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ABSTRACT

GLUCOSE DYNAMICS IN RAT SKELETAL MUSCLE: RECOVERY FROM OSMOTIC STRESS

Matthew J. Mulligan Advisor

Brock University Dr. B.D. Roy

The purpose of this study was to examine cell glucose kinetics in rat skeletal

muscle during iso-osmotic recovery from hyper- and hypo-osmotic stress. Rat

EDL muscles were incubated for sixty minutes in either HYPO (190 mmol/kg),

ISO (290 mmol/kg), or HYPER (400 mmol/kg) media (Sigma medium-199, 8 mM

glucose) according to an established in vitro whole muscle model. In addition to

sixty minute baseline measures in aniso-osmotic conditions, (HYPO-0 n=8; ISO-

0, n=S; HYPER-0, n=8), muscles were subjected to either one minute (HYPO-1

n=8; ISO-1, n=8; HYPER-1, n=8) or five minutes (HYPO-5 n=8; ISO-5, n=8;

HYPER-5, n=8) of iso-osmotic recovery media and analyzed for metabolite

content and glycogen synthase percent activation. To determine glucose uptake

during iso-osmotic recovery, muscles (n=6 per group) were incubated for sixty

minutes in either hypo-, iso-, or hyper-osmotic media immediately followed by

five minutes of iso-osmotic media containing
3
H-glucose and 14

C-mannitol.

Increased relative water content/decreased [glucose] (observed in HYPO-0) and

decreased water content/increased [glucose] (observed in HYPER-0) returned to

ISO levels within 5 minutes of recovery. Glycogen synthase percent activation

increased significantly in HYPO-5 over iso-osmotic controls. Glucose uptake

measurements revealed no significant differences between groups. It was

determined that [glucose] and muscle water content rapidly recovered from

osmotic stress demonstrating skeletal muscle's resilience to osmotic stress.
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CHAPTER 1: WATER - THE CELLULAR BASIS OF LIFE

I. Introduction

Water, unequivocally regarded as the most important nutrient for life,

makes up roughly 50-70% of one's body weight (78, 97). By convention, total

body water (TBW) is separated into extracellular and intracellular compartments.

The extracellular compartment, representing 35% of TBW, is subdivided into a

plasma component (found in the vasculature) and an interstitial component

(found in the microscopic spaces between cells). The remaining 65% of TBW is

housed in the billions of cells that make up the human body (36, 97). The

average 70 kg male has approximately 42 L of TBW, with 28 L located

intracellularly and the remaining 14 L situated in the extracellular compartment.

Plasma accounts for 3.2 L of the extracellular fluid while the interstitium contains

the remaining 10.8 L (97). These compartments serve a variety of functions that

are critical to the maintenance of homeostasis within the body. For instance,

plasma is the medium by which oxygen, nutrients, immune cells, and hormones

are delivered to cells and metabolic by-products are removed. Plasma is also a

very important factor in thermoregulation, especially during physical activity (see

section Ic). Interstitial fluid may serve a protective purpose, acting as a cushion

for important tissues such as the brain and spinal cord during forceful impacts.

Moreover, interstitial fluid allows for the transfer of gases and nutrients from the

vasculature to the cells. Finally, intracellular fluid provides a reactive medium for

metabolic processes, acts as a solvent for vital molecules (e.g. vitamins,

minerals, proteins, enzymes, glucose), and ensures a suitable environment for
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membrane depolarization (i.e. cell to cell communication) by providing a medium

for ion transport (11, 36).

Water also plays an important role in the maintenance of pH throughout

the body. Many enzymes require ideal, homeostatic conditions (i.e. temperature

between 36.1-37.8°C, pH 6.8-7.2) to function. Slight pH variations can

significantly alter the effectiveness of such proteins (e.g. ryanodine receptors)

(116). As a countermeasure to perturbations in pH (e.g. lactate accumulation

from high intensity exercise), the body utilizes the sodium bicarbonate system to

buffer out excess H
+
ions (see Figure 1.1).

H*
Sodium

Bicarbonate

(NaHC03 ) C
5>

Carbonic

Acid

(H2C03 ) C
c> H 2





1992 that a family of transmembrane proteins highly selective for water was first

identified in red blood cells (see section lid) (91). This discovery has since

allowed researchers to study osmoregulation at the molecular level in greater

detail.

Osmolality and osmolarity are common terms used in osmometry (a

method of measuring the concentration of particles within a solution). Osmolality

measures this concentration in terms of mmol/kg of solution, whereas measures

of osmolarity are expressed in mmol/l of solution (66, 76). Osmotic pressure, the

pressure needed to stop the movement of water across a membrane, is

proportionately influenced by osmolality. The greater the difference in solute

concentration across a semi-permeable membrane, the greater the net flow of

water through osmosis (from an area of high water concentration to an area of

low water concentration).

In the body, normal serum osmolality varies between 285-295 mmol/kg of

water (66). However, there are four main factors that impose osmotic stress on

this osmolality: colloid osmotic pressure, hydrostatic pressure, crystalloid

pressure, and ion pumps. Colloid osmotic pressure refers to the pressure exerted

by large molecules (e.g. proteins with a molecular mass greater than 30,000 kDa

such as albumin) that normally do not traverse membranes (76). The pressure

applied by fluids on cell membranes, known as hydrostatic pressure, may also

affect this osmotic equilibrium (66). Crystalloid pressure refers to the pressure

created by solutes that may cross the semi-permeable membrane (e.g. glucose).

Finally, osmotic pressure may be induced via ion channels (passive diffusion) or

11





ion pumps that utilize ATP to shuttle ions across a membrane against their

natural concentration gradients (e.g. Na\ K\ H
+
Ca2+

, CI"). In these situations,

water follows the ions across the cell membrane through the process of osmosis.

Tonicity of a solution is a relative term and refers to the effect that the

osmotic pressure will have on fluid movement. It is a relative term because it

compares the concentration of dissolved particles between two solutions, most

commonly solutions separated by a semi-permeable membrane (e.g. a cell and

the surrounding interstitial fluid). The tonicity of a solution is expressed as being

isotonic, hypotonic, or hypertonic. Isotonic solutions have the same osmolality

across the membrane which results in no net movement of water. When a cell is

placed in a hypotonic solution (<285 mmol/kg), there is a net movement of water

into the cell causing the cell to swell. Conversely, when a cell is placed in a

hypertonic solution (>295mmol/kg), there is a net movement of water out of the

cell causing it to shrink (66, 80). The resulting cellular responses to these

osmotic stressors are discussed in section II.

II. Whole Body Hydration

Three terms are commonly used to describe whole body hydration levels:

euhydration (normal hydration), hypohydration (less than normal hydration), and

hyperhydration (above normal hydration) (11). Whole body hydration is extremely

important for homeostasis, especially during exercise. Most athletes do not

consume enough water before and during performance to replace fluid losses

(45). This has significant implications on performance as a water loss of 1% of

body weight leads to greater increases in core temperature and subsequently
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diminishes one's endurance capacity (84). Hypohydration also increases heart

rate (to offset decreases in stroke volume and maintain cardiac output), reduces

blood flow to the peripheries (which impairs heat loss through convection and

radiation), and increases plasma osmolality (46, 84). Plasma hyperosmolality,

particularly increases in Na
+

ion concentration, reduces the potential for heat

dissipation as it increases the threshold for sweating and vasodilation in the

peripheries (46).

Hyperhydration, although less frequent than hypohydration, can also result

in adverse consequences; the most notable of which is hyponatremia (110).

Hyponatremia, characterized by a decrease in circulating Na
+
concentrations,

typically results in cellular edema. Most cells can tolerate this increase in volume

without consequence, except for cerebral tissue. Cerebral edema may result in

nausea, cramping, slurred speech, disorientation, coma, and/or death (11).

Throughout the course of a normal day, adults will turnover approximately

3-4 L of water (97). Daily water loss occurs via sweating, respiration, bowel

movements, and urination. This water loss is restored through fluid intake, food

intake, and the continuous, albeit small, contribution from oxidative metabolism

(101). The overall hydration status of the body is monitored by a multiple-loop

feedback system which includes the hypothalamus, hypophysis, and the kidney.

Osmoreceptors in the hypothalamus and hypophysis detect changes in plasma

tonicity which either initiates or suppresses the release of vasopressin (also

known as ADH or anti-diuretic hormone) from the pituitary gland. One of

vasopressin's target organs is the kidney and it works by influencing water
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retention in the collecting duct system. During periods of high plasma tonicity (i.e.

higher than normal osmolality), vasopressin release causes the collecting ducts

to become highly permeable to water which facilitates the reabsorption of fluid.

This causes water to be redistributed from the kidney to the plasma in an effort to

restore isotonic conditions, resulting in highly concentrated urine. On the other

hand, when osmoreceptors detect plasma hypotonicity, vasopressin secretion is

suppressed, causing the kidney to become impermeable to water reabsorption.

In this case, net water flux favours movement from the plasma to the cells and

excess water is excreted in the form of dilute urine (11, 79).

In addition to vasopressin, angiotensin II and atrial natriuretic peptide

(ANP) also have roles in maintaining whole body hydration. Angiotensin II is

activated by a series of reactions initiated by the release of angiotensinogen from

the liver or the release of renin from the kidney. When the body is hypohydrated,

angiotensin II acts to increase blood pressure (through vasoconstriction),

increase one's appetite for sodium, and induce a sensation of thirst. Even a 1-2%

increase in plasma osmolality (followed by cellular dehydration) will initiate this

process and cause a mammal to seek out water. It is not until the water is

absorbed into the bloodstream that satiation sets, causing the negative feedback

system of ANP to act on the kidney or liver (6).

ANP is released by the heart to counteract the effects of ADH and

angiotensin II (3). ANP release is stimulated when baroreceptors in the right

atrium, carotid and aortic arteries are distended. The primary suggested role of

this hormone is to decrease blood pressure in an effort to reduce the stress being
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placed on the cardiovascular system. When ANP is present, salt and water

intake is suppressed and renal output is increased (6). Together, the combination

of vasopressin, angiotensin II, and ANP work to control water intake and

excretion.

III. Whole Body Fluid Shifts

In the body, fluid movement between the various compartments (plasma,

interstitial, and intracellular) is continuous; however, only under hypohydrated,

hyperhydrated, hypoosmotic, and hyperosmotic conditions do we see fluid shifts

(i.e. net water movement) between compartments. It is generally suggested that

the body will act to protect plasma volume first and foremost as cardiovascular

function is critical to the maintenance of physiological homeostasis (11, 32). Fluid

shifts therefore can occur to regulate/protect this compartment and the various

factors associated with it (e.g. stroke volume, cardiac output, blood pressure,

heat dissipation, etc).

Dehydration during physical activity reduces endurance capacity and

compromises thermoregulation (39). The failure to dissipate heat during exercise

(especially in hot, humid environments) can lead to heatstroke and even death if

left untreated (11). In an attempt to circumvent this, the body regulates heat loss

via radiation/conduction (by increasing subcutaneous blood flow) and through

evaporation of sweat. A highly trained athlete may lose up to 3 L of water per

hour (roughly 7% of TBW in euhydrated individuals) in hot, humid conditions (11).

Sweat is hypotonic relative to blood plasma; fluid leaves the cardiovascular

system through sweat pores in the skin, eventually increasing the osmolality of
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the plasma. Increasing plasma osmolality has been proven to significantly

increase body core temperature on its own (39), hence, hydration before, during,

and after exercise is vital. If there is no fluid intake (or intake is not matched to

fluid loss), then a redistribution of body water ensues at the expense of other

compartments.

During moderate hypohydration, the body will maintain plasma volume by

shifting fluid from the interstitium into the blood vessels while maintaining

intracellular volume. However, during periods of severe hypohydration, the body

draws water from the intracellular compartment to maintain plasma volume. In

general, the degree of fluid loss determines the extent to which the plasma relies

on the intracellular compartment for stability (32, 82). Fluid shifts occur down an

osmotic gradient from the intracellular fluid to the interstitial fluid and finally into

the plasma. This gradient is primarily due to increases in plasma sodium

concentration (because of hypotonic sweat loss) and hemoconcentration (96,

98). However, pre-exercise hydration status may significantly alter the time that it

takes for an osmotic gradient to appear between fluid compartments.

Euhydration and/or hyperhydration prior to exercise will attenuate drastic

changes in plasma osmolality and hemoglobin concentration that occur with

exercise/exposure to heat (43).

Fluid shifts occur predominantly via transmembrane aquaporin water

channels. However, there are many mechanisms that contribute to cell volume

regulation. These mechanisms will be the topic of Chapter II.

16





CHAPTER 2: CURRENT PERSPECTVES ON CELL VOLUME REGULATION

Until the discovery of ion channels in the 1950s, it was long assumed that

water transport across the membrane was accomplished via diffusion. The

simple diffusion hypothesis stated that water - being a small, uncharged particle

- could permeate the lipid bilayer to establish osmotic equilibrium across the

membrane. However, experiments with different cell types (e.g. bladder versus

erythrocytes) demonstrated differences in rates of water permeability, alluding to

the presence of a water channel. It was not until 1992 that a water specific

channel was identified (AQP1) that confirmed contemporary theories of water

transport (1). Yet, given this discovery, the simple diffusion hypothesis is not to

be disregarded as water is able to traverse the membrane in this manner.

However, the contribution that diffusion through the membrane makes to water

flux is small in comparison to the role played by the aquaporin family of water

channels. Given the large surface area of the lipid bilayer, fluid movement across

the membrane via simple diffusion accounts for roughly one-tenth of the cell's

water permeability (103).

