS enzyme is regulated by substrate concentrations as well as both

covalent and allosteric modification with up to 10 viable phosphorylation sites. It

is least active in its phosphorylated form (GSd; dependent) which is dependent

on G-6-P for activity, while the dephosphorylated form (DSi; independent) is the

more active and not dependent on G-6-P for activity (12, 79-81). Therefore, there

is a range of activity levels for glycogen synthase that depends on the occupation

of many of the 10 phosphorylation sites resulting in a varied sensitivity to G-6-P

(106). The reason for the varied sensitivity is that the phosphorylation of different

sites alters the kinetics of GS in a non-linear manner. Hutson et al. found that

there are specific sites that can alter the activity of glycogen synthase more than

others (49). The level of phosphorylation of specific receptors can directly
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influence degree of GS. As far as total phosphorylation is concerned, there is

mixed evidence as to whether there is a strong correlation between total GS

phosphate release and GS activity (49, 56). Thus, the phosphorylation and

activity of GS depends on a variety of factors.

In glycogen metabolism, phosphorylase kinase (PhK) is the key enzyme in

the Ca^* dependent activation of glycogen phosphorylase (95). As a result, there

is a decrease in GS activity during muscle contraction due to elevated Ca^* and

cAMP levels (106). This decrease in enzyme activity is important because as

duration or intensity of exercise increases there is going to be an augmented

need for glycogen breakdown. Thus, part of the regulatory response is to stop

synthesis production in favour of glycogen degradation, and allow coordinate and

reciprocal regulation of GS and PHOS.

On the other hand, dephosphorylation occurs through the actions of

protein phoshatases. In glycogen metabolism, protein phosphatase-1 (PP1)

catalyzes the dephosphorylation of GS, PHOS and PhK (95, 106). This

dephosphorylation results in the activation of GS and the inhibition of PHOS

which in turn leads to net glycogen synthesis. PP1 is known to bind the glycogen

granule and includes numerous subunits including a catalytic subunit (C1) and

other noncatalytic subunits which are collectively known as glycogen targeting

subunits (79-81, 106). Glycogen targeting subunits bind to GS, PHOS, and PhK

and the glycogen granule itself, orienting the catalytic subunit of PP1 to specific

subcellular locales close to glycogen depots thus regulating its activity (79-81,

33



*' '*
'

''•

':
- --

ar



106). In essence, these subunits, act as "molecular scaffolds", mediating

glycogen granule organization and metabolism (79-81, 106).

CHAPTER 3: CELL VOLUME AND CHO METABOLISM

As previously indicated, cellular hydration is dynamic and changes

frequently to accommodate for changes in extracellular osmolality caused by

dehydration, hormones, nutrients, and oxidative stress (41). The resultant

changes in cell volume are opposed by regulatory mechanisms (i.e. RVI and

RVD); however, these mechanisms are suggested to only prevent excessive

changes in cell size and do not completely restore the initial cell volume. The

extent of this volume deviation is important because small fluctuations act as a

separate signal for cellular metabolism. This change in metabolism creates a

simple but elegant method for the adaptation of cell function to environmental

challenges. Cell volume homeostasis thus represents the integration of events

that allows cell hydration to play a regulatory role in cell function. Previous

research has indicated that changes in cell volume can regulate the anabolism

and catabolism of CHO, fat, and protein in hepatocytes, myotubes and skeletal

muscles as increases and decreases in cell volume are considered anabolic and

catabolic, respectively (2. 5, 41,43, 73, 84, 94) ,., . j-.„. ;.,,.;-..
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I. In-Vitro Hepatocytes ' -r v-.^''^ v-: ' '

Hepatocellular hydration is a major point of proteolytic control. Cell

swelling has been shown to inhibit protein breakdown, while, conversely, cell

shrinkage has been shown to stimulate protein breakdown (41, 43). Haussinger,

in a review of cellular hydration function, suggested that there is a close

relationship between proteolytic activity and hepatocellular hydration, regardless

of whether the latter is modified by hormones, glutamine, glycine, alanine, bile

acids, the K+ channel blocker Ba^*, or anisotonic exposure (41). These results

indicate that hydration changes are a common mechanism underlying proteolytic

control by these heterogeneous effectors. A change in cell volume from hypo-

osmotic media can increase hepatic alanine and glutamine uptake, and alter the

intracellular degradation rate of amino acids resulting in the net influx or efflux of

amino acids (41). The alteration in plasma amino acid concentrations is also

coupled with evidence that cell volume also influences the amount of amino acid

on the plasma membrane (38, 42, 63). Thus, a change in amino acid

concentrations, specifically plasma membrane amino acid concentrations, could

alter CHO uptake (38, 63).

Like protein metabolism, CHO metabolism in the liver is critically

dependent upon the hepatocellular hydration state. Hepatocyte swelling inhibits

glycogenolysis and glycolysis, while simultaneously stimulating glycogen

synthase activity and lipogenesis; the opposite effects occurring in response to

cell shrinkage (41). It has been proposed that the increase in glycogen synthesis

as a result of cell swelling is partially due to a decreased intracellular CI' ion
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concentration (41). Meijer et al. found that hepatocyte swelling by hypotonic

media led to an electrogenic K* efflux that resulted from the activation of K*

channels (73). This corresponded with an efflux of CI' ions because CI" are

permeant ions and will distribute across the membrane according to the

membrane potential. Thus, a hyperpolarization of the liver cell led to a fall in

intracellular CI' concentration. The decrease in intracellular CI' concentration is

believed to relieve the inhibition of glycogen synthase phosphatase. This is

supported by Van Schaftingen & Vandercammen who found that increased rates

of glucose phosphorylation paralleled cell swelling and was dependent on the

intracellular CI' ion concentration (113). Increased intracellular CI' concentrations

led to an increase in glucokinase inhibition of glucose phosphorylation. During

periods of cell swelling however there were decreased intracellular CI'

concentration and thus an increase in glycogen synthesis.

Cell volume change does not only affect CHO metabolism but also has a

concomitant affect on lipogenesis and lipolysis. The influence of cell volume on

lipid metabolism is based on the fact that hyper-osmotic media has been shown

to inhibit both glycogen synthase and acetyl-CoA carboxylase activation while a

hypo-osmotic medium activates both enzymes (5). Guzman et al. observed that

when cells were exposed to a hypo-osmotic medium there was a reduction in

camitine palmitoyltransferase I activity (39). The authors reported that the

reduced carnitine palmitoyltransferase I activity was in conjunction with the

stimulation of acetyl CoA carboxylase and glycogen synthase activity. These

findings are important because acetyl CoA carboxylase is a key enzyme in fatty
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acid synthesis. The results of these studies, combined with increased glycogen

synthase activity, give an indication that in hepatocytes hypo-osmotic conditions

result in a true anabolic cell state as few metabolites are being broken down.

II. In-Vitro Rat Experiments

As previously indicated cell volume changes directly influence the

anabolic/catabolic nature of liver cells; however, the effects on skeletal muscle

are still somewhat speculative. In 1996, Low et al. investigated whether glycogen

synthesis was altered by changes in cell volume by studying myotubes In primary

culture exposed to solutions of different osmotic potential (66). The authors

believed that exposure to a hypo-tonic media would promote an anabolic state in

which glycogen synthesis would occur. This hypothesis was based on the

previously mentioned research which indicated a direct link between liver cell

size and glycogen synthesis. Glycogen synthesis was found to be increased by

75% after swelling induced by exposure to hyposmotic media (170 mmol/kg)

relative to isosmotic control (300 mmol/kg) values; additionally, it decreased by

31% after shrinkage induced by 60 min exposure to hyper-osmotic (430

mmol/kg) media. Although these findings were the first to indicate that the

influence of cell volume on glycogen synthesis in myotubes is similar to that of

hepatocytes, it should be noted that there was no measure of cell volume

change. Changes in cell volume were putatively based on the osmotic media;

however, previous research in our lab has confirmed that muscle cell volume
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does change at the previously reported osmolalities (3, 66), thus, further

supporting these findings.

However, the previous results of Low et al. were contradicted by Brunmair

at al. in 2000 (11, 66). Bmnnnair et al. examined the effects of varying osmotic

media exposure on glucose metabolism in freshly isolated rat soleus strips. The

results of the study indicated that hypo-osmotic media reduced net glycogen to

52%, while hyper-osmotic media stimulated glycogen storage to 231% of iso-

osmotic control. Thus, these results contradict those previously described for

hepatocytes and cultured myotubes. However, there is partial support from Li et

al. who also found that hyper-tonicity increases the concentration of GLUT4 on

the plasma membrane (63). This increase in GLUT4 concentration might

Influence the amount of cellular glucose uptake and thus further augment

glycogen storage. This mechanism of glucose uptake (hyper-tonicity leading to

increased GLUT4 membrane concentration and glucose uptake) might represent

one of the mechanisms by which muscles increase glucose uptake during and

after prolonged exercise. Although there is a common tread (alter carbohydrate

metabolism), these findings are still contradictory, suggesting that the direct

effects of cell volume change in-vitro are still largely unknown.

Most recently, Antolic et al. established an in-vitro skeletal muscle model

to study acute alterations in resting skeletal muscle cell volume using isolated,

tendon-to-tendon whole muscle strips (EDL and soleus) (4). From these results it

was quantified that extracellular osmolality was capable of altering cell volume

while further maintaining muscle viability. A hyper-osmotic media produced a
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catabolic cell state shown through reductions in PCr and increased

concentrations of lactate (4). However, the influence of cell volume on cellular

glucose, glycogen, and glucose uptake was not detemnined, thus warranting

further investigation.

»' ; f.

III. In-Vivo Human Skeletal Muscle

To determine whether the previous in-vitro investigations reporting the

influence of cell volume on metabolism are applicable to humans, a number of

human in-vivo studies have been conducted. Most recently, Keller et al.

investigated the effects of hydration state on protein, glucose, and lipid

metabolism in 10 healthy young males over a 20 hour period (55). Subjects

randomly completed hypo-, iso-, and hyper-osmotic conditions. Hypo-osmolality

compared to iso-osmolality led to diminished leucine release from endogenous

proteins (representing protein breakdown), and decreased leucine oxidation

(indicating irreversible catabolism). The net protein synthesis (nonoxidative

leucine disappearance) during hypo-osmolality was not altered, resulting in a net

positive protein balance. Further analysis revealed that a hypo-osmotic media

promoted a glucose sparing effect whereas a hyper-osmotic environment

increased hepatic glucose production resulting in elevated plasma glucose levels

which could result in augmented glucose uptake. These results are supported by

Berneis et al. who found that hypo-osmolality led to an improved net protein

balance with a glucose-sparing effect, resulting in an overall increase in fat

utilization (6). Conclusions from these studies indicate that hypo-osmolality
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promotes lipolysis combined with increased protein synthesis and glycogen

sparing, whereas hyper-osmolality induces glycogenolysis (6, 55). These findings

are in accordance with most in-vitro experiments, suggesting that glycogenolysis

is reduced as a result of hypo-osmolar induced cell swelling.

Although there is supporting evidence for alterations in CHO metabolism

resulting from shifts in osmolality in-vivo and in-vitro, the exact mechanisms

underlying cell volume induced alterations in CHO uptake have yet to be

investigated. It is known that changes in cell volume influence the concentration

of cell membrane proteins, specifically an increase of GLUT4, which potentially

could greatly alter cells ability to uptake CHO. Also, the overall anabolic and

catabolic states resulting from cell volume undulations might have a regulatory

role in CHO uptake. Thus, the current investigation will investigate the effects of

different osmotic environments on CHO uptake and disposal in resting skeletal

muscle.
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CHAPTER 4: STATEMENT OF THE PROBLEM

\. Statement of the Problem

From the extensive research done on cell volume regulation in

hepatocytes, we now understand that cell volume manipulations affect cellular

metabolism. The influence of cell volume in resting skeletal muscle has been

further advanced by our lab group who showed that a hyper-tonic extracellular

media results in a catabolic cell state (3, 4). However, although it showed

alteration in glucose metabolism, resting glucose and glucose uptake were not

determined. Thus, the next step in using this model is to gain an understanding

of resting cell volume's influence on glucose uptake.

II. Purpose

The purpose of this study is to investigate the effects of extracellular

osmolality on glucose kinetics. Specific measure will consist of glucose uptake,

glycogen synthase transformation as well as metabolite concentrations of ATP,

PCr, Cr, glucose, G-6-P, glycogen, and lactate.

II. Hypothesis

It is hypothesized that hyper-osmolality will increase glucose uptake while

hypo-osmolality will show a slight decrease or no change in glucose uptake as

compared to the iso-osmotic state. Firstly, as the osmolality of the external

environment increases (hyper-osmolar), there will be a decrease in cell size
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accompanied by increased rates of glycogen degradation and increases in

metabolic by-products from an augmented glycolytic flux. It is hypothesized that

these conditions resulting from hyper-tonicity will be associated with an increase

in glucose uptake.

Secondly, as the osmolality of the external environment decreases (hypo-

osmolar) there will be an increase in cell size accompanied by an increase in

glycogen formation. These increases should be accompanied by a decrease in

metabolic by-products, such as lactate. Furthermore, as the cell is not under any

stress and thus does not require a large amount of glucose for energy

production, glucose uptake will remain constant or even decrease slightly.

-.r-,;- - -.» i
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CHAPTER 5: METHODOLOGY

I. Animals

Nineteen male Long Evans rats aged 4-6 weeks (126.4 ± 20.9g) were

used for this investigation. The first nine rats were bred in the Brock University

animal care facility while the remaining 10 rats were bread and acquired from

Charles River Laboratories (St. Constant, QC). All experimental procedures and

protocols were approved by the Brock University research subcommittee on

animal care (Appendix III: AUPP 06-09-04) and conformed to all Canadian

Council on Animal Care guidelines. Within the Brock Animal Care 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 rats' diet

consisting of standard rodent chow (5012 rat diet, PMI Nutrition Inc. LLC,

Brentwood, MO).

An approximate goal weight of 110 - 135 g was utilized, as it has been

found in previous work that heavier animals have muscle sizes that are too large

for complete submersion In the organ bath, thus requiring the muscle to be

stripped, which can cause damage to the muscle fibre properties (3, 9). Younger

rats (4-6 weeks) provide smaller muscles that are much easier to manipulate

and can be fully submersed in the organ bath while providing an ideal diameter

for oxygenation to maintain viability (9).
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II. Experiment Protocol

a. Osmotic Conditions

The extracellular fluid (ECF) was manipulated to create three different

osmotic conditions based on the work of Antolic et al. (3, 4). The base for the

ECF was mimicked using Sigma Medium-199 of which the major ingredients

included Earle's salts, L-glutamine, and sodium bicarbonate (Appendix I). Sigma

Medium-199 has been generally used as a media for cell culture 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, and this

media has also been used for developing the current model for this area of

investigation (3, 4, 27, 28).

To study the effects of an elevated extracellular glucose concentration on

metabolism, the ECF was further manipulated to elevate the glucose

concentration in the Sigma Medium-199 (5 mM) to 8 mM (8.1 ± 0.26 mM). The

concentration use was based on previous literature indicating that this

concentration induces the half maximal rate of glucose uptake in rat skeletal

muscle (120). To achieve the necessary ECF glucose concentration of 8 mM for

each condition, D-glucose (Sigma-Aldrich G-8270) was added. After the addition

of glucose, the iso-osmotic condition (ISO) did not need to be manipulated with

either mannitol or distilled glucose-water because a normal physiological

osmolality of 290 ± 10 mmol/kg had been obtained.

To create a hyper-osmotic ECF (HYPER), a solution of 8 mM glucose-

Sigma Medium-199 was mixed with Mannitol (Sigma-Aldrich M-9546) to achieve
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an osmolality of approximately 400 ± 10 mmol/kg. Mannitol is a six-carbon

alcohol with a molecular weight of 182 kD and is the reduced form of the sugar

mannose. When mannitol is administered intravenously, it rapidly equilibrates in

the ECF with virtually no entry into the intracellular compartment. To create a

hypo-osmotic condition (HYPO), 8 mM glucose-distilled water solution was

added to the 8 mM glucose-Sigma Medium-199 solution until an osmolality of

approximately 190 ± 10 mmol/kg was obtained. These manipulations of Sigma

Medium-199 were all verified for osmolality and glucose concentration using a

VAPRO pressure osmometer (VAPRO5520, Westcor, Logan, UT; pre and post

incubations) as well a glucose assay, respectively.

b. 2-cleoxyglucose Solution Preparation

To measure glucose uptake, 2-deoxyglucose-1-^H (Sigma-Aldrich 322091;

0.1 mCi/mL) and D-mannitol-1-'"*C (Sigma-Aldrich 304840; 850 pCi/mL) were

added to stock solutions of Sigma Medium-199 (8 mM glucose) for each

conditions (HYPER, ISO, HYPO) to achieve specific isotope concentrations of

0.128 and 0.087 pCi/ml, respectively (115).

c. Muscle Extraction • riai. •> ^v ;;^ ;.•-

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

muscles were used in this study. The benefit of an in-vitro procedure is that

individual muscles can be placed in small baths with precise control over
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oxygenation and the extracellular environment. In addition to the ease of

manipulation and examination, this model allows skeletal muscle to be incubated

under conditions that cannot be studied in-vivo (55).

SOL and EDL were selected as the muscles of study due to the differing

proportion of fast to slow-twitch fibres. In the rat, SOL is comprised of mainly

slow-twitch (Type I: >80%) muscle fibres, while the opposite is true in the EDL of

the rat which is primarily fast twitch (llb=45%; llx=29%; lla=23%; 1=3%) muscle

fibres (119). Among the many characteristic differences found between each

fibre type, the metabolic nature, the distribution of fluid, and CHO regulatory

proteins are of the most important to the current investigation. Firstly, type I fibres

contain a high concentration of mitochondria, lower high-energy glycolytic

capacity and PCr content. Secondly, important proteins, GLUT4 and AQP4, have

been shown to be located in greater concentrations in SOL and EDL,

respectively (30, 31). Thus, it is vital to determine whether the differing metabolic

nature and distribution of proteins has an impact on carbohydrate metabolism

with respect to changes in cellular volume. ;

Prior to the dissection of the SOL and EDL muscle, the rats were

anaesthetized with sodium pentobarbital (55 mg/kg, intraperitoneal (IP)). The

dissection began by removing the skin from one of the hind limbs followed by the

severing of the calcaneous bone. After severing the calcaneous bone, gentle

tugging in a proximal direction exposed the soleus muscle which was then

separated from surrounding tissues by severing the thin adhering fasciae. Once

the muscle was fully exposed (tendon-tendon), the top and bottom tendons were
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sutured for placement in the organ bath. The proximal and distal tendons of the

soleus were dissected and removed with a few millimetres extra tendon to aid in

subsequent handling.

The dissection of the EDL muscle occurred in a similar manner. The leg

was abducted and positioned with the foot in dorsi-flexion. Once the leg was

correctly positioned, the fascia was severed followed by the separation of the

EDL from its surrounding environment. At the distal end of the EDL, the superior

and inferior extensor retinacula were cut, exposing the EDL insertion. Once the

muscle was fully exposed, the top and bottom tendons were sutured in a similar

fashion as the soleus muscle and then placed in the organ bath.

Immediately following dissection, muscles were transferred to the organ

bath (Radnoti Glass Technology Inc., Monrovia, CA) where one end of the

muscle was attached to a hook as part of a muscle holder developed by our lab

group. The suture at the other end of the muscle was attached through a hole on

the top of the muscle holder to a force transducer (Grass Telefactor, West

Warwick, Rl) in order to monitor resting muscle tension. The resting muscle

tension was set to 1g through the manipulation of muscle length, as this is the

resting tension reported for in-vivo rat muscle and previously used by our lab

group (4, 17).

The organ bath was set to a temperature of 30°C to ensure muscle

viability while being continuously perfused with a gas mixture consisting of 95%

O2, 5% CO2. A temperature of SOX was chosen because of the risk of small

muscles suffering from an insufficient oxygen supply to the inner-most fibres
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when temperatures are elevated. A lack of sufficient oxygen-supply could have

resulted in glycogen depletion or fibre necrosis because of the greater oxygen

diffusion distances in the in-vitro compared to the in-vivo situation.

d. Metabolite Group Incubation and Analysis

For metabolite analysis, 48 muscles (Figure 5.1) were incubated for one

hour in either HYPO (N=16). ISO (N=16). or HYPER (N=16) media resulting in 8

EDL and 8 SOL for each conditions. Upon completion of the incubation, the

muscles were quickly removed from the media and flash frozen in liquid nitrogen

for metabolite analysis. Following rapid freezing, the samples were stored at -

80°C. Furthennore, a sample of incubation fluid (-750 pi) was removed,

measured for osmolality, and stored at -80°C for later determination of lactate.

Later, muscle samples were removed from the freezer and chipped under

liquid nitrogen into 3 sections for glycogen, metabolite, and enzyme analysis.

Briefly, muscles for glycogen analysis were lyophilized and powdered (on low

humidity days (<45%) to ensure that environmental conditions would not affect

muscle weight), any visible blood and connective tissue were removed and then,

samples were acid extracted using 2.0 N HCI for glycogen analysis (Appendix II).

v^l' i;
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N = 76

HYPER ISO HYPO

M/E

N=16

2DG M/E

N=8 N=16

2DG M/E

N=8 N=16

2DG

N=8

Figure 5.1 : Breakdown of muscle analysis into specific groups.

NOTE: N = number of muscles incubated (SOL + EDL). M/E = metabolite and
enzyme analysis, 2DG = 2-deoxyglucose analysis. A total of 13 (52 muscles) rats

were used for the M/E group because two muscles were lost and the extra two

muscles were saved for other pilot analysis. A total of six rats (24 muscles) were
used for 2DG analysis.

Muscles for metabolite analysis were first used to determine the wet to dry

weight water content. Flash frozen muscles were weighed, then lyophilized and

re-weighed. The differences in weight were used to determine relative muscle

water content resulting from each condition and this change was expressed as

relative water content using the following formula:
•.NDt;

WET WEIGHT - DRY WEIGHT X 100%
WET WEIGHT

The powdered muscle was then acid extracted (0.5 M PCA) for measures of

muscle metabolites (ATP, PCr, Cr, lactate, glucose, and G-6-P - Appendix II)

using fluorometric techniques (3, 13).

For enzyme analysis, frozen muscles samples were homogenized

(Product # 06-421-40; Fisher Canada. ON) by hand in buffer (50 |jL:1 mg)
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containing 50 mM Tris-HCL, 5 nnM EDTA, 20 mM NaF, and 5 mM DTT, pH 7.2 -

7.4. Homogenates were centrifuged (7000g, +4°C) for 5 minutes and aliquots of

the cytosolic fraction (supernatant) were incubated for the determination of GS

transformation (85). Briefly, the incubation media consisted of 50 mM Tris-HCL, 2

mM EDTA, 10 mM NaF, 10 mM glycogen, 0.5 mM DTT, 0.02% BSA, and either

0.1 mM or 10.0 mM G-6-P, pH 7.2-7.4. Muscle homogenate (100 pL) was

incubated with 450 pL each of 0.1 mM and 10.0 mM incubation media for 45

minutes at 37°C. The reaction was started with the addition of 50 |jL of UDP-

glucose (final concentration 8 mM), and was stopped by heating at 90°C for 2.5

minutes. Samples were centrifuged and the supernatant was removed for

fluorometric assay of UDP using the reactions catalyzed by pyruvate kinase

(PEP + UDP -> pyruvate + UTP) and lactate dehydrogenase (pyruvate + NADH

-> lactate and NAD*). Samples, blanks, and standards were added to an assay

reagent containing 20 mM Tris-HCL, 30 mM KCL, 4 mM MgCI2, 0.4 mM

phosphoenolpyruvate, 20 \JiM NADH, 0.4 U/mL LDH, pH 7.6). Pyruvate kinase

(3.0 U/mL) was added to start the reaction. The samples were incubated for 30

minutes at room temperature followed by fluorometric determination of NADH

(Appendix II) (45, 85).

e. Glucose Uptake Group Incubation and Analysis

Muscles used for determination of glucose uptake were incubated for 30

minutes in HYPO, ISO, or HYPER Sigma Medium-199 glucose solutions without

the presence of isotopes. After 30 minutes the ECF was rapidly drained and

50





replaced with the same fluid condition (HYPO, ISO, HYPER) but containing 2-

deoxyglucose-1-^H and D-mannitol-1-^'*C. The muscles continued to incubate for

another 30 minutes following which they were removed and blotted on filter paper

before being freeze clamped (115). Lastly, a sample of the stock radioactive

solution was used to measure the specific activity of each incubation media.