Unlike plant cells, animal cells do not contain a cell wall and as such, they

are unable to withstand the same hydrostatic pressure gradients without bursting

(68, 103). Conversely, cell shrinkage has the capacity to severely impair normal

cellular function, even to the point of stimulating apoptosis. For example, cells

placed in environments where the extracellular osmolality exceeds 500 mmol/kg

will trigger cellular apoptosis due to excessive water loss (69). Consequently,
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cells have developed deliberately redundant mechanisms to detect and control

cell volume.

I. Cell Volume Detection

It is not known exactly how cell size signals are translated into volume

regulatory responses (80). However, it is hypothesized that cell volume detection

mechanisms fall into two main categories: mechanically-induced and osmotically-

induced events (88).

la. Mechanically Induced Cell Volume Detection

Mechanically-induced events (also known as mechanical transduction)

refer to instances where either a) the membrane is bent or stretched, or b) there

is a rearrangement of structures inside the cell (88). With respect to water

transport, this theory is based on the premise that cell volume must be measured

through mechanical means (e.g. alterations in the cytoskeleton). It is proposed

that this stimulation acts to trigger the insertion of ion or water channels into the

membrane (e.g. similar to GLUT-4 translocation) or to activate/amplify

inert/basal-rate transporters, respectively (68, 95).

Evidence suggests that red blood cells are able to stretch to 1.6 times

their normal volume before any stretch is detected in the membrane (i.e. due to

the biconcave nature of the cell). However, it is known that swelling-induced

pathways (e.g. K
+

efflux) are activated at 1.05-1.1 times normal volume,

indicating that volume regulation is occurring before any stretch is detected in the

membrane (57, 88). This evidence does not support a theory of mechanically-
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induced volume regulation. However, given that these experiments were

conducted in red blood cells, caution and discretion should be used when

extrapolating these results to various other cell types.

In a series of experiments using ghost cells (i.e. resealed RBCs with

altered cytoplasmic contents), Colclasure and Parker (22, 23) tested the

hypothesis that cell volume was regulated by mechanical stimuli. These ghost

cells contained the same concentration of cytoplasmic proteins and had the

same surface area as regular cells, but were only one-third the volume. Using

this approach, the researchers were able to determine if volume regulation was

initiated by a change in volume (overall cell size) or by changes in intracellular

osmolality. It was found that both cell types initiated regulatory responses when

intracellular osmolality was altered from the same designated set point; that is,

regulatory volume responses were not activated by changes in overall volume,

but were activated by changes in intracellular osmolality.

lb. Osmotically Induced Cell Volume Detection

Osmotically-induced cell volume detection refers to instances where there

is a change in the concentration of some cellular component such as water, ions,

osmolytes, or proteins (88). The cell is able to detect these perturbations from the

normal state and initiate the necessary volume regulatory pathways. One of the

more prominent and generally well-accepted theories of cell volume detection is

that of macromolecular crowding.

It has been well documented that the concentration of intracellular proteins

has a profound effect on cellular function (68, 88). Under normal conditions,
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macromolecules make up roughly 20-40% of the cell's volume (19, 83). However,

during cell swelling and more importantly during cell shrinkage, the intracellular

concentration of these proteins is significantly altered. The resulting effect with

shrinkage is known as macromolecular crowding. It is hypothesized that changes

in macromolecular crowding may provide the cell with a means to detect

alterations in volume (83). The theory is based on the premise that large

molecular weight proteins exert pressure on other large proteins (the same does

not occur with low molecular weight molecules). This increase in pressure is

thought to activate a kinase that inhibits KCI symport out of the cell (68) while

other regulatory pathways are initiated including: Na
+
/H

+
exchange, Na\K+

,2CI"

cotransport, and CI7HC03
" exchange (70). These pathways (see section lla)

generate a net flux of water into the cell to regulate cellular volume.

II. Cell Volume Regulation

When a cell is exposed to a hypo- or hyperosmotic environment, a myriad

of responses are initiated to counter the effects of the osmotic stress. These

responses are collectively known as either a regulatory volume decrease (RVD)

or a regulatory volume increase (RVI, see Figure 2.1). RVD occurs when a cell is

placed in a hypotonic solution, swells, and subsequently loses solutes and water

in an effort to return to normal volume. On the other hand, a regulatory volume

increase (RVI) occurs when a cell shrinks after being placed in a hypertonic

solution and steadily accumulates solutes to drive water into the cell (88). RVD

and RVI responses are achieved through a number of mechanisms including: ion
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channels, osmolyte flux, the aquaporin family of water transporters, and

regulation of metabolism (54).

K +
' CI. HC03

RVD

HYPOSMOTIC ISOSMOTIC HYPEROSMOTIC

FIGURE 2.1. A: A RVD occurs when a cell is placed in a hyposmotic environment. The
cell initially swells, and then loses ions to reduce cell volume. Cell volume decreases
but does not attain initial levels. B: A RVI occurs when a cell is placed in a
hyperosmotic environment. The cell initially shrinks, and then gains ions to augment
cell volume. Cell volume increases but does not attain initial levels (Adapted from
Haussinger, 1994).

Ha. Ion Channels

During homeostatic conditions at rest, ion transport in the cell is a

continuous process with no net movement across the membrane. Ions involved

in these transport processes (e.g. Na\ K
+

, CI", Ca2+
, H

+
, and HC03 ) traverse the

membrane via 3 primary mechanisms: channels (which allow flux down a
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concentration gradient), coupled transporters (e.g. symports and antiports) and

pumps (which require metabolic energy, refer to Figure 2.2).

Hr

Sug»re, AAj
tic.

FIGURE 2.2. Transport systems in typical cells. Directions of the arrows
indicate normal flux direction. Adapted from Strange, 1993.

Arguably, the most important of all the transporters is the Na\K+
-ATPase which

pumps 3 Na
+
and 2 K

+
out of and into the cell, respectively, at the expense of 1

ATP molecule. The 3:2 stoichiometry aids in the maintenance of an

electrochemical gradient of -85 mV across the sarcolemma of skeletal muscle

cells (35). In addition to its contribution to this gradient, the Na
+
,K

+
-ATPase is

considered the most important pump for the regulation of cell volume (103). For

instance, in order to remain viable, cells must accumulate many substances (e.g.

metabolic fuel, vitamins, minerals, amino acids, proteins, etc.) which increases

22





the osmolality within the cell. This hyperosmolality inside the cell is

counterbalanced by a net flux of ions out of the cell (3:2:1 stoichiometry) by the

Na
+
,K

+
-ATPase (68). Hence, there is no swelling or water loss.

In periods of osmotic stress, many of the other ion transporters play an

important role in volume regulation. During a RVD (response to hypoosmotic cell

swelling), cells lose electrolytes such as K\ CI" and HCO3". The main transporters

involved in this process are K
+
channels, K

+
,CI" symporters, and nonselective

anion transporters (68, 70). Conversely, during RVI (response to hyperosmotic

cell shrinkage), cells accumulate electrolytes by activating the Na
+
,K

+
,2CI"

cotransporter and the Na
+
,H

+
antiport. Initiating the Na

+
,H

+
exchanger increases

the pH in the cell which activates the CI",HC03
" antiport. This effectively increases

the concentration of Na
+
/CI" and reduces the concentration of H

+/HC03
" within the

cell. However, the loss of carbonic acid (H2C03 ) is replenished by the diffusion of

C02 into the cell, resulting in a net movement of electrolytes into the cell (68, 70).

lib. Osmolytes

Because of their ionic charge, there is a limit to how many electrolytes

may accumulate within the cell during RVI. Elevated intracellular ion

concentrations alter the structure and function of many proteins; high ion

concentrations could denature certain macromolecules (80). Moreover, the

accumulation of ions alters resting membrane gradients. When these gradients

are disrupted, transporter function is also affected. For example, abnormal

accumulation of Na* within kidney cells effectively reverses the exchange of

sodium and calcium. Increased [Ca*] can severely disrupt cellular function, even
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to the point of apoptosis (105). In skeletal muscle, increases in [Na
+
] will also

increase cellular pH via the strong ion difference. Maintaining normal cellular pH

is critical to proper and sustained functioning. Hence, excessive ion

accumulation, although important for acute (i.e. minutes to hours) adjustments in

osmolality, is not a practical solution for chronic (i.e. hours to days) alterations in

overall hydration status.

Organic osmolytes provide an alternative to generate osmolality without

affecting normal cellular function. There are three categories of osmolytes

expressed in mammalian tissue: polyalcohols (e.g. sorbitol, inositol),

methylamines (e.g. glycerophosphorylcholine, betaine), and amino acids and

their by-products (e.g. glutamate, glutamine, glycine, praline, aspirate, taurine)

(68). Because polyalcohols, methylamines, and amino acids do not interfere with

normal protein function, they have been given the name 'compatible osmolytes'

(13).

Accumulating compatible osmolytes in response to hyperosmotic stress

may occur through stimulated uptake, increased formation (via transcription and

translation), or reduced degradation (53, 68, 80). Whereas ions provide a more

rapid, transient increase in cellular osmolality, the accumulation of organic

osmolytes occurs over longer periods; i.e. from hours to days (68). Conversely,

when exposed to hypoosmotic stress, the cell elicits a rapid osmolyte response

by allowing the efflux of these molecules through facilitated diffusion (80).
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He. Aquapohn Water Channels

Prior to the discovery of aquaporins (AQP), freeze-fracture electron

microscopy identified patterns of intramembrane particles (IMPs) distinctive of a

water channel presence. These IMPs are organized into recurring right-angled

arrangements, forming orthogonal arrays of particles in the sarcolemma of

skeletal muscle (92, 117). In early experiments, RNA transcribed from the

unidentified water channels (formerly known as CHIP28) was injected into

Xenopus laevis oocytes (see Figure 2.3). When placed in a hypotonic media, the

oocytes demonstrated increased water permeability compared to their

experimental controls (91).

FIGURE 2.3. The discovery of aquaporins in Xenopus laevis oocytes.

Experimental oocytes were injected with AQP1 RNA and demonstrated
increased swelling in hypotonic media. (Adapted from Agre, 1992)

AQPs are now known to be a family of proteins involved in the rapid

movement of water across a membrane. To date, thirteen mammalian

homologues have been identified (41) and appear to fall in one of two categories

based on function: aquaporins and aquaglyceroporins. Aquaporins are

specialized for water transport whereas aquaglyceroporins (AQP3, 7, 9, and 10)
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may allow the passage of water, glycerol, urea, and other non-electrolytes (26,

104, 107, 118). In skeletal muscle, AQP4 is the predominant isoform; however,

limited evidence also points to the presence of AQP1, 3, 5, and 7 (40, 58, 111,

112).

Water molecules are known to permeate the lipid bilayer, as per the

'simple permeability hypothesis' (56), but the rate at which this occurs is not

sufficient enough to cope with rapid changes in osmolality (65). Consequently, it

is proposed that the family of aquaporin proteins evolved for such a function. In

fact, AQP3 is known to transport approximately 3 x 10
9 H2 molecules per pore

per second (for comparison, one of the fastest ion transporters is KcsA, a K+

transporter, that transports 1 x 10
8
molecules per second). These channels are

highly specific for water; yet do not forfeit high rates of permeability in exchange

for this specificity (65). Mechanical contractions produce large fluctuations in

intracellular osmolytes including C02 , lactate, and free inorganic phosphate ions

(40). It has been hypothesized that AQP4 may play an important role in

regulating intracellular osmolality (108).

It has been proposed that AQP1 (lining the endothelial membrane) and

AQP4 (in the sarcolemma) work together to transport high volumes of water

between the blood and muscle fibres (40). It is the combination of the various

aquaporin water channels that allow for dynamic whole body fluid shifts to occur

(see Chapter 1, section III).
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III. Cell Volume and Metabolism

In the early 1990's, Haussinger proposed the cell swelling theory that

linked hydration to metabolism. This theory states that cell volume acts as a

signal that controls the metabolic state of the cell; anabolism is said to result from

cellular swelling whereas catabolism is a consequence of cellular shrinking (54,

68, 93). In order to reduce cell swelling, the cell turns on anabolic pathways to

increase the concentration of large organic molecules and consequently reduce

the intracellular osmolality. In this way, the cell approaches the tonicity of the

extracellular environment and limits further uptake of water. Similarly, to reduce

cellular shrinking, the cell will activate catabolic pathways to increase production

of small organic intermediates and therefore increase the intracellular osmolality.

By doing so, more water will diffuse into the cell in an effort to achieve osmotic

equilibrium with the outside environment.

When rat hepatocytes undergo cell swelling, proteolysis is inhibited and

protein synthesis is stimulated. Conversely, cell shrinkage inhibits protein

synthesis and promotes proteolysis (113). When exposed to hypo-osmotic

conditions, cell swelling has a significant, albeit small, effect on increasing

lipogenesis (8) and an even larger effect on the activation of acetyl-CoA

carboxylase (an enzyme that initiates lipogenesis) (12). However, recent

literature points to the importance of cell volume and the cell swelling theory on

glucose kinetics. When rat hepatocytes are exposed to hyper-osmotic conditions,

glycogenosis is activated and glycogen synthesis inhibited; the opposite is true

of hypo-osmotic conditions (53). The remainder of this review will focus on this
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phenomenon including glucose uptake/regulation, glycogen synthesis, and the

influence of osmolality on these variables.
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CHAPTER 3: CARBOHYDRATE METABOLISM IN SKELETAL MUSCLE

Cellular metabolism is regulated through the complex interactions of

neural signals, substrate concentrations, enzyme activation, hormones, and

transport mechanisms (54). However, recent evidence is now pointing to another

variable responsible for alterations in cellular metabolism and energy charge,

namely cell volume. Since the early 1990s, numerous studies have documented

the effects of cell volume on changes in metabolism (2, 7, 9, 53-55, 81, 90, 93).

In hepatocytes, it is generally well accepted that hypo-osmotic stress results in

an anabolic cellular state (i.e. improved energy charge), whereas hyperosmotic

stress results in a catabolic state and decreased energy charge (i.e. increased

PCr breakdown) within the cell (53, 54). However, much has yet to be elucidated

about the mechanisms that alter cellular metabolism in response to osmotic

stress.

I. Regulation of Glucose Uptake

Glucose uptake in skeletal muscle is considered the rate limiting step in

glycolysis (62). There are 2 known glucose transporters in muscle cells: sodium-

dependent glucose co-transport system (hSGLT3) and glucose transporters

(GLUT) (30, 62, 63, 99). It is proposed that hSGLT3 acts as a glucosensor which

conveys the extracellular [glucose] to the cell through variations in membrane

potential (99).

Of the 14 identified GLUT transporters, only GLUT1, GLUT4, and GLUT5

have been identified in skeletal muscle; however, GLUT5 is considered a
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fructose transporter and therefore irrelevant to this discussion (119). GLUT1 is

considered the basal-rate transporter, as it is always located in the sarcolemma

and supplies the muscle with basal glucose needs. GLUT4, on the other hand,

can be activated by two distinct means: insulin signaling and contraction based

pathways (61).

Insulin is an anabolic hormone that is released post-prandially in response

to elevated glucose concentrations in the blood. Briefly, (see Figure 5), insulin in

the blood interacts with insulin receptors on the sarcolemma which become

phosphorylated and recruit adapter proteins such as insulin receptor substrates

(IRS1 and IRS2). IRS1/2 are subsequently phosphorylated and interact with

phosphatidylinositol 3-kinase (PI3K) which stimulates production of

Calmodulin- rtbted

I'Mli III klll.lM-.

c»*»
Muscle contraction

Sarcoplasmic

kill, il Inn

i

FIGURE 3.1. GLUT4 upregulation to the sarcolemma via insulin and muscle
contraction pathways. (IR: insulin receptor, P: phosphorylation). (Adapted from
Zorzano, 2005).
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phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP3 activates phosphatidylinos-

itol phosphate-dependent kinase (PDK) isomers which positively affects protein

kinase B (PKB, a serine/threonine kinase also known as Akt) function. It is the

activation of this molecule (PKB/Akt), which is thought to stimulate intracellular

vesicles containing GLUT4. These vesicles are transported to the cell surface

and inserted into the sarcolemma via exocytosis (see Figure 3.1) (119).

The second pathway, contraction induced GLUT4 upregulation, is

hypothesized to occur in response to increases in two molecules: Ca
2+

and AMP.

In order for contraction to occur, Ca2+
must be released from the sarcoplasmic

reticulum; hence, Ca
2+

is thought to be a perfect candidate for GLUT-4

upregulation. However, studies have demonstrated equivocal findings with

respect to Ca2+
activated calmodulin protein kinases which are thought to be

involved in GLUT4 translocation (119). Alternatively, when myosin-ATPase is

active, ATP is continually hydrolyzed, producing increased amounts of AMP.

AMP induces 5'AMP-activated protein kinase (AMPK) activation which is thought

to act on the GLUT4-containing intracellular vesicles, recruiting them to the

membrane for integration (119).

Glucose Uptake in Response to Osmotic Stress

As early as 1965, researchers identified that hyperosmolality led to

increased glucose uptake in rat diaphragm (67), a finding that was later

confirmed in skeletal muscle cells in 1970 (20). In 1981, Forsayeth and Gould

(38) took this one step further and examined the effects of hyperosmolality on

basal- and insulin-stimulated glucose uptake. They discovered that
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hyperosmolality elicited a peak response in glucose uptake within 5 minutes,

compared to insulin which took 10 minutes to reach its peak response.

Congruently, work in our lab has also demonstrated increased intracellular

glucose concentrations after 60 minutes of hyperosmotic incubation (34).

In culture, myotubes exposed to hyposmotic (170 mOsm kg"
1

) and

hyperosmotic (430 mOsm kg"
1

) media demonstrated no significant differences in

2-deoxy-D-glucose uptake during 90 minutes of exposure (77). Conversely,

recent work in our laboratory demonstrated increased 2-deoxy-o-glucose uptake

in soleus and extensor digitorum longus muscle during 30 minutes of incubation

in hyperosmotic (400 mOsm kg"
1

) media compared to both iso- (290 mOsm kg"
1

)

and hypo-osmotic (190 mOsm kg"
1

) conditions (2.1 and 4.7 times higher rate,

respectively) (34). These differences may be attributed to two factors: the use of

cell culture versus whole muscle in vitro, and/or the difference in incubation time

(90 minutes versus 30 minutes). Although there is some discrepancy in the

literature, most empirical data suggests that glucose uptake is increased in

response to hyperosmotic stress.

It is believed that GLUT4 translocation to the membrane is responsible for

increased glucose uptake under hyperosmotic conditions. This has been

demonstrated in cell culture with L6 muscle cells and Clone 9 liver cells (10, 73).

It was proposed that the increased GLUT4 content in the membrane was due to

decreased endocytosis to, and increased exocytosis from intracellular vesicles

(73). Moreover, evidence suggests that GLUT4 is not recruited from the insulin-

sensitive intracellular pools, but rather from the contraction-sensitive pools (48).
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Currently, the mechanism(s) by which glucose uptake is increased in response to

hyperosmolality has not been determined in incubated whole muscle in vitro.

II. Regulation of Glycogen Synthesis

Glycogen exists as linear chains and branched chains of glucose residues

connected by 1,4-a and 1,6-a linkages, respectively (denoting the carbon

attachments). Glycogen is an important metabolic fuel that is stored primarily in

the liver and in skeletal muscle. Liver glycogen acts to regulate blood glucose

levels whereas skeletal muscle glycogen provides a local fuel source for

contractile activity (15, 50). Glycogen synthesis and glycogenosis are two

highly regulated pathways with multiple kinases/phosphatases and allosteric

effectors controlling the respective enzymes. The main enzyme responsible for

glycogen synthesis is glycogen synthase (GS).

When glucose enters the cell, it is immediately phosphorylated into

glucose-6-phosphate (via hexokinase) which proceeds towards one of two

metabolic fates: glycolysis or glycogen synthesis. Glycogen formation typically

occurs post-prandially, after a glycogen depleting stimulus (e.g. exercise), or

when the cell does not require immediate energy. In order for glycogen to be

synthesized, three factors must be present: glycogen synthase, UDP-glucose,

and an oligosaccharide chain bound to glycogenin. Glycogenin is an interesting

molecule as it is considered a substrate, an enzyme, and a product. This self-

glucosylating enzyme acts as an anchor or starting point for glycogen synthesis

by constructing an oligosaccharide chain of approximately 10 glucose residues
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for GS to act on (94). In this way, glycogenin can be considered a primer that

initiates bulk glycogen synthesis (see Figure 3.2).

glycogenin

Glycogen synthase,

Branching enzymt

FIGURE 3.2. Glycogen synthesis. In skeletal muscle, glucose enters through

GLUT1/GLUT4 and is immediately phosphorylated by hexokinase into G-6-P.

G-6-P is converted into UDP-glucose which is then used as a substrate for

glycogen synthesis. Glycogen synthase is responsible for catalyzing 1-4a

linkages between UDP-glucose and glycogenin-primed oligosaccharide chains.

(Adapted from Roach. 2002)

Once G-6-P is converted into UDP-glucose, glycogen synthase may add

this substrate to the oligosaccharide chain via 1,4-a linkages (in comparison,

branching enzyme adds UDP-glucose with 1,6-a linkages). GS, the rate limiting

enzyme in this process, is allosterically regulated by G-6-P; the higher the [G-6-

P] within in the cell, the higher the activity of GS. Besides G-6-P, GS is under the

influence of one main phosphatase and many kinases which increase and

decrease its activity, respectively (86). GS is known to have at least nine sites
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which can be phosphorylated by protein kinase-A, AMPK, casein kinase-1 and -

2, and glycogen synthase kinase-3. All of these sites are believed to be

dephosphorylated by protein phosphatase 1 (86).

Glycogen Synthesis in Response to Osmotic Stress

For the period spanning the 1980s, glycogen synthase activity was

thought to be stimulated in part by the uptake of amino acids such as alanine,

proline, glutamine, and asparagine (7). However, in early 1990, Baquet et al.

tested the hypothesis that GS activity was also stimulated by a secondary

consequence of amino acid uptake, namely osmotic swelling. When exposed to a

hypoosmotic media (low in Na
+

), incubated hepatocytes demonstrated glycogen

synthesis activation in the absence of amino acids, confirming the notion that cell

volume/swelling influences the metabolic state of the cell (7). This has also been

confirmed by another lab group (77).

Insulin stimulates glycogen synthase activity in hepatocytes.

Coincidentally, cell swelling is a secondary consequence to insulin action as it

rapidly decreases the cation content in the cell (e.g. through NKCC activity). Al-

Habori et al. (2) tested the theory that GS activation in response to insulin was

not caused directly by insulin itself, but rather caused by insulin-stimulated cell

swelling. When cultured hepatocytes were bathed in a cation-free media and

subjected to insulin action, glycogen synthesis was blocked. However, when the

hepatocytes were subsequently exposed to hypoosmotic media, the resulting cell

swelling restored glycogen synthesis stimulation. In accordance with the results
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from Baquet et al. (7), these findings also demonstrated that glycogen synthesis

is influenced by cell volume in hepatocytes.

Since these early studies, other experiments have found evidence to

support cell swelling-mediated glycogen synthesis in hepatocytes (9, 77, 81, 90)

and skeletal muscle (9, 77, 81, 90) . It is generally well accepted that cell swelling

leads to an anabolic cellular state that is manifested in higher glycogen content

(among other consequences). However, the exact mechanisms and pathways

that stimulate glycogen synthesis have yet to be elucidated. Given that glycogen

synthase is the rate limiting step in glycogen synthesis, it seems reasonable to

target this enzyme in further studies.
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stress (i.e. cell swelling) had significantly higher glycogen stores (see Figure 3.3).

Interestingly, glycogen synthase percent activation was the highest in the

hyperosmotic condition (cell shrinking). The researchers suggested that their

findings may suggest a negative feedback system whereby the higher levels of

glycogen in the HYPO state acted as feedback to decrease the amount of

glycogen synthase activation (55% activation), while the lower levels of glycogen

in the HYPER condition stimulated glycogen synthase activation (68% activation)

(34).

Hyper-osmotic cell shrinking increases the activity (14) and percent

activation (34) of glycogen synthase. Brunmair et al. (14) observed that glycogen

synthesis - as measured by the conversion of
[

14
C] glucose converted into

[

14
C]

glycogen in rat solues muscle strips - was highest in response to hyper-osmotic

stress. Congruently, Farlinger et al. (34) found that glycogen synthase percent

activation was highest in response to hyperosmotic stress. Interestingly, total

glycogen levels were also lowest in the same hyperosmotic conditions (34).

Hence, it is clear that there are other regulatory factors at work here. There are

two scenarios that may be taking place: 1) a negative feedback system where

hyperosmotically-reduced glycogen levels have activated - through some

mechanism - a high level of glycogen synthesis to compensate for the decline, or

2) the rate of glycogenosis far exceeds the rate of glycogen synthesis in

response to hyperosmotic stress, resulting in a net breakdown of glycogen.

Further studies are needed to clarify these mechanisms.
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According to Farlinger (34), skeletal muscle cellular shrinking due to

hyperosmotic stress results in a catabolic cell state (as evident by the significant

decrease in glycogen stores and an increase in intracellular glucose

concentration). Preliminary pilot work in our lab has also demonstrated that

increases in skeletal muscle free [glucose] due to hyper-osmotic stress are

reversed after 45 minutes in iso-osmotic conditions (52). The most notable

finding was that muscle glucose levels decreased significantly from minutes

(11.2 ± 3.2 mmol kg"
1

) to 45 minutes (3.6 ± 2.6 mmol kg"
1

) of iso-osmotic

recovery. However, these findings were unable to address the cause of the

changes in metabolic state; that is, whether the decrease in glucose was due to

increased flux through glycolysis, an increase in glycogen stores or via increased

glycogen synthase activity. Therefore, it is of interest to determine the cause and

rate of the change in metabolic state (specifically, glucose and glycogen kinetics)

during iso-osmotic recovery from hyperosmotic stress.

III. Summary

In general, when a cell is exposed to hyperosmotic stress it attempts to

increase the concentration of intracellular osmolytes by 1 ) increasing ion flux into

the cell and 2) altering metabolism (i.e. into a so-called catabolic' state). In doing

so, the cell inhibits protein synthesis, promotes proteolysis, increases glucose

uptake, and increases glycogenosis. The opposite is true when the cell is

exposed to hypoosmotic stress. However, incomplete evidence exists with

respect to glycogen synthase activity/percent activation. Furthermore, to the best

of this author's knowledge, only one study (52) examines the effects of iso-
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osmotic recovery from hyperosmotic stress on free [glucose] in rat EDL; no

evidence exists regarding isosmotic recovery from hypoosmotic stress.