After freeze clamping, muscle samples were solubilized by boiling for 10

minutes in 1 ml of 1M NaOH. After the 10 minutes, 400 |jI of muscle digest was

added to 5 ml scintillation fluid. Samples were then left to quench overnight (12-

24 hours) and counted for H^ and C^^ for 5 minutes per sample to determine

glucose uptake the following morning (LS Multi-Purpose Scintillation Counter,

Beckman Coulter, Mississauga, ON).

Calculations:

Total 2-DG = (^H (dpm))*(muscle digest (ml)/sample volume

(ml)*^Hspecific activity

ECV = (^^C (dpm)*(muscle digest (ml)/sample volume (ml)*^'*C

specific activity

EC glucose = ECV*(glucose concentration (mM))

IC glucose = Total 2-DG - EC/mass (g)

III. Statistical Analysis

A one-way analysis of variance (ANOVA) was conducted on the data set

for each independent variable as well as within each muscle group. If the one-

way ANOVA was significant (p<0.05), a Tukey HSD post-hoc analysis was
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conducted to determine which of the pair wise comparisons were statistically

significant. A two way repeated measures ANOVA was conducted to see if

differences existed in extracellular osmolality between both muscle groups

across all conditions. Correlations were run to see if a relationship existed

between glycogen concentration and glycogen synthase activity or water content.

Correlation analysis were prefonned on these values because of previously

reported correlations (3, 79). All statistical analyses were completed using SPSS

10.0 (statistical package for the social sciences) (SPSS Inc. Chicago, IL). All

values are expressed as means ± standard error.

NOTE: N = number of muscle samples.
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CHAPTER 6: RESULTS

I. General Observations

There were no differences between rat body weights in any of the

experimental groups (Table 6.1). Pre - osmolality and post - osmolality of the

incubation media did not differ in any of the experimental groups within a specific

muscle group or experimental group. Furthermore, when pre - osmolalities and

post - osmolalities were analyzed within the same group, there were no

significant differences between muscle types.

Table 6.1: General Observations

Experimental Rat Weight Pre -

Group (g) Osmolality

(mmol'kg
)

(mmol'kg
')

Post-
Osmolality

EDL





incubated in ISO condition liad significantly greater (p<0.001) relative water

content than HYPER.

Similarly, SOL muscle incubated in the HYPO (83.0 ± 0.6%) condition had

significantly (p<0.05) greater relative water content than HYPER (78.6 ± 0.2%)

and ISO (80.9 ± 0.5%) conditions (Figure 6.2). Furthermore, SOL muscle

incubated in ISO condition had significantly greater (p<0.001) relative water

content than HYPER.

85.(H

HYPO ISO HYPER

Condition

Figure 6.1: Extensor digitorum longus water content. Values

are expressed as means ± SE (N=8 per condition) and
calculated as percent (%) difference in wet to dry muscle
weights. HYPO = hypo-osmolality; ISO = iso-osmolality; HYPER
= hyper-osmolality. * Significantly different (p<0.001).
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85.0n

HYPO ISO

Condition

HYPER

Figure 6.2: Soleus water content. Values are expressed as

means + SE (N=8 per condition) and calculated as percent (%)
difference in wet to dry muscle weights. * Significantly different

(p<0.05).

III. Muscle Metabolites - Extensor Diqitorum Longus

There were no significant differences in ATP concentration between

conditions after the hour-long incubation (Table 6.2). EDL muscle incubated in

the HYPER condition had a lower (p<0.01) PCr concentration than the HYPO

and ISO conditions, with no significant difference between the HYPO and ISO

conditions. Furthermore, there were no significant differences in total creatine

concentration across all conditions. However, the HYPER condition had

significantly (p<0.001 )
greater creatine concentrations than either of the HYPO or

ISO conditions, again with no significant difference between the HYPO and ISO

conditions.
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Table 6.2: High Energy Phosphate Metabolite Concentrations

Condition ATP PCr Creatine TCr

EDL
HYPO 27.8±1.7 79.1 ±4.2 52.0±5.4 131.1 ±2.6

ISO 30.4±2.4 77.8±3.7 52.3±3.3 130.1 ±4.1

HYPER 29.4±1.1 52.8±4.4*^ 82.8±4.1*^ 135.6±4.5

SOL
HYPO 24.6±0.8 74.6±2.3 25.9±2.7* 100.5±2.9

ISO 22.8±1.1 66.7±3.2 38.9±3.3 105.6±3.2

HYPER 26.4±1.2 48.2±2.1*t 56.8±2.7*^ 105.1±2.9

Note: Values are expressed as mmol/kg dry wt. (mean ± SE). There

are a total of N=8 for each muscle type. EDL = extensor digitorum

longus; SOL = soleus; ATP = adenosine triphosphate, PCr =

phosphocreatine, TCr = total creatine. * Significantly different (p<0.05)

from ISO. ^ Significantly different (p<0.05) from HYPO.

The HYPER condition resulted in greater muscle glucose as compared to

HYPO and ISO conditions, with no significant difference between the HYPO and

ISO conditions (Figure 6.3). Muscle G-6-P concentrations were found to be

significantly (p<0.05) higher in the HYPER condition as compared to both the

HYPO and ISO (Table 6.3) conditions, with no difference between the HYPO and

ISO conditions. Muscle lactate levels in HYPER conditions were greater

(p<0.001) than compared to HYPO and ISO conditions, with no significant

difference between the HYPO and ISO conditions (Figure 6.4). With regards to

extracellular lactate, the HYPER condition resulted in lactate being significantly

(p<0.05) elevated in comparison to the HYPO and ISO conditions (Table 6.3).

Extensor digitorum longus muscle incubated in HYPO medium had

significantly greater (p<0.05) muscle glycogen concentrations when compared to

the HYPER and ISO conditions, with significant differences between the HYPER

and ISO conditions (HYPER<ISO; Figure 6.5). The amount of muscle glycogen
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was also strongly correlated with relative muscle water content (r=0.721;

p<0.001; Figure 6.6).

HYPO ISO HYPER

Condition

Figure 6.3: Extensor digitorum longus muscle glucose
concentration. Values are expressed as means ± SE (N=8
per condition). * Significantly different (p<0.001).

Table 6.3: Glucose-6-phosphate and Extracellular Lactate

Concentration^

Condition G-6-P Ex. Lactate

EDL



assi



^40

HYPO ISO

Condition

HYPER

Figure 6.4: Extensor digitorum longus muscle lactate

concentration. Values are expressed as means ± SE (N=8

per condition). * Significantly different (p<0.001 ).

O 60

iXA ''I

HYPO ISO

Condition

HYPER

Figure 6.5: Extensor digitorum longus muscle glycogen
concentration. Values are expressed as means ± SE (N=8

per condition). * Significantly different (p<0.05).
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Figure 6.6: Extensor digitorum longus muscle glycogen and relative

water content correlation.

V. Muscle Metabolites - Soleus

Similar to what was observed in EDL, there were no significant differences

in ATP concentrations across the three conditions (Table 6.2). Soleus muscles

incubated in the HYPER condition resulted in lower (p<0.001 ) PCr concentrations

when compared to both the HYPO and ISO conditions, with no difference

between the ISO and HYPO conditions. Additionally, creatine concentrations

following incubation in the HYPER condition were significantly greater (p<0.05)

than the HYPO and ISO conditions with no differences in total creatine

concentrations.

Similar to the EDL, SOL glucose concentrations in the HYPER media

were found to be significantly greater (p<0.05) than the HYPO and ISO

conditions, with no significant differences between the HYPO and ISO conditions

(Figure 6.7). Muscle G-6-P concentrations in the HYPER media were found to be
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significantly (p<0.01) higher than the HYPO condition but, unlike the EDL, were

not significantly different from the ISO condition (Table 6.3). Furthermore, G-6-P

concentrations after HYPO treatment showed a trend (p=0.076) to be lower than

the ISO condition.

Muscles incubated in the HYPER treatment had significantly (p<0.001)

greater lactate than HYPO and ISO conditions, with no significant difference

between HYPO and ISO (Figure 6.8). With regards to extracellular lactate, the

HYPER condition resulted in lactate being significantly elevated (p<0.05) in

comparison to the HYPO and ISO conditions, with no difference observed

between the HYPO and ISO conditions (Table 6.3).

Soleus muscle glycogen concentrations following HYPO treatments were

greater (p<0.01) than ISO or HYPER conditions, with no significant difference

between the latter two conditions (Figure 6.9). Muscle glycogen showed a trend

towards a correlation with relative muscle water content (r=0.354; p=0.09),

though this correlation was not as strong as what was observed in the EDL.
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HYPO ISO

Condition

HYPER

Figure 6.7: Soleus muscle glucose concentration. Values

are expressed as means ± SE (N=8 per condition).
*

Significantly different (p<0.001).

HYPO ISO

Condition

HYPER

Figure 6.8: Soleus muscle lactate concentration. Values

are expressed as means ± SE (N=8 per condition).
*

Significantly different from ISO (P<0.001). ' Significantly

different from HYPO (p<0.001).
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HYPO ISO HYPER

Condition

Figure 6.9: Soleus muscle glycogen concentration.

Values are expressed as means ± SE (N=8 per condition).

Significantly different (p<0.001

VI. Enzyme Activity

HYPER and ISO conditions with EDL resulted in significantly (p<0.05)

elevated GS percent activation (68.3% and 66.2%, respectively) v\/hen compared

to HYPO conditions (55.8%) (Figure 6.10). Despite the differences in EDL, no

significant (p=0.289) differences were observed between any of the three

conditions in SOL.

There was a significant negative correlation (r=-0.662; p<0.001 ) observed

between GS percent activation and glycogen concentration in EDL incubations

(Figure 6.11).
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EDL SOL

Muscle

Figure 6.10: Glycogen synthase percent activation in extensor

digitorum longus and soleus muscle. Values are expressed as

means ± SE (N=8 per condition for EDL and SOL). EDL = extensor

digitorum longus; SOL = soleus * Significantly different (p<0.001).
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VIII. Glucose Uptake

HYPER EDL (3.05 ± 0.06Mmol/g/30 min) had a 4.7 and 2.1 times (p<0.01)

higher rate of glucose uptake when compared to the HYPO (0.65 + 0.03

|jmol/g/30 min) and ISO (1.48 ± 0.08 fjmol/g/30 min) conditions, respectively

(Figure 6.12). The rate of glucose uptake was doubled in ISO as compared to the

HYPO condition (p<0.05).