39





CHAPTER 4: STATEMENT OF THE PROBLEM

I. Statement of the Problem

Currently, it is known that glucose dynamics are altered in response to

hypo- and hyper-osmotic stress. For instance, glucose uptake is increased in

response to hyper-osmotic stress and total glycogen content is increased in

response to hypo-osmotic stress. However, the mechanisms that control/mediate

these alterations remain ambiguous. Moreover, very little is known about glucose

dynamics during iso-osmotic recovery from hypo- and hyper-osmotic stress in

skeletal muscle in vitro.

II. Purpose

The purpose of this study is to investigate the response of skeletal muscle

(EDL) to iso-osmotic recovery from osmotic stress. In particular, this study will

investigate glucose dynamics at one minute and five minutes of iso-osmotic

recovery from hypo- and hyper-osmotic stress. Specific measures will consist of

glucose uptake by
3
H-2-deoxyglucose uptake analysis, glycogen synthase

percent activation, and concentrations of ATP, phosphocreatine, creatine,

glucose-6-phosphate, glucose, and lactate.

III. Hypothesis

It is hypothesized that, upon return to iso-osmotic conditions, glucose

uptake will be reversed; that is, the increased glucose uptake present during

hyper-osmotic stress (34) will be reduced significantly during isosmotic recovery
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and the reduced glucose uptake present during hyposmotic stress (34) will be

increased significantly during iso-osmotic recovery. Furthermore, it is expected

that after 5 minutes of iso-osmotic recovery, free glucose levels will being to

return to resting values as glycogen synthase percent activation will be

significantly altered.
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CHAPTER 5: METHODOLOGY

I. Animals

Thirty-six male Long Evans rats (Charles River Laboratories, St. Constant,

QC) aged 4-5 weeks (120.3 ± 10.4g) were used for metabolite/enzyme

experiments. Nine male Long Evans rats (Animal Care Facility, Brock University,

St. Catharines, ON) aged 5 weeks (126.5 ± 2.5g) were used for
3
H-2-

deoxyglucose uptake experiments. Rodents were housed among littermates (4-6

rats per cage) on a 12:12 light-dark cycle with ad libitum access to water and

food (5012 rat diet, PMI Nutrition Inc. Brentwood, MO) at a room temperature of

21-22°C. All experimental protocols were approved by the Brock University

Animal Care and Use Committee and conformed to guidelines established by the

Canadian Council for Animal Care.

II. Experiment Protocol

Ha. Osmotic Conditions

Based on established methods in our laboratory (5), three osmotic

conditions were used for whole muscle incubations: hypoosmotic (HYPO, 190 ±

10 mmol/kg), isosmotic (ISO, 290 ± 10 mmol/kg), and hyperosmotic (HYPER,

400 ±10 mmol/kg). To achieve ISO conditions, D-glucose (Sigma-Aldrich, G-

8270) was added to Medium-199 (Sigma-Aldrich, M-4530, Appendix 1) to elevate

glucose concentrations from 5 mM to 8 mM. Mannitol and 8 mM glucose water

were added to Medium-199 (8 mM glucose) to achieve HYPER and HYPO

osmolalities, respectively. Given that the aim of this study was to investigate
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glucose kinetics in muscle cells, elevated levels of glucose were used based on

previous evidence indicating 8 mM glucose concentrations induce half maximal

rates of glucose uptake in rat skeletal muscle (115). Mannitol was used to

manipulate osmolality in the HYPER condition because of its ability to rapidly

equilibrate in solution and its inability to enter intracellular compartments (115).

lib. Preparation of
3H-2-Deoxyglucose Solution

To quantify glucose uptake in muscle cells,
3
H-2-deoxyglucose (Sigma-

Aldrich, 322091; 0.1 mCi/ml) and D-mannitol-1-
14C (Sigma-Aldrich, 304840; 0.85

mCi/ml) were added to ISO media (8 mM glucose) to yield isotope concentrations

of 0.2 and 0.087 uCi/ml, respectively (34, 109). D-mannitol-1-
14C was used as a

marker of [glucose] in the interstitial space as it has been shown to perfuse into

the interstitial space at a similar rate to
3
H-2-deoxyglucose (109).

lie. Muscle Extraction

The predominantly fast-twitch extensor digitorum longus (EDL) muscle

(27) was used in this study because of its capacity for robust changes in the face

of osmotic stress, as demonstrated in previous glucose kinetics experiments

(34). Rats were anesthetized with an intraperitoneal injection of sodium

pentobarbital (55 mg-kg"
1

) and EDL muscles were dissected free. To complete

the dissection, skin covering the ankle was cut and peeled back, exposing the leg

muscles underneath. A small incision through the fascia and superficial muscle

groups (tibialis anterior/peroneus longus) was made from the lateral side of the

patella to the lateral malleolus, exposing the EDL below. The EDL was delicately
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teased out from tendon to tendon with forceps and sutures were tied to the

tendons in situ. Once the muscle had been properly fastened, it was excised,

secured in an organ bath (Radnoti Glass Technology Inc., Monrovia, CA)

containing approximately 15 ml of the appropriate media, and hung at resting

tension (1 gram) from a force transducer (Grass Telefactor, West Warwick, Rl).

Organ baths (see Figure 5.1) were kept at a constant temperature (30°C ± 2°C)

while the media was perfused with a gas mixture containing 95% 2 , 5% C02 .

Once both EDL muscles were removed, animals were euthanized with an

overdose of sodium pentobarbital.

water outfloM'

(30°± 2) J

©
gassing inlet

(95 0i/500>)

Boomer Box

tendon tie

(to force transducer)

19

external water jacket

EDL
muscle strip

inner chamber with

incubating medium

water inflow

(30°± 2)

drainage outlet

FIGURE 5.1. Isolated EDL muscle incubation in an organ bath.

Muscles were secured to a 'Boomer Box' apparatus once inside

the bath. This apparatus provided an anchor for suture attachment

in the organ bath.
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He. Incubation Protocol for Metabolite/Enzyme Analysis

To study the effects of recovery from osmotic stress on metabolite

concentrations and glycogen synthase percent activation, each of the

experimental osmolalities (ISO, HYPO, HYPER) required three time points,

HYPO -> <

HYPO-0: n = 8

HYPO-1

HYPO-5

n = 8

n = 8

N = 72 ISO

ISO-0

ISO-1

ISO-5

n = 8

n = 8

n = 8

HYPER

HYPER-0; n = 8

HYPER-1; n = 8

HYPER-5; n = 8

FIGURE 5.2: Breakdown of experimental groups for metabolite/enzyme
analysis. HYPO-0, ISO-0, and HYPER-0 denote 60 minute baseline

measurements. All other groups denote minutes of recovery in iso-osmotic

media following initial 60 minute incubations. N/n denotes number of EDL
muscles.

resulting in nine experimental groups (n = 8, see Figure 5.2). A sixty minute

incubation provided a baseline measurement followed by a one minute and a five

minute recovery in iso-osmotic media (recovery time points were based on

preliminary pilot work).
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For recovery experimental groups, media was rapidly drained following

initial sixty minute incubation and immediately replaced with ISO media for either

one or five minutes. Upon completion of incubations, muscles were removed,

blotted dry, immediately flash frozen in liquid nitrogen, and stored at -80°C for

further analysis. Both the media-replacement and muscle removal processes

lasted no more than 15 seconds. Aliquots of all media (-1.5 ml) were taken for

subsequent analysis.

lid. Metabolite/Enzyme Analysis

Frozen muscles were divided into two parts for metabolite and enzyme

analysis. Muscles for metabolite analysis were weighed, lyophilized, and re-

weighed to determine relative water content according to the following formula:

Wet weight - Dry weight x 100%
Wet weight

Lyophilized muscle was then powdered, dissected free of blood and connective

tissue, and extracted on ice using 0.5 M perchloric acid. Samples were

neutralized with 2.3 M KHC03 , centrifuged (15000 g, 4°C 10 min), and the

resulting supernatant decanted to assay metabolites (ATP, PCr, Cr, glucose,

lactate, and G-6-P, see Appendix II) according to fluorometric procedures (47,

51). Briefly, free unphosphorylated glucose was phosphorylated by hexokinase to

G-6-P and subsequently converted to gluconolactone-6-P and NADPH via

glucose-6-phosphate dehydrogenase for fluorometric determination of NADPH.

Glycogen synthase (GS) percent activation was determined as described

previously (34). Briefly, muscle samples were homogenized by hand in buffer (50
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mM Tris-HCI, 5 mM EDTA, 20 mM NaF, and 5 mM DTT, pH 7.2), centrifuged

(7000 g, 4°C, 5 min), supernatant decanted, and incubated (37°C, 45 min) with

UDP-glucose (8mM) for determination of GS transformation. Resulting sample

containing UDP was forced through a series of reactions (PEP + UDP ->

pyruvate + UTP + NADH -> lactate + NAD+

) and assayed for fluorometric

determination of NADH (see Appendix II).

He. Incubation Protocol for
3H-2-Deoxyglucose Uptake Analysis

To determine glucose uptake during iso-osmotic recovery from osmotic

stress,
3
H-2-deoxyglucose uptake analysis was measured. Following a sixty

minute incubation in either HYPO (n=6), ISO (n=6), or HYPER (n=6) conditions,

media was rapidly drained and replaced with iso-osmotic media containing

labeled isotopes (0.2 uCi/ml
3
H-2-deoxyglucose and 0.087 pCi/ml D-mannitol-1-

14
C) for five minutes. Muscles were then removed, blotted dry, and flash frozen in

liquid nitrogen for later analysis.

Ilf.
3
H-2-Deoxyglucose Uptake Analysis

Frozen muscle samples were solubilized by boiling (10 minutes, 1 M

NaOH) and added to scintillation fluid (400ul:5ml) to equilibrate overnight in the

dark (16 hours). The following morning, samples were counted for the presence

of
3H and 14C isotopes (LS Multi Purpose Scintillation Counter, Beckman Coulter,

Mississauga, ON).
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III. Calculations

The calculation on tritium-labeled glucose uptake was completed as follows:

Total 2-DG =
[

3H (dpm)] * [muscle digest (ml)/sample volume (ml)]*

(

3H Specific Activity)

ISM (Interstitial Mannitol) =
[

14C (dpm)] * [muscle digest (ml)/sample

volume (ml)] *
(

14C Specific Activity)

IS Glucose = ISM*(glucose concentration (mM))

IC Glucose = (Total 2-DG - IS Glucose)/mass (g)

Note: IS = interstitial, IC=intracellular

Weighted relative water content and glucose recovery calculations:

Absolute Change = (BASELINEVALUE - ISO-0)

Relative Change = (VALUE - Absolute Change) *100%
(Absolute Change)

Weighted Relative Change = |(Relative Change) / (osmolality

difference between condition in question and ISO)|

Note: VALUE refers to data time point in question (e.g. HYPER-1).

IV. Statistical Analysis

3
H-2-Deoxyglucose uptake was analyzed for differences using a one-way

ANOVA. All other data was analyzed by means of a two-way analysis of variance

(group x time). Data was analyzed for inter- and intra-group differences. If the

ANOVA determined significant interactions (p<0.05), a Tukey HSD analysis was

performed to determine individual post-hoc comparisons. All statistical analyses

were conducted using SigmaStat 3.1 (Point Richmond, CA).

48





CHAPTER 6: RESULTS

I. General Observations

Rodent weights displayed variability (approximately 15%) similar to that of

previously published literature (5) (Table 6.1). Baseline rat weights were

significantly higher than one minute and five minute recoveries in all groups.

Media osmolality measured prior to incubation fell within ±10 mmol'kg"
1

of the

respective target osmolalities (4). HYPER-5 recovery osmolality was significantly

(p<0.05) higher than HYPER-1 recovery osmolality. HYPO-1 and HYPER-1

recovery osmolalities were significantly lower and higher than ISO-1,

respectively. Further, HYPO-5 and HYPER-5 recovery osmolalities were

significantly lower than ISO-5.

Table 6.1 : Rodent Weights





II. Relative Water Content

Following sixty minute baseline measures, relative water content (RWC)

varied significantly (p<0.05) between all conditions [HYPO-0 (80.9 ±0.17 %) >

ISO-0 (78.9 ± 0.32%) > HYPER-0 (75.6 ± 0.27%); see Figure 6.1]. One minute of

iso-osmotic recovery resulted in significantly (p<0.05) higher RWC in HYPER-1

(76.8 ± 0.2%) as compared to baseline measures. HYPO-5 (79.9 ± 0.18%) and

HYPER-5 (78.1 ± 0.17%) were significantly lower and higher from intra-group

baseline measures, respectively, while only HYPO-5 remained significantly

higher from iso-osmotic baseline measures after five minutes of recovery.
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FIGURE 6.1: Extensor digitorum longus water content during iso-osmotic
recovery. Values are expressed as means ± SE (n = 8 per time point).

*

Significantly different (p<0.05) from ISO. T
Significantly different (p<0.05) from

HYPO baseline. " Significantly different (p<0.05) from HYPER baseline.
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III. Metabolites

Measures of high energy phosphates are detailed in Table 6.2. ATP

concentrations remained constant throughout the experiments. HYPER

conditions displayed differences in phosphocreatine (PCr) and creatine (Cr)

concentrations. HYPER-0, HYPER-1, and HYPER-5 conditions had significantly

lower PCr and significantly higher Cr concentrations than ISO baseline. HYPER-

5 had significantly higher PCr content than HYPER-0. Conversely, HYPER-5 and

HYPER-1 had significantly less Cr content than HYPER-0. Creatine

measurements were significantly lower in HYPO-0 and HYPO-1 than HYPO-5.

Total creatine values in HYPER-0 and ISO-1 were higher and lower than ISO-0,

respectively.

Table 6.2: High Energy Phosphate Metabolite Concentrations and G-6-P

Condition ATP PCr Creatine TCr G-6-P

HYPO-0 35.5 ±0.8 81.5 ±3.3 58.0 ±3.8 9
139.5 ±1.6 1.5 ±0.3

HYPO-1 34.9 ±0.79 82.1 ±2.4 53.8 ± 2.2
e

135.9 ±2.0 2.1 ±0.3

HYPO-5 34.2 ±1.4 76.9 ±5.1 70.6 ±4.7 147.6 ±3.2 2.3 ±0.1

ISO-0 32.2 ±1.1 79.3 ±2.9 54.7 ± 4.9 134.1 ±4.8 2.0 ±0.1

ISO-1 34.5 ±0.4 83.9 ±1.0 44.8±2.7 B
128.8 ±2.8 P 2.0 ± 0.3

ISO-5 34.4 ±1.2 83.0 ±3.2 60.9 ± 4.8 143.4 ± 5.9 2.0 ± 0.3

HYPER-0 32.6 ±0.9 51.1 ±3.8* 97.4 ± 3.3* 148.5 ±1.9* 4.1 ±0.4*

HYPER-1 31.7 ±1.4 61.2 ±3.9* 76.7 ± 2.4*" 138.0 ±3.6 3.4 ± 0.4*

HYPER-5 31.1 ±0.6 65.0 ± 2.2*" 84.2 ± 2.5*" 149.2 ±4.1 2.9 ± 0.2

Note: All values were derived from EDL muscles. All values expressed in

mmol'kg"
1

dry wt. n = 8 for each group. ATP = adenosine triphosphate, PCr =

phosphocreatine, TCr = total creatine., G-6-P = glucose-6-phosphate.
*

Significantly different (p<0.05) from ISO. f
Significantly different (p<0.05) from

HYPO baseline. " Significantly different (p<0.05) from HYPER baseline. p

Significantly different (p<0.05) from ISO-5.
9
Significantly different (p<0.05)

from HYPO-5.
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Glucose-6-phospate (G-6-P) concentrations were significantly higher in

HYPER-0 and HYPER-1 than ISO conditions. Moreover, increasing and

decreasing trends in G-6-P were observed between baseline and five minute

recovery time points in HYPO (p = 0.072) and HYPER (p = 0.073) groups,

respectively. Media concentration of lactate was similar between all conditions

(see Table 6.3). Interestingly, extracellular glucose concentrations were

significantly lower (p<0.05) in all three 5 minute recovery conditions when

compared to iso-osmotic baseline measurements.

Table 6.3: Extracellular Media Glucose and Lactate Concentrations

Experimental





Muscle glucose concentrations (Figure 6.2) in HYPO baseline (2.91 ±

0.48) trended lower (p=0.1) when compared to ISO baseline (4.77 ± 0.72) and

were significantly lower than HYPER baseline (6.60 ± 0.48). After five minutes of

recovery, glucose concentrations in the HYPO condition increased significantly

(p<0.05) over respective baseline measures. Additionally, glucose concentrations

after five minutes of recovery in the HYPER condition decreased (p=0.075) over

HYPER baseline measures. No differences existed between HYPO-5, ISO-5,

and HYPER-5 groups. Unphosphorylated muscle glucose concentrations are

comparable to previously reported values (102).

B-





Muscle lactate concentrations in all three HYPER conditions were

significantly higher than all other groups (Figure 6.3). An increasing, yet non-

significant trend (p = 0.06) in lactate was observed between HYPO-0 and HYPO-

1 time points. Muscle lactate concentrations remained consistent for all ISO time

points.
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FIGURE 6.3: Extensor digitorum longus intracellular lactate concentration
during iso-osmotic recovery. Values are expressed as means ± SE (n=8 per

time point). *Significantly different (p<0.05) from ISO baseline. " Trending (p =

0.06) higher than HYPO baseline.
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IV. Enzyme Activity

Following five minutes of recovery, the HYPO condition (76.0 ± 6.48%)

resulted in significantly (p<0.05) higher GS percent activation when compared to

ISO-5 (55.3 ± 4.79%) and HYPO baseline (52.6 ± 3.74%) measures. No other

differences were observed.
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FIGURE 6.4: Glycogen synthase percent activation in extensor digitorum
longus muscle during recovery. Values are expressed as means ± SE (n=8
per time point). * Significantly different (p<0.05) from ISO baseline. +

Significantly different (p<0.05) from HYPO baseline.
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V. H-2-Deoxvqlucose Uptake during Five Minutes of Iso-osmotic Recovery

3
H-2-Deoxyglucose uptake revealed no significant differences among

HYPO (1.23 ± 0.03), ISO (1 .38 ± 0.10), or HYPER (1.28 ± 0.07) conditions during

five minutes of recovery (see Figure 6.5).

HYPO ISO

Condition

HYPER

FIGURE 6.5: Glucose uptake in extensor digitorum longus muscle during 5
minutes of iso-osmotic recovery. Values are expressed as means ± SE (n = 6
per group). No significant differences existed between groups.

D-mannitol-1-
14C was measured as an indicator of

3
H-2-Deoxyglucose

concentration found in the interstitial space (ISM calculation in Chapter 5, Section

III). No significant differences were present in the [D-mannitol-1-
14
C] between

each group after the five minute iso-osmotic recovery measurement.
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CHAPTER 7: DISCUSSION

Many studies have investigated the effects of osmotic stress on skeletal

muscle and hepatocytes (2, 5, 7-9, 14, 16, 17, 25, 31, 34, 37, 42, 44, 49, 60, 75,

89, 114), including resultant metabolic alterations. However, to the best of this

author's knowledge, no study has examined skeletal muscle's response to

recovery from osmotic stress. Given that this is the first study of its kind, literature

searches yielded limited amounts of data for which to compare and contrast the

current study.

Of the measurements taken in this experiment, the most interesting

pertained to the rapid rate of recovery observed in water and glucose content.

Increased water content/decreased [glucose] (observed in HYPO-0) and

decreased water content/increased [glucose] (observed in HYPER-0) returned to

ISO levels within 5 minutes of recovery. Also, the sudden reversal of energy

demand in HYPER groups upon recovery is particularly interesting. Lastly, the

increased lactate accumulation and increased glycogen synthase percent

activation seen in HYPO recovery is of interest.

Overall, results seem to indicate that water content and intracellular

[glucose] are of physiological importance given the rapid rates of recovery.

However, more work needs to be done to determine the relative importance of

these factors in comparison to other cellular features (e.g. organic osmolytes, ion

concentrations, etc.). Cell volume and total [glucose] recovery (i.e. return to iso-

osmotic control conditions) was achieved in as little as five minutes upon return

to iso-osmotic (i.e. 290 mOsm) conditions. Furthermore, results suggest the
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possible importance of upstream regulators (i.e. allosteric regulators such as G-

6-P) in the control of glycogen synthase percent activation during osmotic stress.

I. General Observations

The young age (4-5 weeks) and small size (120.3 ± 10.4g for metabolites;

126.5 ±2.5g for glucose uptake) of the rats used in this investigation allowed for

whole muscle incubation without the need to strip the muscle into smaller

sections (stripping is associated with increased variability and muscle damage).

By using rats at least four weeks of age, differentiation between fast- and slow-

twitch fibres was ensured (21). Moreover, previous histochemical work in our lab

has also confirmed that skeletal muscle fibres in EDL muscles of four week old

rats are maturely distributed (4).

Although significant differences existed with baseline rat weights in all

conditions, the differences present were consistent across all conditions (i.e.

baseline weights were higher than 1 -minute and 5-minute weights in all

conditions). Further, for comparison purposes, it should be noted that previously

published literature using EDL muscle incubations cite rodent weights between

140-200 g (33). Hence, the discrepancy in rat weights between groups in the

present study should not present a problem to the overall analysis of the

individual muscles.

Segal and Faulkner (100) reported that rats less than eight weeks of age

weighing less than 148 grams are suitable candidates for in-vitro incubation as

the respective muscle sizes are small enough for adequate oxygen diffusion.

Hence, rodent weights and muscle weights fell within the recommended
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parameters for viable muscle incubations. (100). Furthermore, muscle viability

was confirmed with physiological ATP levels across all groups and time points.

II. Water Content

Skeletal muscle exposed to hypo- and hyper-osmotic stress results in cell

swelling and shrinking, respectively (4, 16, 34). The results from the current study

correspond to these observations as sixty minutes of hypo-osmotic stress

resulted in a 2.5% increase in water content (p<0.05) and sixty minutes of hyper-

osmotic stress resulted in a 4.2% decrease in water content (p<0.05) when

compared to iso-osmotic controls. Hyper-osmotic stress resulted in larger

absolute differences in water content than hypo-osmotic stress. Previous work

has concluded these changes in water content correspond to changes in cell

volume (4) and not just differences in interstitial fluid content.

Following the sixty minute incubation, muscles were placed in an iso-

osmotic recovery medium resulting in HYPO muscle groups being exposed to

More severe Less severe

Inducing HYPO-OSMOTIC stress

4

HYPO ISO HYPER

—
Inducing HYPER-OSMOTIC stress

Less severe More severe

FIGURE 7.1: Proposed osmotic stress continuum. Cells moving from
HYPO->ISO environments experience hyper-osmotic stress whereas cells

moving from HYPER->ISO environments experience hypo-osmotic stress.
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hyper-osmotic stress and HYPER muscle groups being exposed to hypo-osmotic

stress (Figure 7.1).

After one minute in iso-osmotic media, water content recovery was higher

in the HYPER condition (34.6%) than HYPO (20%). Similar trends were

observed after five minutes with higher absolute recovery in HYPER (71.4%)

over HYPO (48%) (see Figure 7.2).

One possible explanation to these findings it that the muscle cells may be

more physiologically resiliant to hypo-osmotic stress than they are to hyper-

osmotic stress. The greater absolute water change in HYPER conditions and the

faster recovery from hyper-osmotic stress possibly suggests that either a) hyper

osmotic extracellular fluid exerts more osmotic stress on the cells (hence the
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faster recovery rate) or b) the cell is less adept at coping with hyper-osmotic

stress, and must employ a rapid rate of recovery in order to restore homeostasis.

Alternatively, the faster rate of recovery in HYPER conditions could be a

direct result of the absolute water content differences and the ensuing osmotic

gradients that were created across the sarcolemma. This notion is based on the

hypothesis that the more the cell is stressed (in terms of an osmotic gradient),

the faster it will return to normal once the stressor has been removed (i.e. upon

return to iso-osmotic environment). Hence, the greater differences in osmotic

pressure across the membrane (created by differences in water content - 4.2% in

HYPER; 2.5 % in HYPO) may have resulted in a faster rate of return to normal

physiological conditions in the HYPER condition once the stressor was removed.

In other words, the larger the osmotic gradient, the larger the potential energy for

water movement between the intra- and extra-cellular environments. Higher

potential energy between compartments may result in an increased amount and

rate of water movement once the gradient is removed.

Recovery after five minutes in HYPO (48%) and HYPER (71.4%)

conditions may be attributed to the ubiquitous presence of aquaporin (AQP)

channels in the sarcolemma of skeletal muscle. Of the known water channels,

AQP1, 3, 4, 5, and 7 have been identified in skeletal muscle (40, 58, 111, 112).

The abundance of AQP isoforms in muscle cells coupled with their extremely

high rate of transport (65) suggest a possible mechanism by which osmotic

stress is regulated (i.e. through water movement). Furthermore, osmotic

gradients are known to control aquaporin-mediated water flow (65).
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Significant differences in relative water content still existed after five

minutes of recovery in the HYPO group (p<0.05), indicating that the cell volume

is not fully recovered after five minutes of exposure to normal osmolality (290

mmol/kg). Conversely, no significant differences existed between HYPER-5 and

ISO-0, indicating that water content in the HYPER group had come close to

being fully recovered, if not completely recovered after five minutes in iso-

osmotic recovery media.

III. Metabolites

Ilia. High-Energy Phosphagens

Physiological levels of ATP were present in each of the conditions.

Furthermore, no significant differences in ATP concentrations existed between

groups, indicating that the method of osmotic recovery used in this study was

effective in keeping muscles viable. These results differed from a previous study

that noted a decline in [ATP] after sixty minutes of HYPER incubation (5).

Conversely, the results of the present experiment correspond to results from

another study which noted similar [ATP] between all groups (34). Of interest is

that the two ATP-congruent studies used media with 8 mM [glucose], whereas

the contrasting study used media with 5 mM [glucose] - no other design

differences existed. Why discrepancies in ATP concentrations between the

studies were observed remains unclear - there is a possibility that an increased

availability of glucose as an energy substrate (in the media) combined with the

half-maximal rate of glucose transport (as elicited by the 8mM [glucose]) allowed

the muscle to subsidize [ATP] from glucose more effectively.
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Phosphocreatine concentrations were significantly altered in all three

HYPER conditions. HYPER-0 had significantly decreased PCr content when

compared to ISO-0. HYPER PCr levels started to approach ISO baseline

conditions after five minutes of recovery as HYPER-5 was significantly higher

than HYPER-0. Decreased PCr content due to hyper-osmotic stress suggests

that the cell maybe a) experiencing increased energy demand, b) undergoing

catabolism in an effort to increase osmolyte concentrations, or c) a combination

of these factors.