HYPER SOL (1.62 ± 0.13 Mmol/g/30 min) had a 2.7 and 1.5 times

(p<0.05) higher rate of glucose uptake compared to the HYPO (0.59 ± 0.09

pmol/g/30 min) and ISO (1.02 ± 0.09 pmol/g/30 min) conditions, respectively,

with no significant difference obsen/ed between ISO and HYPO conditions

(p=0.121; Figure 6.12).
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Figure 6.12: Rates of glucose uptake. Values are expressed as means
± SE (N=4 per condition for EDL and SOL). * Significantly different

(p<0.05).
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CHAPTER 7: DISCUSSION : / :vi v-r

I. Relative Water Content

"fiif

The results of the current Investigation found that muscles incubated in the

aniso-osmotic (HYPER and HYPO) conditions significantly differed from the iso-

osnnotic conditions with respect to relative water content regardless of muscle

type. Both SOL and EDL muscles incubated in HYPO had an augmented relative

water volume, while muscles incubated in HYPER had a decreased relative

water volume, with no significant differences between muscle types. These

results are in agreement with previous work done by our laboratory,

demonstrating that increases or decreases in relative water content are indicative

of skeletal muscle cell volume change (3, 4, 13).

A number of studies indicate that changes in extracellular tonicity

influence cell water content (3, 4, 11, 55, 66, 74, 82, 83). However, when the

results of this investigation are compared to those of Antolic et al., some

interesting differences can be noted (4). The present model used the same

incubation design and protocol as Antolic et al. with the only difference being a

higher glucose concentration In the extracellular fluid. This altered glucose

concentration appears to have resulted in augmented relative water volume

changes than those previously observed by Antolic et al. (4) (statistics not in

results; however in separate analysis p<0.05 for all conditions). The elevation in

water volume seen in the current study was present in all incubations (HYPER,

ISO, and HYPO) and across both muscle types, thus leading towards the
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conclusion that the elevated exogenous glucose concentration resulted in a

greater flux of water into the cell.

It is well known that water permeates biological membranes via diffusion

across the phospholipid bilayer using several different membrane proteins (14,

25). The most notable of these proteins is AQP which, along with simple

diffusion, is thought to control the majority of water movement across the

membrane. However, it has also been suggested that a number of cotransporters

can carry anywhere from 50 to 400 water molecules per cycle which, although

small, would add to the total volume of water. Of these cotransporters, one sub-

family that might have played a role in this investigation is the NaVglucose

cotransporters (SGLT). This cotransporter, in a strictly stoichiometric ratio,

transports two Na* ions, one glucose molecule, and -260 water molecules into

the cell (25, 64, 65, 104, 122). This SGLT family of proteins may explain the

reason for which there was an increase in water volume in all conditions in the

present study as compared to Antolic et al. (4).
''--'•- .'liOygl^.tv-
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The SGLT family of proteins (SGLT 1-6) behaves as tightly coupled

transporters by which two Na* ions are transported simultaneously with a sugar

molecule with the most sensitive being D-glucose or D-galactose (62, 121). The

kinetics of cotransport is an ordered reaction in which two external Na* ions bind

to the SGLT, thereby increasing the affinity of the protein for sugar. With sugar

binding, the protein undergoes a conformational change to deliver the two Na*

ions, sugar, and water molecules to the other side of the membrane where the

sugar and then the Na* dissociate. The unloaded protein then converts back to
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its original structure, once again exposing the Na* and sugar binding sites to the

extracellular space. The SGLT is proposed to cycle -1000 times/second at 37°C

(Figure 7.1) (121). -- -

Gkjcoee

Glucose

Cotraisporter

Figure 7.1: Sodium glucose co-transporter

and glucosensor (1 21

)

Although there are several tissue specific types of SGLT's, a specific

skeletal muscle type has yet to be identified. However, it has been shown that

the SGLT3 isomer, which is widely expressed in tissues throughout the body, is

also expressed in skeletal muscle. Surprisingly however, SGLT3 is slightly

different than normal SGLT proteins, as the SGLT3 isomer is unable to transport

glucose into the cell (103). Thus, instead of acting as a glucose/water

cotransporter, the SGLT3's primary function is believed to be a glucosensor,

conveying information to the cell about the extracellular glucose concentration

(103). Other than this difference, the SGLT3 glucosensor is thought to carry out

similar functions as other glucose carrying SGLTs (i.e. SGLT1). This has been

shown through the discovery that SGLT3 have a linear function in relation to

extracellular glucose levels (33). When the SGLT3 sense an elevated level of

67





extracellular glucose, SGLT3 binds with two Na* ions and transports them inside

the cell along with -260 water molecules. This method of transport is considered

to be a significant source of fluid accumulation inside the cell during periods of

augmented extracellular glucose. Although this process can be a significant

source of water, the water permeability through the SGLT3 protein is much lower

than that of AQP, which allows for osmolality to control the majority of water

movement (33). :'i^j i?;<i*>,'5

If SGLT3 was present and an effective means of transporting water, then

the elevated extracellular glucose concentrations could have resulted in the

cotransport of Na* ions and water molecules. This influx of ions into the cell

would not have altered the osmotic effects of the HYPER, ISO, and HYPO

conditions, but might have augmented the relative water content of each

incubation equally thus raising the overall water content average.

II. Glucose Uptake

The most significant finding was that extracellular osmolality resulted in

different rates of glucose uptake, more specifically, increased rates of glucose

uptake in the HYPER condition. These results are in direct support of the original

hypothesis that incubation of muscle in a hyper-osmotic media would result in

greater rates of glucose uptake as compared to either an iso-osmotic or hypo-

osmotic condition. The experimental manipulations of the HYPER condition

resulted in glucose uptake rates that were approximately four times greater than

the uptake rates in the HYPO medium and approximately two times greater than
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the rate of uptake in the ISO conditions. Although this is the first study to

specifically show that hypertonicity causes an increased rate of glucose uptake in

intact skeletal muscle, previous studies do provide some supportive results.

One of the main theories behind why extracellular hyper-tonicity results in

an increase in glucose uptake stems from work by Li et al. (63). Li et al. found

that hyper-osmolality is capable of mimicking the effects of insulin on GLUT4

translocation in L6 muscles culture cells (63). Their results indicated that both

insulin and hyper-osmolality induced subcellular redistribution of GLUT4 to the

plasma membrane, albeit from different intracellular locations. Hyper-tonicity is

believed to result in a gain in surface GLUT4 content through a reduction in

GLUT4 internalization, unlike insulin which promotes exocytosis (63). This has

been more recently supported by Randhawa et al. who found that hyper-tonicity

decreases GLUT4 endocytosis (89). However, to add to the results of Li et al.,

Randhawa et al. further stipulated that hyper-tonicity also actively engages the

exocytic arm of GLUT4 traffic, adding to the effect of reduced internalizafion of

the transporter (63, 89). Looking at the results of the present investigation, it is

probable that GLUT4 translocafion could contribute to the increased glucose

uptake as there is a direct link between plasma membrane GLUT4 concentration

and glucose uptake in rat skeletal muscle (59). However, direct mechanisms by

which the translocation, and/or reduced endocytosis, of GLUT4 are altered in

response to cell volume change remain elusive.

Although it seems hyper-osmolality might cause a direct stimulation of

GLUT4 translocation to the plasma membrane, there could be other secondary
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mechanisms resulting from the change in cell size that stimulate GLUT4

translocation. The main theory behind cell swelling, as suggested by Haussinger

et al., is that increased cell volume results in an anabolic muscle condition while

cell shrinkage creates a catabolic cell environment (40, 44). This catabolic state

results from the cell trying to maintain cell size. It has been previously

demonstrated that there are two active mechanisms to maintain cell size through

RVI: i) an increase in glycolytic flux to increase macromolecular crowding and

thus increase solute concentrations, and ii) activation of the Na*-K* ATPase and

the Na*-K*-2Cr cotransporter (82). Briefly, the macromolecular crowding theory

indicates that, in response to cell volume change the cell alters its intracellular

osmolality by increasing or decreasing osmolytes. Through an RVI, there would

be an increase in cell osmolytes from the degradation of glucose (see discussion

on metabolites) or through increased glucose uptake. Both of these mechanisms

would directly raise cell osmolality to better match extracellular osmolality.

Furthermore, both these mechanisms require energy and thus it has been

speculated that this is a possible reason for the cell to be in a catabolic state

under hyper-osmotic stress (3, 4). The use of energy by these volume-increasing

mechanisms would cause an increase in ATP turnover. Through homeostatic

triggers, ATP turnover would increase, thus leading to an increased breakdown

of cellular glucose. Therefore, a greater flux through glycolysis in the HYPER

condition would require more glucose to be broken down resulting in a reduction

of cellular glucose, glycogen and increased glucose uptake. This creates an

elegant situation in which the original stressor (cell volume decrease) indirectly
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leads to a potential increase in the concentration of GLUT4 on the plasma

membrane, resulting in increased rates of glucose uptake in the HYPER

condition. r •
' ' ?:

" - > ;.

Although the mechanism by which glucose uptake is altered under

osmotic stress is speculative, the results are still important. Hyper-osmotic stress

does cause an increase in glucose uptake, as shown in the present investigation.

This indicates that there is a need to increase intracellular glucose, which is

further supported by decreased glycogen levels. Although we offer theories

behind what this glucose is being used for and why there is an increased need,

the exact mechanisms are largely unknown. The significance of these results

however is that osmolality does alter glucose kinetics with specific alterations of

glucose uptake.

III. Glycogen and Glycogen Synthesis

The results of this study found that the EDL glycogen content of the

HYPER condition was significantly lower than that of the ISO condition.

Furthermore, the HYPO condition resulted in an augmented glycogen level when

compared to the ISO condition. Similar results were observed in the SOL groups

as the HYPO condition resulted in significantly greater glycogen content than the

ISO condition. However, there was no difference between ISO and HYPER

soleus glycogen levels. Although the levels of glycogen in this study were below

those reported by other in-vitro investigations, this may be explained by the age

of the animals used, since studies have demonstrated that young mammalian
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muscle generally has less glycogen than older mammalian muscle (10). The

majority of previous reported experiments used rodents over the age of seven

weeks (9), while those used in this study ranged from 4-6 weeks of age.

Furthermore, the glycogen results of the present study are consistent with

previous work done by our lab group (3, 13). tr ,
'..,. = : .-

Previously, Low et al. demonstrated that glycogen synthesis from glucose

was modulated in association with changes in cell volume independently of

changes in glucose uptake in skeletal muscle (myotubes) (66). They further

stipulated that cell swelling was capable of producing anabolic effects in skeletal

muscle similar to those observed in the liver. These results are similar to the

present findings, as the level of glycogen was not correlated with glucose uptake

(not shown in results). Thus, the cell's hydration level, rather than the level of free

glucose, was most likely the determinant of glycogen level. As previously stated,

the HYPO condition probably represented the condition in which the cell was

under the least amount of metabolic stress or the least catabolic. Therefore,

cellular glycogen was spared because there was no need to increase free

glucose as a result of an increased glycolytic flux. The level of glycogen would

thus be directly related to the metabolic state of the muscle with the HYPO

condition resulting in the highest glycogen content, HYPER with the lowest, and

finally ISO with glycogen content between the two. This was directly shown in

EDL muscle in this investigation, thus supporting the anabolic/catabolic state

associated with cell volume change. / >cf ^ ,;^. .
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With regards to SOL muscle, the lack of difference In ISO and HYPER

conditions might be the result of slow twitch muscle being more aerobic in nature.

The increased degradation of glycogen seen in the HYPER condition is generally

believed to be used to maintain cell volume by generating more ATP (82).

However, if slow-twitch muscle is able to use a more efficient means of

generating ATP (i.e. aerobic metabolism through the mitochondria) then there

would be an attenuation of glycolytic flux. This glycolytic flux would result in a

decrease in glycogen breakdown and thus not as great a difference between ISO

and HYPER conditions.

It should also be noted that both HYPO groups (SOL and EDL) contained

approximately 15-18 mmol/kg/dry wt. more glycogen than that of Antolic et al.

(3). This could be possible for two reasons; firstly, the increase in the total

amount of water content in these samples versus Antolic et al. could allow for

more glycogen storage as it was found glycogen levels correlated to hydration

status quite well in EDL. This is based on the theory that glycogen is stored in a

1:3 ratio with water (1g glycogen:3g water) (107). Previous work, however, has

indicated that this is not always the case and that glycogen storage Is not

completely dependent on hydration status or water level (78, 107). Secondly, the

muscle cells may have had a greater osmotically induced glucose uptake than in

Antolic et al. (no supporting data) due to an increased and standardized

extracellular glucose concentration level used in the present investigation. This

increased glucose uptake could have allowed for a glycogen sparing effect.
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because some of the free glucose could be use preferentially for glycolysis

Furthermore, any extra glucose could have been synthesized into glycogen.

Contrary to muscle glycogen concentrations, glycogen synthase

transfonnation in the HYPER and ISO conditions were observed to be

significantly greater than the HYPO condition. Specifically, EDL muscle in the

HYPO condition had a significantly lower GS transformation when compared to

the GS transformation in the ISO and HYPER conditions. In SOL muscle there

was a trend (p<0.1) for similar results, with the HYPO condition showing a trend

to lower glycogen synthase transformation. This trend was in large part due to

the small sample size; if the sample size was increased it is believed significance

would result.

The HYPO condition most likely resulted in a lower glycogen synthase

transfonnation than the other two conditions because of a negative feedback

loop resulting from increased glycogen levels. As glycogen levels increased in

the HYPO condition, they would have generated a feedback signal to lower

glycogen synthase transformation. This signal is due to elevated glycogen levels

inhibiting the conversions of glycogen synthase in the D form into the active I

form (79-81, 106). These results have been supported by Nielsen et al. who

found that glycogen synthase activation is influenced by muscle glycogen content

in basal, insulin, and contraction conditions in rat skeletal muscle (79). Muscle

glycogen content was found to be a more potent regulator of glycogen synthase

than insulin, since glycogen synthase transformation in low glycogen,

unstimulated muscle is higher than even maximally insulin-stimulated glycogen
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synthase activation in high glycogen muscle (79). Although glycogen is a proven

regulator of glycogen synthase transformation, the mechanism for this effect is

largely unknown (81). It has been speculated that stored glycogen is able to

regulate protein phosphatase 1 (PP1) and since PP1 is capable of

dephosphorylating glycogen synthase, this could effectively alter transformation

(79). Another way that glycogen might affect glycogen synthase is through

interaction with the glycogen targeting subunits of PP1, which bind the catalytic

subunit of PP1 to glycogen as well as glycogen synthase, glycogen

phosphorylase, and phosphorylase kinase. However, future studies are still

required to verify whether glycogen exerts differences in the binding of glycogen

synthase to the glycogen targeting subunits of PP1 or influences other glycogen

synthase upstream effectors (79, 80).

As with the HYPO condition, glycogen levels probably had a part in

regulating glycogen synthase activation in the HYPER and ISO conditions. The

decreased glycogen levels in these conditions would have created a negative

feedback loop, resulting in the increased activation of glycogen synthase. As

previously stated, glycogen levels are a more potent stimulator of glycogen

synthase transformation than either contraction or insulin alone. Thus, although

the cell was in a catabolic state, the low glycogen levels would have increased

glycogen synthase activation, which, is supported by previous findings and by the

current investigations negative correlation between glycogen and glycogen

synthase transformation (79)
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Another mechanism that might have stimulated glycogen synthase

activation is G-6-P. It has been shown that G-6-P is a direct and indirect

simulator of glycogen synthase activation (80). As glucose uptake increases in

skeletal muscle, it often leads to increases in the concentration of G-6-P levels.

Thus, when glucose uptake is elevated allosteric activation of glycogen synthase

could be quite significant. In the present investigation, HYPER G-6-P levels were

elevated and could have thus represented a signal by which glycogen synthase

became activated. Although this mechanism is possible, it should be noted that

studies have found that with other stimuli (i.e. exercise) the activation of glycogen

synthase is not dependent on G-6-P levels. Furthermore, the direct allosteric

effect of G-6-P in-vivo is not detected when glycogen synthase activity is

measured in-vitro (80). Therefore, it is much more likely that the level of glycogen

was the greatest influence on the level of glycogen synthase activation.

IV. Metabolites

The main finding of the metabolite analysis was that the change in

metabolite concentrations was consistent with Haussinger's cell swelling theory

along with the results of Antolic et al. (4). The muscles incubated in the HYPER

condition were found to be catabolic due to an increase in metabolic by products

(i.e. lactate), while muscle incubated in the HYPO condition were found to be

largely anabolic, or less catabolic, due to a decrease in metabolic by-products

(i.e. lactate) and increased cell glycogen. HYPER conditions resulted in a 367%

and 217% increase in cellular lactate when compared to HYPO and ISO
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conditions, respectively. This large increase in cellular lactate levels was

observed regardless of muscle type. These results indicate that a hyper-osmotic

stress results in increased rate of energy turnover within the cell (i.e. increased

cataholism).

The cell swelling theory is based on evidence that cellular hydration is

dynamic and changes within minutes under the influence of aniso-osmolarity (41,

43). It is proposed that the influence of osmotic stress, cell swelling or cell

shrinking, is sensed by volume-regulatory mechanisms which act as dampeners

to oppose the influence of extracellular osmolality. These volume-regulatory

mechanisms are referred to as RVI or RVD depending on whether the cell is

shrinking or swelling. It is typically believed that cells which undergo swelling

(requiring RVD) become more anabolic, while cells which undergo shrinking

(requiring RVI) become more catabolic in nature. The anabolic and catabolic

cellular activities are believed to be a specific result of ionic and osmotic

mechanisms utilized to restore cell volume homeostasis and supported by the

findings of the present investigation.

As the muscles in the HYPER condition underwent a significant decrease

in cell volume (as evident from the comparison between relative water content of

all three groups, and from previous investigation by our lab group) the muscles

most likely undenwent RVI in an attempt to attenuate cell volume change while

restoring initial cell volume homeostasis (4, 13). One of the main mechanisms of

RVI is through macromolecular crowding. Macromolecular crowding accumulates

an excess of organic osmolytes to increase the osmolality of the cell to better
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match that of the extracellular media or fluid. This accumulation of metabolites

mainly occurs through an increased flux through glycolysis, increased

catatx)lism. producing more by-products and thus raising osmolality.

Such an increase in glycolytic flux is shown through significant increases

in cellular lactate, G-6-P and supported through decreases in muscle glycogen.

Furthermore, a direct indication of glycolytic flux is a significant elevation in

lactate concentration in the HYPER condition through the following reaction:

Glucose + 2 ADR + 2 P, -^ 2 lactate + 2 ATP + 2 H2O + 2 H*

This reaction is capable of raising cellular metabolites, thus increasing

macromolecular crowding since there are two lactate molecules formed for every

single glucose molecule that enters the glycolytic pathway. This accumulation of

lactate would create a simple but elegant model in which increased flux through

glycolysis would increase cell osmolality augmenting the osmotic diving force of

water into the cell. An influx of water would be a direct function of RVI to increase

cell volume.

A greater flux through glycolysis in the HYPER condition could have also

been stimulated through the increased cellular glucose concentrations observed.

It was found, in parallel with the glucose uptake results, that the HYPER

condition resulted in augmented free glucose levels as compared to HYPO and

ISO conditions, but was also associated with a decrease in muscle glycogen. As

a positive up regulator of hexokinase, the increase in cellular glucose could have

promoted a greater flux through glycolysis (110, 111). Therefore, the increase in

cellular free glucose would have augmented the cell's ability to raise osmolyte
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levels through glycolytic flux in ongoing attempts to attenuate and restore cell

volume. Furthermore, outside of providing more metabolic fuel for increasing

glycolytic flux, the increase in cellular free glucose would have directly influenced

cell osmolarity. The increased uptake and amount of free glucose would raise the

number of osmolytes in the cell, thus further increasing the intracellular

osmolarity, resulting in an even greater osmotic driving force for water to enter

the cell in response to cell shrinkage.

It is of particular importance to note that macromolecular crowding, as a

method of RVI, may have been a secondary mechanism to ionic cell volume

regulation in the EDL muscle. An alternative possibility is that the production of

intracellular osmolytes may not have been the main goal of increasing glycolytic

flux. Instead, the increased flux may have been the result of the cell having to

increase ATP production in order to maintain ATP levels for other cell volume

regulatory mechanisms. Therefore, it is possible that the increase in flux through

glycolysis is not necessarily a method by which to increase cell osmolytes, but

rather a process to generate ATP for other energy requiring RVI mechanisms.

This alternative function is supported by the degradation of PCr in the HYPER

condition which does not directly increase osmolality, but instead provides a

quick source to replenish ATP.

Two mechanisms involved with RVI that require energy with hyper-tonicity

are the Na^-K"^ ATPase and the Na*-K*-2Cr cotransporter. It has been previously

demonstrate that these transporters rely on glycolyticly derived ATP and are

involved in cell volume maintenance and restoration (51, 52). The Na*-K*-2Cr
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cotransporter, when phosphorylated, couples an influx of Na*, K*. and CI" ions

into the cell. If this transporter is linked with CIVHCOa" exchange it results in the

net influx of NaCI and water. The Na*-K* pump is involved by exchanging three

intracellular Na* for two extracellular K*. thus indirectly maintains a low

intracellular CI" concentration. Low CI" concentration is important for proper Na*-

K*-2Cr cotransporter functioning since this transporter is inhibited by high levels

of Cr. The end result of these ion transporters is an increase in total water uptake

at the expense of more ATP consumption.

Although these are attractive mechanisms to maintain cell volume and do

have some support, it should be clearly stated that there has also been questions

as to the extent to which RVI processes are present in muscle at all (82). It has

been previously demonstrated that a certain amount of cell shrinkage is not

harmful to cell function and could very well be an adaptive ability (82). Cell

shrinkage typically occurs as a result of a decrease in extracellular water which

thus raises osmolarity. The homeostatic response is then to flux water out of the

cell. This process preserves extracellular volume which is necessary for other,

more critical, life functions (blood pressure, organ perfusion, oxygen delivery,

etc.). Therefore, the necessity of cells to perform an RVI in order to increase cell

volume may not be an acute process at all. The regulatory volume increases of

cells may be an acquired process after the external stresses of the cell have

subsidized and the organism as a whole is under less stress.

The HYPO condition presented a different view of cell volume change

entirely. The muscles were found to be in a significantly greater anabolic state (at
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least a less catabolic state) thus tissues in this conditions did not show signs of

increase metabolic stress, especially as compared to tissues from the HYPER

condition. The levels of PCr were found to be higher while levels of lactate were

lower in the HYPO condition. The lower levels of metabolic by products indicate

that there was less glycolytic flux during the HYPO incubations. Decreased

glycolytic flux was also coupled with an elevated glycogen concentration. The

increase glycogen concentration seen in the HYPO condition could have been a

result of the cell being in an augmented anabolic state but may have also been

the result of RVD mechanisms.

Regulatory volume decrease mechanisms are much less complex than

those of RVI. RVD is generally accomplished by the release of ions from the cell

which results in the efflux of water. Thus, to eliminate the amount of solutes in

the cell, free glucose can be converted into glycogen reducing the total number

of solutes in solution which would result in a greater efflux of water. Furthermore,

during periods of cell swelling there are typically higher concentrations of CI" ions

inside the cell attenuating the influx of water. The KCC transporter acts as a RVD

by transporting K* and CI" stoichiometrically in either direction across the plasma

membrane causing an efflux of water.

With regards to extracellular metabolites, the HYPER condition resulted in

augmented lactate concentrations. These concentrations could have been the

result of an efflux of lactate out of the cell since increasing cellular lactate levels

were observed. The lactate reaction through LDH is a near-equilibrium reaction

and thus high levels of lactate might have prevented further energy production.
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Thus, to relieve product inhibition of LDH, lactate could have been

released/transported out of the muscle.