Conversely, the subsequent rise in PCr content after five minutes of

recovery from hyper-osmotic stress suggests that the muscle is either

experiencing a reduction in energy demand or possibly undergoing anabolism in

an effort to decrease osmolyte concentrations. Again, the combination of these

factors may also provide a plausible explanation as a lower energy demand may

have resulted from a decreased need to maintain intracellular osmolality via

active transport.

There are three main energy-consuming ATPases present in skeletal

muscle: Na
+
/K

+
-ATPase, Ca2+

-ATPase, and the actomyosin-ATPase. The

decrease in HYPER PCr concentrations may be linked to an increase in activity

of one or a combination of the above ATPases; most likely the Na
+
/K

+
-ATPase

and/or Ca2+
-ATPase. Certain metabolic enzymes (e.g. PDH, glycogen

phosphorylase) that are allosterically regulated by Ca2* are activated in response

to hyperosmotic stress, possibly suggesting that Ca2+ may be involved in a cell
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volume regulatory mechanism (16). However, no direct measures of intracellular

Ca
2+
have been made within skeletal muscle under such osmotic conditions.

Ca
2+
-ATPase is linked with Ca

2+
-cycling in skeletal muscle whereby Ca2+

is released from the sarcoplasmic reticulum (SR) via calcium release channels

and sequestered through the various Ca2+
-ATPases embedded in the SR (29).

By cycling Ca
2+

in the cell, cytosolic osmolyte concentrations could be acutely

and rapidly manipulated, thereby increasing intracellular osmolyte concentrations

and decreasing net water loss. However, introducing Ca
2+

into the cytoplasm

activates contraction/force production in skeletal muscle - an effect that was not

observed in the present study. Given that force production did not occur (as

measured by force transducers), it is possible that the Ca2+
-ATPase may not

have experienced an increased activity/energy demand due to HYPER stress.

In a study investigating the effects of hyperosmotic stress on gastric

surface epithelial cells, it was determined that the Na
+
/K

+
-ATPase played a role

in cell volume regulation (87). Ouabain-inhibition of the Na
+
/K

+
-ATPase resulted

in increased hyper-osmotic cell shrinkage. More recently, researchers in Hong

Kong have linked increased Na
+
/K

+
-ATPase function with regulatory volume

increases due to hyperosmotic treatment in gill pavement cells of the freshwater

adapted Japanese eel, Anguilla japonica (106). Furthermore, an in vivo rat

hindlimb perfusion study observed increased energy demand (manifested as

increased V02 ) in the face of hyper-osmotic stress (74). It is hypothesized that

the increased Na
+
/K

+

-ATPase activity is required to maintain transmembrane
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gradients in response to increased NKCC activity (which is elicited as an RVI

response to hyper-osmotic cell shrinkage) (74, 87, 106).

While increased Na
+
/K

+
-ATPase function and regulation due to

hyperosmotic stress appears to be an attractive explanation behind the decrease

in HYPER [PCr] reported in the current study, this conclusion must be

approached cautiously as the evidence is far from definitive and lacks a causal

relationship. Furthermore, two of the previously cited experiments were

conducted in various osmotic stress models (e.g. gastric epithelial cells, eel gill

cells) - models that drastically differ from skeletal muscle.

In summary, it is likely that the increased energy demand experienced in

HYPER is the direct result of increased Na
+
/K

+
-ATPase activity, and the indirect

result of increased NKCC activity. The possibility of increased NKCC activity

leading to increased Na7K +
-ATPase activity is consistent with Haussinger's

proposal of a regulatory volume increase (RVI) which occurs when a cell is

exposed to hyper-osmotic stress and steadily accumulates ions to drive water

into the cell (54). In this case, the increased Na
+
/K

+
-ATPase activity could

possibly serve as a means to regulate increased intracellular [Na
+

] brought in the

cell by the NKCC (i.e. to regulate transmembrane cation gradients).
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Mb. Glucose and Lactate

Following sixty minutes of osmotic stress, muscle total unphosphorylated

[glucose] increased (32%) in the HYPER condition (p < 0.1) and decreased

(45%) significantly in HYPO (p < 0.05), when compared to ISO-0. HYPER results

coincide with previous work done in our lab (34); however, a discrepancy is

apparent with the HYPO condition. Contrary to the current study, previously

reported muscle [glucose] in HYPO and ISO conditions remained similar after

sixty minutes of incubation (34). The cause for this discrepancy is unknown as

the experimental design was identical between both studies.

Free unphosphorylated glucose concentrations in the ISO-0 control

condition of the current study (e.g. 4.77 ± 0.72 mmol/kg dry wt) were comparable

with that of previously published values by Spriet (102) in white gastrocnemius

(e.g. 3.02 ± 0.40 mmol/kg dry wt) and plantaris (e.g. 3.12 ± 0.26 mmol/kg dry wt)

muscles in rat. Slightly higher glucose baseline values in the current study may

possibly reflect the difference in the type of studies employed (i.e. in vitro vs. in

vivo). In other words, a sixty minute in vitro incubation in media containing 8 mM

[glucose] (the known concentration for eliciting the half maximal rate of glucose

transport) may have accounted for slightly higher [glucose] than muscle excised

and immediately analyzed from an in vivo state.
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After one minute in iso-osmotic media, muscle glucose recovery was

slightly higher in the HYPER condition (51%) than HYPO (47%). Similar trends

were observed after five minutes with higher absolute recovery in HYPER

(127%) over HYPO (113%) (see Figure 7.3). The overshoot in glucose

concentrations after five minutes of recovery most likely represents a rebound

effect, commonly seen in other physiological recoveries (e.g. action potential

15(H
HYPO

-*- HYPER

Time (minutes)

Figure 7.3: Weighted Glucose Percent Recovery. Glucose content recovery

from osmotic stress proceeded at approximately the same rate. Values have
been weighted to account for differences between HYPO and HYPER starting

osmolalities.

repolarization overshoot, (18); PCr overshoot in recovering skeletal muscle after

exercise (64)). However, the existence and/or length of the overshoot period

cannot be confirmed without extra time points greater than five minutes.
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The increase in [glucose] was accompanied with a trend for an increase in

[lactate] in HYPO recovery (p < 0.1), suggesting augmented glycolytic flux. These

findings are consistent with previous research (14) that reported glycolytic

stimulation in response to hyperosmotic stress (keep in mind that a transition

from HYPO -> ISO is a form of hyperosmotic stress, Figure 7.1). Furthermore, it

has previously been demonstrated that G-6-P levels - an early glycolytic

intermediate - do increase during periods of increased glycolysis (102). Hence,

the possibility of increased glycolytic flux observed during HYPO recovery is also

consistent with increasing levels of G-6-P (p = 0.07) in the current study.

The decrease in [glucose] in HYPER recovery (p < 0.05) after five minutes

was not accompanied by a decrease in [lactate]. Sustained [lactate] indicates

that lactate removal is occurring at a slow rate, or the cell is still experiencing

elevated levels of glycolysis. Once inside the cell, glucose has one of two fates: it

will either proceed through glycolysis or be converted to glycogen via glycogen

synthase (86). Glycogen synthase percent activation did not increase in the

HYPER recovery groups. Hence, the decrease in glucose is most likely attributed

to sustained glycolytic flux (further supported by high levels of lactate even after

five minutes). However, in rat hepatocytes, glycolytic inhibition has been

observed in response to hypo-osmotic cell-swelling (7, 71, 81).

What is considered cell swelling? In the current study, the HYPER

recovery muscles did swell (as evident by RWC increases), but they did so while

returning to the iso-osmotic (i.e. 290 mOsm) control volume. In the previously

mentioned studies, hypo-osmotic stress resulted in the cell swelling above iso-
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osmotic (290 mOsm) control volume. It is possible that this distinction (i.e.

increase in cell volume above iso-osmotic (290 mOsm) control VS. return to iso-

osmotic (290 mOsm) control cell volume is of importance when considering the

effect osmotic stress has on glucose metabolism.

IV. Glucose Uptake

Glucose uptake was similar between all groups after five minutes of

recovery in iso-osmotic media. Accordingly, a decrease (p<0.05) in extracellular

glucose concentrations was also similar between all groups after five minutes of

recovery. Thus, the similar rates of glucose uptake may have manifested itself in

the similar declines in extracellular glucose across all conditions.

Comparable 3
H-2-Deoxyglucose concentrations in each group possibly

suggest that glucose uptake may be regulated by extracellular osmolality - a

theory that is supported by previous uptake experiments (34). Given that all

groups were incubated in the same iso-osmotic media, it is logical to expect that

similar rates of glucose uptake would be observed. According to these results,

the previous osmotic state of the cell does not influence glucose uptake in the

first five minutes of recovery; rather it appears as though the current state of

extracellular osmolality plays a more decisive role in glucose transport.

Alternatively, similar muscle 3
H-2-Deoxyglucose concentrations after five

minutes of recovery in all groups may also suggest that glucose transport has

rapidly recovered from the previous osmotic stress. This notion is further

supported by fully recovered glucose levels after five minutes of iso-osmotic

recovery (see Figure 6.2). Recovered intracellular [glucose] may have been
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augmented by increased glycogen phosphorylase activity in HYPO recovery (i.e.

hyper-osmotic stress (16)), and high rates of glycolytic flux in HYPER (see Figure

6.3). Given these augmentations in glucose recovery, altered levels of glucose

uptake may not have been necessary across all conditions.

The exact mechanisms behind the reported glucose uptake remain

elusive, but it is expected that GLUT transporters (particularly GLUT-1 and

GLUT-4) may influence glucose uptake in response to osmotic stress. An

established link between extracellular osmolality and GLUT-4 translocation

exists. Hyper-osmolality has been shown to increase GLUT-4 translocation to the

sarcolemma of L6 muscle cells (possibly through the contraction sensitive

pathway, i.e. AMPK signalling) (73). Currently, the effect of hypo-osmotic stress

on GLUT-4 translocation has not been examined in the literature.

The only other known 'glucose transporter' in skeletal muscle is the

NaVglucose-cotransporter (SGLT), specifically SGLT3. However, located

primarily at skeletal muscle neuromuscular junctions, SGLT3 does not transport

glucose when expressed in Xenopus laevis oocytes (28). Rather, it was

hypothesized that the function of this homologue, hidden in the family of SGLTs,

was to act as a glucosensor, conveying extracellular [glucose] to the cell via

membrane potentials (i.e. Na
+
fluxes) or through another messenger protein,

such as the G-protein. Hence, glucose transport into the cell appears to be

accomplished solely via GLUT-1 and GLUT-4, coupled with the ability of SGLT3

to act as a glucosensor. The specific pathways that induce GLUT-1 and 4
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glucose uptake in response to osmotic stress remain elusive, and warrant further

investigation in future studies.

A limitation may exist for the five minute time period used when reporting

absolute values for glucose uptake. Short time incubations may result in

erroneous absolute glucose measurements as an inward gradient exists for the

initial accumulation of molecules in the interstitial space for up to ten minutes

(59). However, in the present experiment, relative differences between groups

may still be compared for meaningful results.

V. Enzyme Activity

In accordance with previous studies, sixty minutes of hyper-osmotic stress

resulted in a significant (p < 0.05) increase in glycogen synthase percent

activation when compared to HYPO conditions (34). During iso-osmotic recovery,

HYPO groups experienced sharp increases in GS transformation as HYPO-5

was significantly higher than HYPO-0. The transition from a hypo-osmotic

medium to an iso-osmotic medium is a form of hyper-osmotic stress (Figure 7.1).

Hence, the increased GS transformation in HYPO groups, attributed to hyper-

osmotic stress, is also in accordance with previous literature (34). Moreover,

Brunmair et al. (14) found that hyper-osmotic stress increased glycogen content

over 200% when compared to iso-osmotic controls.

It has been hypothesized that glycogen content (which is also known to be

influenced by osmotic stress (14, 34)), may be the cause of GS transformation to

the active or less-active state (85) as demonstrated previously (34). Another

possible allosteric regulator of GS percent activation is G-6-P concentration. G-6-
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P is considered one of the main allosteric effectors of glycogen synthase as it

antagonizes phosphorylation of GS, thus increasing its action (86).

In the current study, G-6-P increased (p < 0.1) over the duration of HYPO

recovery (hyper-osmotic stress). This increase in G-6-P was also accompanied

by a sudden increase in [lactate] (see Figure 6.3), suggesting increased

glycolytic flux during HYPO recovery. Increased lactate concentrations, which

reflects a mismatch between pyruvate dehydrogenase and glycolysis, down-

regulate the activity of glycolytic rate-limiting enzymes such as PFK (24).

Decreased glycolysis yields an increased accumulation of substrates such as

glucose (as observed in HYPO recovery) and G-6-P, possibly suggesting a

mechanism by which GS percent activation was increased. Hence, the increased

[G-6-P] observed in the current study, further supported by increased [glucose]

and [lactate], may suggest a potential regulatory effect on GS percent activation,

as demonstrated in HYPO recovery conditions. Although G-6-P content is known

to allosterically effect GS activity, it is more likely that the combination of G-6-P

concentrations, glycogen content (by altering GS affinity for UDP-glucose), and

glucose uptake are responsible in determining the overall GS percent activation

(72). It must be noted that the percent activation of GS does not necessarily

reflect the actual rate of GS activity within the muscle.
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VI. Cell Swelling Theory - Anabolism and Catabolism?