One difference observed between muscle types v\/as cellular lactate levels.

Cell lactate levels in the SOL muscle were found to be significantly lower across

all conditions when compared to EDL. As it has been previously shown that

soleus muscle has a greater percentage of slow-twitch fibres, it is not surprising

that it would be less reliant on glycolytic flux to produce energy. EDL muscle on

the other hand is typically larger and contains fewer mitochondria and, thus, are

more dependent on anaerobic glycolysis to produce the necessary ATP to

maintain proper cell functioning. Furthermore, the smaller SOL would need less

metabolic by-products (i.e. lactate) to increase osmolality as cell size is smaller

(not requiring as great a glycolytic flux to increase macromolecular crowding).

In conclusion, both SOL and EDL results from the current study are

consistent with the cell swelling theory, since the muscles incubated in HYPER

were more catabolic in nature while the muscle Incubated in HYPO were less

catabolic. We can speculate that, in an effort to return cell volume to a more

homeostatic level, muscle cells increase or decrease cell metabolites by

controlling the rate of glycolytic flux. Furthermore, the rate of glycolytic flux may

have been the result of increased energy tumover due to ionic cell volume

regulatory processes. Again, these mechanisms are speculative and thus

warrant further investigation.

jts;'^.
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V. Conclusions - « -'

The most important finding of the current study is that cell volume change

through the manipulation of extracellular osmolality influences glucose kinetics

within resting skeletal muscle. In both muscle types, cell volume altered the rate

of glucose uptake with a significantly greater rate of uptake occurring in the

HYPER condition. Based on the review of two other investigations, it can be

speculated that increased glucose uptake resulted from an increased

translocation, through attenuated endocytosis or augmented exocytosis, of

GLUT4 to the plasma membrane allowing for an Increased glucose flux into the

cell (63, 89).

Furthermore, it is suspected that glucose uptake had glycogen sparing

effects, as the free glucose was able to be used for increases in glycolytic flux

when required; thus resulting in augmented glycogen levels across all conditions

when compared to previous work by our lab group (3). In this study, elevated

glycogen levels most likely had a negative feedback effect to decrease glycogen

synthase activation, while the reduction of glycogen, as seen in the HYPER

conditions, would have stimulated glycogen synthase transformation.

The alterations in metabolic concentrations are in direct support of

Haussinger's cell swelling theory and previous work in our lab (4, 40-44). The

changes in metabolites suggest a possible route for the cell to achieve RVI or

RVD and support the hypothesis that hyper-tonicity would have a greater

accumulation of metabolites. The increase accumulation In HYPER conditions is

believed to be the result of specific energy requiring cell volume ion channels
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which would increase glycolytic flux, or the accumulation of metabolites, to act as

osmolytes to increase osmolality.

A general increase in total water content, regardless of incubation media

osmolality, occurred. The observed increase in total relative water content

relative to Antolic et al. is thought to have been the result of specific

glucosensors on the plasma membrane (4). This glucosensor would have

responded to elevated extracellular glucose by increasing sodium uptake into the

muscle which would have been accompanied by the influx of water molecules.

This method for water uptake would have been similar across all conditions and

thus not altering osmotic influences but added to total water volume.

In summary, this study examined the effect of altering extracellular

osmolality on fluid shifts and metabolism in resting rat skeletal muscle. Acute

changes in extracellular osmolality induced non-specific fluid shifts into or out of

resting skeletal muscle as observed through wet to dry weights. However, the

extracellular osmolality did not result in the same relative water content as Antolic

et al. since the elevated extracellular glucose concentration increased cell water

content across all conditions (4). Furthermore, exposure to a hyper-osmotic

condition resulted in increased glucose uptake as well as increased glycogen

synthase transformation to the active form. These results were coupled with

decreased glycogen concentrations and a reduction in the energy charge of the

muscle and an accumulation of muscle lactate. Thus, further work is required to

determine the specific mechanism underlying glycogen regulation kinetics

resulting from an osmotic stress.
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VI. Future Directions

Based on the finding that relative water content was greater in the present

study than previous work done by our lab, future studies should test the

hypothesis between relative water content and SGLT3. A potential method would

be to add phlorizin to the incubation media, as it has been shown that phlorizin

can disable the effects of glucose on the SGLT. The inhibition of this protein

would allow for a direct comparison between groups and thus would determine

what role SGLTs play in skeletal muscle hydration.

Furthermore, based on work by Li et al and Randhawa et al. looking at

GLUT4 plasma membrane content in hyper-osmotic conditions, future studies

should be completed on intact skeletal muscle (63, 89). This type of experiment

could be accomplished by using a directed Myc-tag (GLUT4myc) in mice (63).

From this, it could be detemiined whether sarcolemmal GLUT4 increases under

hyper-osmotic stress in skeletal muscle. Also, if there is a change in plasma

membrane GLUT4 content, the GLUT4myc model could lead to determination of

how the exocytic and endocytic arms of GLUT4 are affected by changes in cell

volume.
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APPENDIX I: BREAKDOWN OF SIGMA MEDIA-199

Product Name
Product Number

Medium 199

M4530

TEST

APPEARANCE
PH TEST

OSMOLALITY TEST
STERILITY BY USP
ENDOTOXIN ASSAY
GLUCOSE CONTENT
CELL CULTURE TEST
EXPIRATION DATE

SPECIFICATION

CLEAR SOLUTION
7.0-7.6

280-310 mOsm'kg"''

STERILE

NMT1EU/ML
0.9-1.1 g*""

PASS

12 MONTHS

Components

Inorganic Salts

CaCl2-2H20

Fe(N03)3-9H20

MgS04 (anhyd)

KOI

KH2PO4
NaAcetate (anhyd)

NaHCOa
NaCI

Na2HP04 (anhyd)

NaH2P04 (anhyd)

Amino Acids
DL-Alanine

L-ArginineHCI

DL-Aspartic Acid

L-CysteineHCIH20
L-Cystlne-2HCI

DL-Glutamic Acid

L-Glutamine

Glycine

L-HistidineHCIH20

Hydroxy-L-Proline

DL-lsoleucine

DL-Leucine

M4530
[IX]

g-L-'

0.265

0.00072

0.9767

0.4

0.05

2.2

6.8

0.122

0.05

0.07

0.06

0.00011

0.026

0.1336

0.1

0.05

0.02188

0.01

0.04

0.12
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APPENDIX 11: LABORATORY PROCEDURES

I. Metabolite Extraction

Often the preparation of the tissue is the most critical. In the case of

metabolite assays, the most hazardous period is usually the period between the

moment the blood supply is cut off and the moment the enzyme activity is finally

stopped. Rapid freezing is essential. Therefore, most metabolite analysis is

performed on extracts prepared from frozen tissue. Most metabolites are

assayed in protein-free extracts prepared with perchloric acid (HCIO4). HCIO4 is

preferred because most of it can be easily removed by precipitation as a

potassium salt. All of the following analyses are performed on freeze-dried tissue.

Not only does it circumvent the problem of changing water contents in tissue, but

also because the tissue is much easier to work with. Enzymes are rendered

inactive in a water-free environment, and will remain so until water is re-added.

Therefore, the weighing of the samples can be performed at room temperature

and the tissue can be dissected free of connective tissues and blood.

I. Reagents

0.5 M RCA 21 .5 ml 70% PCA
Bring to 500 ml with distilled H2O
Store 0-4°C for 1 month

2.3 M KHCO3 2.3 g M KHCO3
Add 10.0 ml distilled H2O
Fresh Daily

II. Procedure

1 . Freeze dry tissue (overnight to ensure all water is removed)
2. Store with dry rite in freezer until powdering

3. Tease out connective tissue and powder
4. Place in pre-weighed microcentrifuge tube and weigh (3-5mg)

5. Place tubes in an ice bucket (make sure tubes remain cold)

6. Add 600 pL of pre-cooled 0.5 M PCA
7. Extract for 10 minutes, vortexing several times (ensure all tissue is in contact

with PCA)
8. Centrifuge for 10 minutes at 15 000 G (spinning helps remove some of the

enzymes that can influence concentration)

9. Remove 540 pL and place in freezer (-20°C) for 10 min
10. To the frozen supernatant add 135 pL of 2.3 M KHCO3 and vortex until liquid

(addition of KHCO3 to a frozen supernatant prevents foaming over)

1 1

.

Centrifuge 10 min 0°C at 15 OOOG. Remove supernatant to assay
metabolites.
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Background of Fluorometric Assays

Pyridine nucleotides are natural oxidizing and reducing agents in a wide
variety of enzyme systems. In the reduced form the nucleotide NADH/NADPH is

fluorescent while in its oxidized form (NAD/NADP) it is not. The reduced form is

also capable of fluorescent emission at 460nm when excited at 340nm. Due to

these two physical properties reactions can be quantified based directly on the

change in the oxidative sate of these coenzymes. Therefore the limiting factor, in

the conversion of any of the metabolites, and production of the fluorescent

material, NADH/NADPH, will be the amount of metabolite in the muscle/blood.

The presence of certain compounds in the assay, removes certain substrates,

essentially forcing all reactions to occur one direction. Therefore the amount of -

fluorescence determined using the Flourometer is directly proportional to the

amount of the metabolite in the muscle/blood.

'- yi?^
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II. Muscle Adenosine Triphosphate (ATP) and Phosphocreatine (PCr) Assay

for Plate Reader Flourometer
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Preparation of Dilute Enzyme

For step 2. Mix 2.5 pL of Hexokinase with 1ml of buffer. Mix by inversion.

For step 3. Mix ~1 .5 mg of phosphocreatine kinase and 5 mg of ADP into 5 ml of

buffer. Mix by inversion.

Procedure for Assay (Note: Run everything in triplicate) ;>o

Parti.

1

.

Fill three wells with a blank (10.00 pL dHaO per well)

2. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with 1 0.OOpL of varying concentrations of ATP
standard (0.05 mM, 0.1 mM, 0.2 mM, 0.3 mM, 0.4 mM)

3. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with 10.00 pL of varying concentrations of the

PCr standard. (0.1 mM, 0.2 mM, 0.4 mM, 0.8 mM, 1.2 mM)

4. a. Vortex each sample before pipetting

b. Add 1 0.00 pL of sample to the appropriately wells

5. Add 185 pL of buffer to each well -»-

7. Incubate for 25 minutes.

6. Read the plate at sensitivity of 80 (excitation setting 340, emission setting

460) (base line reading)

Part 2.

1

.

Add 6 pL of dilute Hexokinase to all of the wells

2. Place in the dark for 80 minutes

3. Read the plate (excitation setting 340, emission setting 460)
(R2-R1= reflects ATP in extract)

Part 3.

1

.