In the early 1990's, Haussinger proposed a theory linking cellular

hydration levels with the metabolic state of the cell. In general, it was

hypothesized that cellular swelling acted similar to a proliferative signal which

promoted an anabolic metabolic state, while cell shrinkage acted in an opposite

manner and promoted a catabolic state. The rationale behind this thinking is

justified on many levels as described by the following example. A cell placed in a

hyper-osmotic environment will shrink according to the laws of diffusion (i.e.

increased water flux out of the cell, from an area of high concentration to an area

of low concentration). The selectively permeable membrane of the cell will allow

water to flow through osmotically driven water channels, or aquaporins (65). Net

water flux will continue until an equilibrium has been established (i.e. intracellular

osmolality = extracellular osmolality). It is in the best interest of the cell to limit

shrinkage as water loss beyond appreciable levels could result in apoptosis (69).

In an effort to reduce water loss, the cell undergoes a variety of volume

regulatory functions. In addition to the continual RVI that is occurring with ion

fluxes, the cell will also attempt to increase intracellular osmolality by

accumulating osmolytes. The breakdown of various macromolecules (i.e.

catabolism) results in a greater concentration of intracellular osmolytes. By

increasing intracellular osmolality, the cell is able to protect itself from substantial

water loss, reducing the time to achieve osmotic equilibrium with the extracellular

environment by diffusion alone (and with less water loss). The opposite also

applies of hypo-osmotic stress and an anabolic cell state (54).
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In light of recent work done in our lab in rat skeletal muscle, it would

appear that the theory of cellular hydration levels affecting metabolic state is

incomplete. Although this is a very attractive and intuitive hypothesis, recent

observations suggest that the effect of cell volume is more complex than the

dichotomy of an anabolic/catabolic cell state. For instance, it has been previously

reported (34) and confirmed in the current study that glycogen synthase percent

activation is highest under hyper-osmotic stress and lowest under hypo-osmotic

stress in skeletal muscle; findings that are counter to the anabolic/catabolic cell

state theory. According to this theory, one would expect GS activity/percent

activation to be the highest in the 'anabolic' cell swelling state (i.e. upon exposure

to hypo-osmotic stress).

Taking into consideration these observations, it would appear as though

the effects of cell volume on the metabolic state of the cell can not be

characterized as being truly 'anabolic' or truly 'catabolic'. Instead, it is possible

that the cell is undergoing a decrease in osmolyte concentration (DOC) or an

increase in osmolyte concentration (IOC) as opposed to true anabolism or

catabolism, respectively. Further to this observation, a sustained IOC or DOC

appears to be inhibited/altered when various other metabolic regulators

accumulate to such concentrations so as to overpower the effectiveness of the

IOC or DOC (e.g. the influence of [glycogen] and [G-6-P] on glycogen synthase

during hyper-osmotic stress).

Increasing or decreasing the intracellular concentration of osmolytes is an

effective method of reducing unfavourable osmotic flux. By manipulating
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[osmolyte], the cell is able to influence crystalloid pressure - the osmotic

pressure that is created by solutes (e.g. glucose, lactate) that may cross the

semi-permeable membrane (66). For example, when an osmotic gradient is

present that favours the flux of water out of the cell (i.e. during hyper-osmotic

stress), the cell may limit this unfavourable water loss by increasing crystalloid

pressure (e.g. by stimulating glycolysis and the production of metabolites).

Increased intracellular crystalloid pressure may effectively negate a portion of the

osmotic pressure responsible for water loss; hence the cell is able to limit water

loss (83).

VII. Metabolic Alterations - An Inadvertent Consequence of Cell Volume

Change?

It has been well documented that changes in cell volume exert many

acute and chronic changes on homeostatic balance. However, the exact

mechanisms at work during cell volume regulation have yet to be confirmed.

Although it has been postulated that volume-mediated changes in metabolism

may serve a regulatory purpose, the precise cause of these alterations have yet

to be determined. For instance, it is currently unknown as to whether these

metabolic fluctuations are directly linked to volume regulation or whether they are

an inadvertent consequence of other, more prominent cell-signaling cascades

and pathways (68).

Currently, empirical data suggests the possibility of metabolism as a

means of cell volume regulation in skeletal muscle (5, 34, 54). However, two

instances of counterintuitive data exist that suggest the possibility of altered
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metabolism as an unintended consequence of changes in cell volume. First, it

has been observed in the current study, and supported by Farlinger (34), that GS

percent activation is upregulated in response to hyper-osmotic stress. Theories

that support altered metabolism as a means of cell volume regulation would

presuppose down-regulated GS activity/percent activation under hyper-osmotic

conditions. Second, it was observed in the present study that [lactate] did not

change after five minutes of iso-osmotic recovery from hyper-osmotic stress.

Theories in support of metabolism contributing to cell volume regulation would

assume lactate concentrations to be significantly decreased during recovery from

hyper-osmotic stress (i.e. hypo-osmotic stress). These two contradictory

examples warrant further investigation on the causality of metabolic perturbations

in response to osmotic stress; specifically, future research should focus on the

signaling cascades and pathways responsible for these metabolic variations.
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VIII. Conclusions

Cell volume regulation is a complex process with many underlying

mechanisms at work. It appears that cell volume may be mediated by two main

factors: 1) the net movement of water across the sarcolemma, and 2) increasing

or decreasing osmolyte concentrations within the cell (including ions and

osmolytes). It is possible that the cell undergoes an increase in osmolyte

concentration (IOC) under hyper-osmotic stress and a decrease in osmolyte

concentration (DOC) when exposed to hypo-osmotic stress. This thinking is

different from previous theories that have suggested the cell becomes anabolic

under hypo-osmotic stress and catabolic under hyper-osmotic stress. However, it

should be noted that the causal link between metabolic perturbations as a

volume regulatory response remain elusive (68).

The most important findings in this study were that iso-osmotic recovery

from osmotic stress resulted in rapid recovery (~ five minutes) in both water

content and free unphosphorylated glucose concentrations, suggesting that

these two factors are of importance to physiological homeostasis. Water content

recovery occurred more rapidly after exposure to hyper-osmotic stress than

hypo-osmotic stress, possibly indicating that skeletal muscle is less resilient

against cell shrinkage than it is to cell swelling, as excessive cell shrinkage could

lead to apoptosis (69).

Another important discovery is that the increased energy demand

observed under hyper-osmotic stress (5, 34) is rapidly reversed within five

minutes of iso-osmotic recovery, a possible explanation is that increased Na
+
/K*-
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ATPase activity is required to maintain transmembrane cation gradients in

response to increased NKCC activity (74, 87, 106). However, the specific

causality of the increased energy demand and sudden reversal remains elusive

and warrants further investigation.

Interestingly, hyper-osmotic stress stimulates glycolysis (and thus

increasing concentration of intracellular osmolytes). Additionally, when the cell

was exposed to hyper-osmotic stress in the form of a HYPO -> ISO recovery,

glycolysis was also stimulated, possibly suggesting that the two forms of hyper-

osmotic stress result in the same metabolic effects. However, the same did not

hold true for hypo-osmotic stress. When exposed to one hour of hypo-osmotic

stress, glycolytic flux (as estimated indirectly via [lactate]) was inhibited. When

the cell was exposed to hypo-osmotic stress in the form of HYPER -> ISO

recovery, a decrease in glycolysis was not observed as [lactate] remained

elevated, suggesting that the two forms of hypo-osmotic stress do not result in

the same metabolic effects. However, sustained levels of lactate in HYPER

recovery may be a consequence of slow lactate removal by the family of MCT

transporters or limited rates of glycolysis within the EDL. Hence, further research

investigating the similarity and differences of the various forms of hyper- and

hypo-osmotic stress (Figure 7.1) are warranted.

Glucose dynamics are one facet of cellular metabolism affected by

osmotic stress. To date, the exact pathways that cause these changes have yet

to be elucidated. It is suspected that variations in extracellular osmolality and the

resulting cell volume changes that ensue are responsible for altering signaling
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cascades and pathways that control glucose metabolism. However, more

research is needed to confirm the specific mechanisms at work.

In summary, this study examined the effect of iso-osmotic recovery from

osmotic stress on fluid content and metabolism in the EDL of rat. Recovery from

osmotic stress induced rapid rates recovery for both [free unphosphorylated

glucose] and relative water content. Increased energy demand experienced

under hyper-osmotic stress appears to be related to an RVI mechanism possibly

through increased activity of Na7K+
-ATPase as a result of increased NKCC

cation (specifically [Na
+
]) transport. Lastly, it is clear that glucose kinetics are

indeed altered in response to osmotic stress and rapidly recover from such

stressors; however, the pathways and signaling cascades responsible for these

changes have yet to be determined.
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IX. Future Directions

Given that energy demand is elevated in response to hyper-osmotic stress

and it is suspected that increased Na
+
/K

+
-ATPase activity is responsible, future

studies should test the link between these Na
+
/K

+
-ATPase activity and energy

demand (in the form of PCr concentration). Ouabain, a known inhibitor of Na
+
/K

+
-

ATPase, may be used to test this hypothesis. By disabling the Na
+
/K

+
-ATPase

during exposure to hyper-osmotic stress, the extent to which this ATPase

contributes to increased energy demand may be elucidated.

Furthermore, it is clear that skeletal muscle metabolism is altered in

response to osmotic stress. However, it is unclear as to whether these

perturbations are part of a volume regulatory response, or are an inadvertent

consequence of the changes in cell volume. As such, the signaling cascades and

pathways responsible for these metabolic changes remain elusive. Hence, future

experiments should focus on the specific mechanisms behind these metabolic

alterations (for example, components of the insulin signaling pathway/contraction

induced pathway for their role in glucose uptake during osmotic stress).

Lastly, to further study the effects of extracellular osmolality on skeletal

muscle glucose dynamics, the specific fate of glucose should be determined. For

example, glucose uptake during osmotic stress and recovery from osmotic stress

has two potential fates: to be stored as glycogen or to be harnessed for energy

via glycolysis. It is currently unknown which direction the cell favours in this

situation. Using labeled glucose and modified assays to detect glycogen and
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pyruvate concentrations, the specific fate(s) of this glucose may be determined,

yielding further clues into how muscle adapts to osmolality fluxes.

81





REFERENCES

1. Agre P, King LS, Yasui M, Guggino WB, Ottersen OP, Fujiyoshi Y,

Engel A, and Nielsen S. Aquaporin water channels - from atomic structure to

clinical medicine. Journal of Physiology 542: 3-16, 2002.

2. Al-Habori M, Peak M, Thomas TH, and Agius L. The role of cell swelling

in the stimulation of glycogen synthesis by insulin. The Biochemical Journal 282:

789-796, 1992.

3. Andreoli TE. Water: normal balance, hyponatremia, and hypematremia.

Ren Fail 22: 71 1-735, 2000.

4. Antolic A. The effects of extracellular osmolality on cell volume and
resting skeletal muscle metabolism. St Catharines: Brock University, 2006.

5. Antolic A, Harrison R, Farlinger C, Cermak NM, Peters SJ, LeBlanc P,

and Roy BD. Effect of extracellular osmolality on cell volume and resting

metabolism in mammalian skeletal muscle. Am J Physiol Regul Integr Comp
Physiol 292: R1 994-2000, 2007.

6. Antunes-Rodrigues J, De Castro M, Elias LLK, Valenca MM, and
Mccann SM. Neuroendocrine Control of Body Fluid Metabolism
10.1 152/physrev.0001 7.2003. Physiol Rev 84: 169-208, 2004.

7. Baquet A, Hue L, Meijer AJ, van Woerkom GM, and Plomp PJAM.
Swelling of rat hepatocytes stimulates glycogen synthesis. The Journal of

Biological Chemistry 265: 955-959, 1990.

8. Baquet A, Lavoinne A, and Hue L. Comparison of the effects of various

amino acids on glycogen synthesis, lipogenesis and ketogenesis in isolated rat

hepatocytes. Biochem J 273(Pt 1): 57-62, 1991.

9. Baquet A, Maisin L, and Hue L. Swelling of rat hepatocytes activates

acetyl-CoA carboxylase in parallel to glycogen synthase. The Biochemical
Journal 278: 887-890, 1991.

10. Barros LF, Barnes K, Ingram JC, Castro J, Porras OH, and Baldwin
SA. Hyperosmotic shock induces both activation and translocation of glucose
transporters in mammalian cells. Pflugers Arch 442: 614-621, 2001.
11. Benardot D. Advanced Sports Nutrition. Champaign, IL: Human Kinetics,

2006.

12. Boyer JL, Graf J, and Meier PJ. Hepatic transport systems regulating

pHi, cell volume, and bile secretion. Annu Rev Physiol 54: 415-438, 1992.

13. Brown AD and Simpson JR. Water relations of sugar-tolerant yeasts: the
role of intracellular polyols. J Gen Microbiol 72: 589-591 , 1972.

14. Brunmair B, Neschen S, Gras F, Roden M, Nowotny P, Waldhausl W,
and Furnsinn C. Metabolic response to anisoosmolarity of rat skeletal muscle in

vitro. Hormone and Metabolic Research 32: 251-255, 2000.
15. Calder PC. Glycogen structure and biogenesis. Int J Biochem 23: 1335-
1352, 1991.

16. Cermak NM. The influence of skeletal muscle cell volume on
carbohydrate metabolism in contracting skeletal muscle. (Masters). St.

Catharines: Brock University, 2006.

82





17. Charron FM, Blanchard MG, and Lapointe JY. Intracellular hypertonicity

is responsible for water flux associated with Na+/glucose cotransport. Biophys J

90: 3546-3554, 2006.