Add 6 pL of dilute Creatine Kinase to all of the wells

2. Place in the dark for 120 minutes

3. Read the plate (excitation setting 340, emission setting 460)
(R3-R2= reflects PCr in extract)
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ATP (Sigma A-7699) Standard Curve

make fresh 5.51 mg into 5 ml dH20

Cone (mM) Stock (pL) dHaO {\iL)

0.05 25 975
0.1 50 950

0.2 100 900

0.3 150 850
0.4 200 800

Phosphocreatine (Sigma P-7936) Standard Curve

Stored in 7.6 mM aliquots in the -80°C

To make 7.6 mlVI stock: FW (no water) 255.1 mg phosphocreatine into 50 ml

dHzO

Cone (mM) Stock (pL) dHaO (|jL)

0.076 10 990
0.152 20 980
0.304 40 960
0.608 80 920
0.912 120 880

C4H8N305PNa • 4.4 mol HaO-mol"'' substance

Therefore its effective weight is 334.3 g«mol"^
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III. Muscle Creatine (Cr) Assay for Plate Reader Flourometer

CREATINE KINASE
CREATINE + ATP ^ P-CREATINE + ADR ' .:

PYRUVATE KINASE
ADR + R-RYRUVATE -^ ATR + PYRUVATE

LDH
PYRUVATE + NADH ^ LACTATE + NAD

(flour will decrease)

Reagent STOCK FINAL VOLUME VOLUME VOLUME
CONC CONC 25ml 50 ml 100ml

1. Imidazole LOOM 50 mM 1.25 ml 2.5 ml 5.00 ml

(on shelf) (pH 8.1)

aliquots ( -80)

2. MgCl2 (on shelf) LOOM 5.0 mM 125.00^1 250.00 pL 500.00 pL
make fresh

(.2033g/ml)

3. KCI (on shelf) LOOM 30.00 mM 0.75 ml L5 ml 3.00 ml

make fresh

(.148g/2ml)

4. PEP (found in - 10.0 mM 25.0 pM 60.00 pL 120.00 pL 240.00 |jL

20) aliquots (-80)

5. ATP (found in - SOLID 200 pM 3 mg 6 mg 12mg
20) make fresh

6. NADH 15 mM 45 pM 75.00 pL 150.00 pL 300.00 pL
(found in -20)

Sigma (N-81 29)

fresh 10.5mg/ml

7. LDH 5264 U/ml 0.24 U/ml 1.10 pL 2.3 pL 4.6 pL
(found in fridge)

Sigma (L-51 32)

8. Pyruvate Kinase 1252 U/ml 0.75 U/ml 15.00 pL 30.00 pL 60.00 pL
(found in fridge)

Sigma (R-1 506) v;.

9. Creatine Kinase 324 U/mg 3.6 U/ml

(found in -20) -

Sigma (C-3755)

Note: Mix reagents 1-6 together. Bring to volume with distilled water and adjust to pH
7.5. Then add reagents 7 & 8. Mix by inversion when enzymes added.
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Preparation of Dilute Enzyme

For step 2. Mix 1 .0 mg of Creatine Kinase with 2.6 ml of buffer. Mix by inversion.

Before beginning to pipette the samples you must test the fluorescence of

the buffer (might have to change gain)

Procedure for Assay

Parti.

1 . Fill three wells with a blank (1 0.00 pL dH20 per well)

2. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with lO.OOpL of varying concentrations of Cr

standard (0.1 mM, 0.2 mM, 0.4 mM, 0.8 mM, 1.2 mM)

3. a. Vortex each sample before pipetting

b. Add 10.00 \iL of sample to the appropriately wells

4. Add 185 |jL of buffer to each well

5. Incubate for 30 minutes

6. Read the plate at a sensitivity of 100 (excitation setting 340, emission

setting 460) (base line reading)

Part 2.

1. Add 6 pL of dilute Creatine Kinase to all of the wells — "•

—

2. Place in the dark for 55 minutes

3. Read the plate (excitation setting 340, emission setting 460)

Note: Everything analyzed in triplicate

Creatine (Sigma C0780-50q) Standard Curve

Stored in 10 mM aliquots in the -80°C

To make 10 mM stock: 131.1 mg into 100 ml dHaO

Cone (mM) Stock (pL) dHzO {\^l)

0.1 10 990
0.2 20 980
0.4 40 960
0.8 80 920
1.2 120 880

i» -,- .
•>
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IV. Muscle Lactate Assay for Plate Reader Flourometer

LDH
Lactate + NAD* -> Pyruvate + NADH + H*

PYRUVATE + Hydrazine --> Pyruvate Hydrazone

Reagent STOCK FINAL VOLUME VOLUME VOLUME
CONC CONG 25ml 50 ml 100ml

1. Hydrazine

(on shelf)

stored in fridge

2. Glycine

(on shelf)

stored in fridge

3. NAD*
(found in -20)

stored in aliquots

(-80)

4. LDH
(found in fridge)

Sigma (L-51 32)

LOOM

LOOM

100.0

mM

100.0

mM

2.5 ml 5.00 ml 10.00 ml

2.5 ml 5.00 ml 10.00 |jL

100.0 mM 0.5 mM 125 pL 250 |jL 500.00 pL

5264 U/ml 8 U/ml See Procedure

Note: Mix reagents 1-3 together. Bring to volume with distilled water and adjust

topH 10.

Preparation of Dilute Enzyme

Add 60 |jL of LDH to 1 .0 ml of reagent. Mix by inversion. (For 50 ml do
120 |jL of reagent). (17.25 [iL if using L-2500, LDH)

Procedure for Assay
-— -.

Parti.

1 . Fill three wells with a blank (1 0.00 |jL dH20 per well)

2. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with 10.00|jL of varying concentrations of lactate

standard (0.025 mM, 0.05 mM, 0.1 mM, 0.2 mM, 0.8 mM)
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3. a. Vortex each sample before pipetting

b. Add 10.00 pL of sample to the appropriately wells

4. Add 185 pL of buffer to each well

5. Incubate for 15 minutes

6. Read the plate at a sensitivity of 100 (excitation setting 340, emission

setting 460) (base line reading)

Part 2.

1. Add 10 mL of dilute LDH to all of the wells

2. Place in the dark for 120 minutes

3. Read the plate (excitation setting 340, emission setting 460)

Note: Run everything in triplicate

Lactate Standard Curve

Pre-made lactate standard (4.44 mM)

Cone (mM) Stock (pL) dH20 (pL)

0.1 23 977

0.2 45 955
0.4 90 910

0.8 180 820
1.2 270 730

Cone (mM) Stock (pL) dHgO (pL)

0.025 5.6 994
0.05 11.25 988
0.1 22.5 978
0.2 45 955
0.8 180 820
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V. Glucose & Glucose-6-Phosphate Assay
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Preparation of Dilute Enzyme

1. Add 1.5 |jL of G-6-P-DH to a test-tube containing 1.5 mL Reagent. Mix by

inversion.

2. Add 5.2 [it of Hexol<inase to a test tube containing 1 mL of reagent. Mix by

inversion.

Procedure for Assay

Parti.

1. Fill three v\/ells with a blank (10 |jL dHaO per well)

2. a. Vortex each concentration mixture before pipetting

b. Fill the next X wells with 10.00 \iL of varying concentrations of Glucose

standard (See Below)

c. Fill the next X wells with 10.00 pL of varying concentrations of G-6-P

standard (See Below)

3. a. Vortex each sample before pipetting

b. Add 10.00 pL of sample to the appropriately wells

4. Pipette 185 pL of Reagent into wells in triplicate and incubate for 15

minutes.

4. Read the plate at a sensitivity of 95 (excitation setting 340, emission

setting 460)

Part 2.

1

.

Add 5 pL of dilute G-6-P-DH to each well

2. Incubate for 17 minutes in the dark at room temperature

3. Read the plate at a sensitivity of 95 (excitation setting 340, emission setting

460)

Part 3.

1

.

Add 5 pL of dilute Hexokinase to each well

2. Incubate for 20 minutes in the dark at room temperature

3. Read the plate at a sensitivity of 95 (excitation setting 340, emission setting

460)

Note: Run everything in triplicate
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Glucose Standard Curve

2.5 mM stock

2.5 mg of glucose (G-8270) to 5.52 mL dH20

Choose appropriate standard curve for the type of samples running

Cone (mM) Stock {[iL) dH20 (pL)

0.1 40 960
0.2 80 920
0.4 160 840
0.8 320 680
1 .2 480 520

Cone (mM) Stock (pL) dHzO (pL)

0.01 4 996
0.02 8 992

0.04 16 984
0.08 32 968
0.16 64 936
0.32 128 872

Glucose-6-Phoshpate Standard Curve

1 mM stock located in -80 aliquots

To make aliquots at G6P (G-7772; -20; 0.938 M) to dH20

Cone (mM) Stock (pL) dHzO (pL)

0.1 40 960
0.2 80 920
0.4 160 840
0.8 320 680
1.2 480 520
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VI. Hydrolysis of Tissue for Glycogen Assay

A. Reagents

2.0 N HCI To 83 ml water add 1 7 ml HCI (37% or 1 2 N)

2.0NNaOH To 8 g NaOH add 100 ml water

B. Procedure

1 . Use frozen tissue or tissue residue from perchloric acid extract or freeze

dried powdered tissue.

2. Add tissue to a microfuge tube (Not to exceed 5 mg dry weight).

3. Add 500 pL 2 N HCI

4. Record weight of each tube

5. Place at 1 00°C for 2 hours. Mix after the first hour.

6. Re-weigh each tube and add water to achieve initial weight

7. Add 500 pL 2N NaOH, mix well.

8. Store at -90°C until analysis.

Dilution Factor =1.3

i:>;-ii

iv
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VII. Muscle Glycogen Assay for Plate Reader Flourometer

HEXOKINASE
Glucose + ATP -> Glucose-6-P + ADR

G-6-P-DH
Glucose-6-P + NADP -> Glucanolactone + NADPH

Reagent STOCK FINAL VOLUME VOLUME VOLUME
CONC CONC 25ml 50 ml 100ml

1. Tris

(on shelf)

(pH8.1)

stored in fridge

2. MgClz (on shelf) 1 .00 M 1 mM
make fresh

LOOM 50 mM 1.25 ml 2.5 ml 5.00 ml

(.2033g/ml)

3. DTT (found in

20)

aliquots (-80)

25 mL

4. ATP (found in - 300 mM 300 pM
20)

aliquots (-80)

5. NADP (found in 50 mM 50 pM
-20)

aliquots (-80)

6. G-6-P-DH
found in fridge

(Sigma G-5760)

7. Hexokinase
found in fridge

(Sigma L-5500)

50|jL 100 |jL

0.5 M 0.5 mM 25 pL 50 mL 100 pL

2660 0.02 U/ml

U/ml

1338 0.14 U/ml

U/ml

25 |jL 50 \iL 100 |jL

25 mL 50 mL 100 [jL

See Procedure Below

See Procedure Below

Note: Mix reagents 1-5 together. Bring to volume with distilled water and adjust

topH8.1.
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Preparation of Dilute Enzyme

1 . Add 1 .5 of G-6-P-DH to a test-tube containing 1 .5 mi of Reagent. IVIix by

inversion.

2. Add 5.2 uL of Hexokinase to a test tube containing 1 ml of reagent. Mix by

inversion.

Procedure for Assay

Parti.

1. Fill three wells with a blank (10.00 pL dH20 per well)

2. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with lO.OOpL of varying concentrations of 5uM
2.5 uM Glucose standard (0.1 mM, 0.2 mM, 0.4 mM, 0.8 mM, 1.2 mM)

3. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with lO.OOpL of varying concentrations of 5ul\1

G6P standard (0.1 mM, 0.2 mM, 0.4 mM, 0.8 mM, 1.2 mM) (only if

determining G6P-DH)
4. a. Vortex each sample before pipetting

b. Add 10.00 pL of sample to the appropriately wells

5. Add 185 pL of buffer to each well

6. Incubate for 15 minutes

7. Read the plate at a sensitivity of 95 (excitation setting 340, emission setting

460) (base line reading)

Part 2.

1

.

Add 5 pL of dilute G-6-P-DH to all of the wells

2. Place in the dark for 17 minutes

3. Read the plate (excitation setting 340, emission setting 460)

Part 3.

1

.

Add 5 pL of dilute Hexokinase to all of the wells

2. Place in the dark for 20 minutes

3. Read the plate (excitation setting 340, emission setting 460)

Note: Everything analyzed in triplicate
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Glucose Standard Curve
2.5 mM stock

2.5 mg of glucose (sigma G 8270) to 5.52 ml of dHaO

Cone (mM) Stock (|jL) dHzO (pL)

0.1 40 960
0.2 80 920
0.4 160 840
0.8 320 680
1 .2 480 520
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VIII. Blood Metabolite Extractions

A. Reagents

1 .25 M KHCO3 Add 1 .25g KHCO3 to 1 0mL. Mix well. (Make fresh

daily)

0.6 M PCA To 8 g NaOH add 1 00 ml water

B. Procedure

1 . Add 0.5 mL (500 pL) of cold 0.6M Perchloric Acid to a microfuge tube,

keep on ice.

2. Add 0.1 mL (100 pL) of whole blood. Mix and cool on ice.

3. Centrifuge at 1 5 000 g for 2 minutes in a refrigerated Eppendorf microfuge

(0-4 °C).

4. Add 0.25 mL (250 pL) of 1 .25 M KHCO3 (made fresh daily) and let sit for

10 minutes at 0-4"'C.

5. Centrifuge at 15 000 g for 2 minutes in a refrigerated Eppendorf

microfuge (0 - 4°C).

6. Remove supernatant and store frozen in an appropriately labelled

microfuge tube.

7. Add 500 pL 2N NaOH, mix well.

8. Store at -90°C until analysis.

Dilution Factor = 8.5

Stability of Frozen Supernatant

1

.

P - hydroxybutyrate/Pyruvate - 14 days (will polymerize on prolonged

storage).

2. Lactate/Glucose/Glycerol/Alanine - 3 months
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VIII. Extracellular Media Lactate Assay for Plate Reader Flourometer

LDH
Lactate + NAD* -> Pyruvate + NADH + H*

PYRUVATE + Hydrazine --> Pyruvate Hydrazone

Reagent STOCK FINAL VOLUME VOLUME VOLUME
CONC CONC 25ml 50 ml 100ml

1. Hydrazine

(on shelf)

stored in fridge

2. Glycine

(on shelf)

stored in fridge

3. NAD*
(found in -20)

stored in aliquots

(-80)

4. LDH
(found in fridge)

Sigma (L-51 32)

LOOM 100.0

mM

LOOM 100.0

mM

2.5 ml 5.00 ml 10.00 ml

2.5 ml 5.00 ml 10.00 mL

100.0 mM 0.5 mM 250 |jL 500 |jL 1 mL

5264 U/ml 8 U/ml See Procedure

Note: Mix reagents 1-3 together. Bring to volume with distilled water and adjust

to pH 10.4

Preparation of Dilute Enzyme .,.,„.,,

Add 32 pL of LDH to 25 ml of buffer. (1 7.25 pL if using L-2500, LDH).
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Procedure for Assay

Parti.

1

.

Fill three wells with a blank (1 0.00 [iL dH20 per well) a -

2. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with 10.00|jL of varying concentrations of lactate

standard (0.025 mM, 0.05 mM, 0.1 mM, 0.2 mM, 0.8 mM)

3. a. Vortex each sample before pipetting

b. Add 25.00 pL of sample to the appropriately wells

4. Add 185 pL of buffer to each well

5. Incubate for 15 minutes in the dark

6. Read the plate at a sensitivity of 100 (excitation setting 340, emission

setting 460)

7. Add 10 pL dilute enzyme and incubate in dark for 120 minutes

8. Read the plate at a sensitivity of 100 (excitation setting 340, emission

setting 460)

Note: Run everything in triplicate

Lactate Standard Curve

Pre-made lactate standard (4.44 mM)

Cone (mM) Stock (pL) dHzO (pL)

0.1

0.2

0.4

0.8

1.2

23

45
90
180

270

977
955
910
820
730

Cone (mM) Stock (pL) dHzO (pL)

0.025

0.05

0.1

0.2

0.8

5.6

11.25

22.5

45
180

994
988
978
955
820
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IX. Extracellular Glucose Assay

HK
Glucose + ATP -^ G-6-P + ADR

G-6-P + NADP
G6PDH

•^ Gluconolactone-6-P + NADPH

Reagent

1.NaH2P04
(on shelf)

Sigma (S-9638)

2. MgS04
(on shelf)

Sigma (M-7506)

3. ATP
(found in -20)

Sigma (A-7699)

4. NADP
(found in -20)

Sigma (N-3886)

5. Hexokinase
(found in fridge)

Sigma (L-5500)

6. G6PDH
(found in fridge)

Sigma (G-5760)

STOCK FINAL VOLUME VOLUME VOLUME
CONG CONG 25ml 50 ml 100ml

1M 82.0 mM 0.285 g 0.57 g 1.14 g

1 M 3.75 mM 23.1 mg 46.2 mg 92.4 mg

300.0 mM 1.5 mM 20.7 mg 41.4 mg 82.8 mg

50.0 mM 1.5 mM 28.8 mg 57.6 mg 115.2 mg

1500 U/ml

2660 U/ml

5 mg/ml

See Procedure Below

See Procedure Below

Note: Mix reagents 1-2 together. Bring to volume with distilled water and adjust

to pH 7.5-7.7 with 5 M NaOH. Add reagents 3-4.

Preparation of Dilute Enzyme

Add 60 pL of HK and 60 pL G6PDH to 540 pL dHaO.
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Procedure for Assay

Parti.

1

.

Fill three wells with a blank (20 |jL dH20 per well)

2. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with 20.00pL of varying concentrations of lactate

standard (0.1112 mM, 0.2224 mM, 0.4448 mM, 0.8896 mM, 1.7792 mM)

3. a. Vortex each sample before pipetting

b. Add 20.00 pL of sample to the appropriately wells

4. Pipette 175 pL of Reagent Into wells in triplicate and incubate for 15

minutes. -.

5. Read the plate at a sensitivity of 100 (excitation setting 340, emission

setting 580)

6. Add 5 pL of enzyme to each well

7. Incubate for 60 minutes in the dark at room temperature

8. Read the plate at a sensitivity of 100 (excitation setting 340, emission

setting 580)

Note: Run everything in triplicate

Glucose Standard Curve

Pre-made glucose standard (Sigma 635-100) (5.56 mM) ' o .;

Cone (mM) Stock (uL) dHaO (pL)

0.1112 20 980
0.2224 40 960
0.4448 - 80 920
0.8896 160 840
1.7792 320 680
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X. Glycogen Synthase Assay - Homogenization & UDP Assay

UDP-glucose + Glycogen(n)

PEP + UDP

Pymvate + NADH

PK

LDH

-> UDP + Glycogen(n+i)

^ Pyruvate + UTP

-> Lactate + NAD*

Step 1. TISSUE HOMOGENIZATION
Homogenization Media (pH 7.2 - 7.4)

Reagent

LTrisHCL
(on shelf)

Sigma (T-5941)

2. EDTA
(on shelf)

Sigma (ED4S)

3. NaF
(on shelf)

Sigma (S-6521)

4. DTT
(found in -20)

Sigma (D-91 63)

STOCK FINAL VOLUME VOLUME VOLUME
CONG CONG 25m! 50 ml 100ml

1 M

1M 50 mM 232.13 mg 464.25 mg 928.5 mg

5mM 46.53 mg 93.05 mg 186.1 mg

1M 20 mM 20.97 mg 41.95 mg 83.9 mg

1 mM 5 mM 19.25 mg 38.5 mg 77.0 mg

Note: Mix reagents 1-4 together. Bring to volume with distilled water and adjust

to pH 7.2-7.4.

EDTA

NaF

DTT

BSA

prevents activity of protein kinase which phosphorylates GSi in the

presence of ATP
prevents removal of phosphate from phosphorylated (inactive) '*•

^"

enzyme by phosphatase activity present in the homogenate
ensures reduction of sulphydryl groups of the enzyme which are

necessary for optimal activity

sometimes added to prevent denaturation of enzymes if enzymes
become too diluted and the protein cone falls below 0.2mg/ml (500-

1000 fold dilution)
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Homogenization Procedure

1 . Pre-chill HM and tissue homogenizer on ice . in

2. Place muscle sample tubes in liquid Nitrogen to await weighing

3. Add XX |jl of HM to homogenizer and tare on balance

4. Add muscle, record weight

5. Calculate the amount of homogenization media to be used (1mg tissue/50ul

HM)
6. Subtract XX pi and add remaining HM to homogenizer

7. Homogenize until any fibrous material is broken down into solution

8. Extract homogenate, place in eppendorf and centrifuge (4C, 5min @ 5000

rpm)

9. Extract supernatant into new eppendorf tube.

fO. Continue to react with next assay procedure or promptly freeze

(recommended to proceed with the reaction at this stage to eliminate the

chance of enzymatic decay with the freeze/thaw cycle)

NOTE: If you know the weight of the muscle then Just use the 1mg
tissue/50ul HM formula to add the appropriate amount of HM.

Step 2: Part A - INCUBATION PROCEDURE
Incubation Media

Reagent
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step 2. Part B - Glucose-6-phosphate Addition

For glycogen synthase I determination add enough G6P to a set amount of

incubation media solution (see chart below) to have a final concentration of

0.1 mM.

For glycogen synthase TOTAL (l+D) determination add enough G6P to a set

amount of incubation media solution (see chart below) to have a final

concentration of 0.1 mM.

Incubation Media Solution Volume
STOCK FINAL VOLUME VOLUME VOLUME VOLUME

Reagent CONC CONC 10ml 25m[ 50 ml 100ml

4.64 g 9.285 gG6P (sol'n)

(found in -20)

Sigma (G-

7772)
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3. Start reaction by adding 50 \i\ of the UDP-GLUCOSE solution to each
eppendorf tube (yields a final UDP-GLUCOSE concentration of 8mM)

4. Incubate at 37 C for 45 minutes

5. After 45 minutes remove samples and place into a hot water bath at 90°C
for 2.5 minutes to stop reaction

6. Centrifuge at 5000G for 5 minutes (4°C)

7. Remove the SUPERNATANT, place on ice and assay immediately for

UDP or freeze and store

DF = 450IM + 100 HM + 50 UDP-GLUCOSE = 600 = 6x
100 MH 100

• ;'<

.ti:.-'>- ;-.'.v^'
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step 3: Part A - UDP Assay

UDP Reagent STOCK FINAL VOLUME VOLUME VOLUME VOLUME
CONC CONC 25ml 50 ml 100 ml 200ml

I.TrlsHCL
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Preparation of Dilute Enzyme (PK)

Add 15.05 |jL of PK 1 mL REAGENT and place on Ice until use.

Procedure for Assay

1 . Add 1 00 |jL of REAGENT of each well (allow to equilibrate for 2 min)

2. Fill three wells with a blank (10 pL dHaO per well)

NOTE: Mix each sample 10x when pipetting

2. a. Vortex each concentration mixture before pipetting

b. Fill the next eight wells with lO.OOpL of varying concentrations of UDP
standard

3. a. Vortex each sample before pipetting

b. Add 10.00 pL of sample to the appropriately wells

4. Incubate for 15 min in dark place

5. Read the plate at a sensitivity of 100 (excitation setting 340, emission

setting 580)

6. Add 1 .5 pL of enzyme to each well and mix 20x
7. Incubate for 30 minutes in the dark at room temperature

8. Read the plate at a sensitivity of 100 (excitation setting 340, emission

setting 460)

Note: Run everything in triplicate

UDP Standard Curve

Make fresh (Sigma U-4125: FW 404.1). Add 4.402 mg per ml dHaO to make 10

mM stock concentration.

Conc(ijM) Stock (uL) dHzO (pL) ~
25 2.5 997.5

50 5 995
75 7.5 992.5

100 10 990
125 12.5 987.5

150 15 985
200 20 980
400 40 960
800 80 920
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Calculation Equation

concentration = ((slope*fluorescence)-lntercept)/tlme/(protein concentration*DF)

Incubation iVIedia Dilution Factor:

DP = 45QIIVI + 100 HM + 50 UDP-GLUCOSE = 600 = 6x

100IV1H 100

UDP Assay Dilution Factor:

DP = 1 00 BUFF + 10 SA + 1 .5 PK = 1

1

1 .5 = 1 1 .Sx

10 MH 10

Final Dilution = 6 x 11.5 = 69x
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XI. 2-DEOXYGLUCOSE UPTAKE METHODS FOR ORGAN BATH
EXPERIMENTS

Reagent





APPENDIX III: ANIMAL ETHICS APPROVAL

>hi^
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