18. Chatterjee M and Smith RL. Physiological overshoot and the compound
action potential. Hear Res 69: 45-54, 1993.

19. Chebotareva NA, Kurganov Bl, and Livanova NB. Biochemical effects

of molecular crowding. Biochemistry (Moscow) 69: 1239-1251 , 2004.

20. Clausen T, Gliemann J, Vinten J, and Kohn PG. Stimulating effect of

hyperosmolarity on glucose transport in adipocytes and muscle cells. Biochim

Biophys Acta 21 1 : 233-243, 1970.

21. Close R. Dynamic Properties of Fast and Slow Skeletal Muscles of the

Rat During Development. J Physiol 173: 74-95, 1964.

22. Colclasure GC and Parker JC. Cytosolic protein concentration is the

primary volume signal for swelling-induced [K-CI] cotransport in dog red cells. J

Gen Physiol 100: 1-10, 1992.

23. Colclasure GC and Parker JC. Cytosolic protein concentration is the

primary volume signal in dog red cells. Journal of General Physiology 98: 881-

892, 1991.

24. Costa Leite T, Da Silva D, Guimaraes Coelho R, Zancan P, and Sola-

Pen na M. Lactate favours the dissociation of skeletal muscle 6-phosphofructo-1-

kinase tetramers down-regulating the enzyme and muscle glycolysis. Biochem J
408: 123-130,2007.

25. Costill DL, Cote R, and Fink W. Muscle water and electrolytes following

varied levels of dehydration in man. Journal ofApplied Physiology 40: 6-11,

1976.

26. Crosbie RH, Dovico SA, Flanagan JD, Chamberlain JS, Ownby CL,

and Campbell KP. Characterization of aquaporin-4 in muscle and muscular

dystrophy. Faseb J 16: 943-949, 2002.

27. Delp MD and Duan C. Composition and size of type I, IIA, IID/X, and MB
fibers and citrate synthase activity of rat muscle. J Appl Physiol 80: 261-270,

1996.

28. Diez-Sampedro A, Hirayama BA, Osswald C, Gorboulev V,

Baumgarten K, Volk C, Wright EM, and Koepsell H. A glucose sensor hiding

in a family of transporters. Proc Natl Acad Sci U S A 100: 1 1753-1 1758, 2003.

29. Duhamel TA, Green HJ, Stewart RD, Foley KP, Smith IC, and Ouyang
J. Muscle metabolic, SR Ca2+-cycling responses to prolonged cycling, with and
without glucose supplementation

10.1 152/japplphysiol.01 440.2006. J Appl Physiol 103: 1986-1998, 2007.

30. Dunham I, Shimizu N, Roe BA, Chissoe S, Hunt AR, Collins JE,
Bruskiewich R, Beare DM, Clamp M, Smink LJ, Ainscough R, Almeida JP,
Babbage A, Bagguley C, Bailey J, Barlow K, Bates KN, Beasley O, Bird CP,
Blakey S, Bridgeman AM, Buck D, Burgess J, Burrill WD, O'Brien KP, and et

al. The DNA sequence of human chromosome 22. Nature 402: 489-495, 1999.

31. Duquette PP, Bissonnette P, and Lapointe JY. Local osmotic gradients

drive the water flux associated with Na(+)/glucose cotransport. Proc Natl Acad
Sci USA98: 3796-3801 , 2001

.

83





32. Durkot MJ, Martinez O, Brooks-McQuade D, and Francesconi RP.

Simultaneous determination of fluid shifts during thermal stress in a small-animal

model. Journal of Applied Physiology 61: 1031-1034, 1986.

33. Dyck DJ and Bonen A. Muscle contraction increases palmitate

esterification and oxidation and triacylglycerol oxidation. Am J Physiol 275: E888-

896, 1998.

34. Farlinger C. The Influence of Skeletal Muscle Cell Volume on the

Regulation of Carbohydrate Uptake and Muscle Metabolism (Masters Thesis). St.

Catharines: Brock University, 2007.

35. Filatov GN, Pinter MJ, and Rich MM. Resting potential-dependent

regulation of the voltage sensitivity of sodium channel gating in rat skeletal

muscle in vivo. J Gen Physiol 126: 161-172, 2005.

36. Fink HH, Burgoon LA, and Mikesky AE. Practical Applications in Sports

Nutrition. Sudbury, MA: Jones and Bartlett Publishers, 2006.

37. Finn PJ, Plank LD, Clark MA, Connolly AB, and Hill GL. Progressive

cellular dehydration and proteolysis in critically ill patients. Lancet 347: 654-656,

1996.

38. Forsayeth J and Gould MK. Effects of hyperosmolarity on basal and
insulin-stimulated muscle sugar transport. Am J Physiol 240: E263-267, 1981.

39. Fortney SM, Wenger CB, Bove JR, and Nadel ER. Effect of

hyperosmolality on control of blood flow and sweating. Journal ofApplied

Physiology 57:1 688-1695,1 984

.

40. Frigeri A, Nicchia GP, Balena R, Nico B, and Svelto M. Aquaporins in

skeletal muscle: reassessment of the functional role of aquaporin-4. Faseb J 18:

905-907, 2004.

41. Frigeri A, Nicchia GP, and Svelto M. Aquaporins as targets for drug
discovery. CurrPharm Des 13: 2421-2427, 2007.

42. Fujii N, Hirshman MF, Kane EM, Ho RC, Peter LE, Seifert MM, and
Goodyear LJ. AMP-activated protein kinase alpha2 activity is not essential for

contraction- and hyperosmolarity-induced glucose transport in skeletal muscle. J
Biol Chem 280: 39033-39041 , 2005.

43. Gaebelein CJ and Senay LC. Influence of exercise type, hydration, and
heat on plasma volume shifts in man. Journal of Applied Physiology 49: 1 19-123,

1980.

44. Gagnon MP, Bissonnette P, Deslandes LM, Wallendorff B, and
Lapointe JY. Glucose accumulation can account for the initial water flux

triggered by Na+/glucose cotransport. Biophys J 86: 125-133, 2004.
45. Galloway SD. Dehydration, rehydration, and exercise in the heat:

rehydration strategies for athletic competition. Can J Appl Physiol 24: 188-200,
1999.

46. Gisolfi CV. Fluid balance for optimal performance. Nutr Rev 54: S159-
168, 1996.

47. Green HJ, Thomson JA, and Houston ME. Supramaximal exercise after

training-induced hypervolemia. II. Blood/muscle substrates and metabolites. J
Appl Physiol 62: 1 954- 1 96 1 , 1 987.

84





48. Gual P, Le Marchand-Brustel Y, and Tanti J. Positive and negative

regulation of glucose uptake by hyperosmotic stress. Diabetes and Metabolism

29: 566-575, 2003.

49. Gulati J and Babu A. Tonicity effects on intact single muscle fibres:

relation between force and cell volume. Science 215: 1109-1112, 1982.

50. Hargreaves M. Muscle glycogen and metabolic regulation. Proc Nutr Soc
63:217-220,2004.

51. Harris RC, Hultman E, and Nordesjo LO. Glycogen, glycolytic

intermediates and high-energy phosphates determined in biopsy samples of

musculus quadriceps femoris of man at rest. Methods and variance of values.

ScandJClin Lab Invest 33: 109-120, 1974.

52. Harrison R, Farlinger C, Antolic A, Mulligan M, Willmott K, Peters S,

LeBlanc P, and Roy B. Hyper-osmotic stress induced alterations in muscle

metabolism are reversed within 45 min of return to iso-osmotic conditions.

FASEB Experimental Biology Annual Conference, Washington, DC, 2007.

53. Haussinger D. The role of cellular hydration in the regulation of cell

function. Biochem J 313 ( Pt 3): 697-710, 1996.

54. Haussinger D, Lang F, and Gerok W. Regulation of cell function by the

cellular hydration state. Am J Physiol 267: E343-355, 1994.

55. Haussinger D, Roth E, Lang F, and Gerok W. Cellular hydration state:

an important determinant of protein catabolism in health and disease. Lancet

341: 1330-1332, 1993.

56. Hill AE, Shachar-Hill. B., and Shachar-Hill, Y. What are Aquaporins for?

Journal of Membrane Biology 197: 1-32, 2004.

57. Hoffmann JF, Eden M, Barr JS, and Bedell HS. The hemolytic volume
of human erythrocytes. J Cell Comp Physiol 51: 405-414, 1958.

58. Hwang SM, Lee RH, Song JM, Yoon S, Kim YS, Lee SJ, Kang SK, and
Jung JS. Expression of aquaporin-5 and its regulation in skeletal muscle cells.

Exp Mol Med 34: 69-74, 2002.

59. Jorgen FP, Wojtaszewski AB, Jakobsen TP, and Richter EA. Perfused

rat hindlimb is suitable for skeletal muscle glucose transport measurments.
American Journal of Physiology 274: E1 84-E1 91 , 1 998.

60. Keller U, Szinnai G, Bilz S, and Berneis K. Effects of changes in

hydration on protein, glucose and lipid metabolism in man: impact on health.

European Journal of Clinical Nutrition 57: S69-S74, 2003.

61 . Koistinen HA and Zierath JR. Regulation of glucose transport in human
skeletal muscle. Annals of Medicine 34: 410-418, 2002.

62. Koistinen HA and Zierath JR. Regulation of glucose transport in human
skeletal muscle. Ann Med 34: 410-418, 2002.

63. Kong CT, Yet SF, and Lever JE. Cloning and expression of a

mammalian Na+/amino acid cotransporter with sequence similarity to

Na+/glucose cotransporters. J Biol Chem 268: 1509-1512, 1993.

64. Korzeniewski B and Zoladz JA. Some factors determining the PCr
recovery overshoot in skeletal muscle. Biophys Chem 116: 129-136, 2005.

85





65. Kozono D, Yasui M, King LS, and Agre P. Aquaporin water channels:

atomic structure molecular dynamics meet clinical medicine. J Clin Invest 109:

1395-1399,2002.

66. Kraft PA. The osmotic shift. J Intraven Nurs 23: 220-224, 2000.

67. Kuzuya T, Samols E, and Williams RH. Stimulation by Hyperosmolarity

of Glucose Metabolism in Rat Adipose Tissue and Diaphragm in Vitro. J Biol

Chem 240: 2277-2283, 1965.

68. Lang F, Busch GL, Ritter M, Volkl H, Waldegger S, Gulbins E, and
Haussinger D. Functional significance of cell volume regulatory mechanisms.
Physiological Reviews 78: 247-306, 1998.

69. Lang F, Ritter M, Gamper N, Huber S, Fillon S, Tanneur V, Lepple-

Wienhues A, Szabo I, and Gulbins E. Cell volume in the regulation of cell

proliferation and apoptotic cell death. Cell Physiol Biochem 10: 417-428, 2000.

70. Lang F, Ritter M, Volkl H, and Haussinger D. The biological significance

of cell volume. Ren Physiol Biochem 16: 48-65, 1993.

71. Lang F, Stehle T, and Haussinger D. Water, K+, H+, lactate and glucose

fluxes during cell volume regulation in perfused rat liver. European Journal of

Physiology 413: 209-216, 1989.

72. Laurent D, Hundal RS, Dresner A, Price TB, Vogel SM, Petersen KF,
and Shulman GL Mechanism of muscle glycogen autoregulation in humans. Am
J Physiol Endocrinol Metab 278: E663-668, 2000.

73. Li D, Randhawa VK, Patel N, Hayashi M, and Klip A. Hyperosmolality

reduces GLUT4 endocytosis and increases its exocytosis from a VAMP2-
independent pool in L6 muscle cells. The Journal of Biological Chemistry 276:

22883-22891,2001.
74. Lindinger Ml, Hawke TJ, Lipskie SL, Schaefer HD, and Vickery L. K(+)

transport and volume regulatory response by NKCC in resting rat hindlimb

skeletal muscle. Cell Physiol Biochem 12: 279-292, 2002.

75. Loo DD, Zeuthen T, Chandy G, and Wright EM. Cotransport of water by
the Na+/glucose cotransporter. Proc Natl Acad Sci U S A 93: 13367-13370,
1996.

76. Lord RC. Osmosis, osmometry, and osmoregulation. Postgrad Med J 75:

67-73, 1999.

77. Low SY, Rennie MJ, and Taylor PM. Modulation of glycogen synthesis in

rat skeletal muscle by changes in cell volume. Journal of Physiology 495.2: 299-

303, 1996.

78. Macknight AD and Leaf A. Regulation of cellular volume. Physiol Rev 57:

510-573, 1977.

79. Manz F and Wentz A. 24-h hydration status: parameters, epidemiology
and recommendations. Eur J Clin Nutr 57 Suppl 2: S10-18, 2003.
80. McManus ML, Churchwell KB, and Strange K. Regulation of cell

volume in health and disease. The New England Journal of Medicine 333: 1260-
1266, 1995.

81. Meijer AJ, Baquet A, Gustafson L, van Woerkom GM, and Hue L.

Mechanism of activation of liver glycogen synthase by swelling. The Journal of
Biological Chemistry 267: 5823-5828, 1992.

86





82. Miles DS, Sawka MN, Glaser RM, and Petrofsky JS. Plasma volume
shifts during progressive arm and leg exercise. Journal ofApplied Physiology 54:

491-495, 1983.

83. Minton AP, Colclasure GC, and Parker JC. Model for the role of

macromolecular crowding in regulation of cellular volume. Proceedings of the

National Academy of Sciences of the United States ofAmerica 89: 10504-10506,
1992.

84. Moran DS, Montain SJ, and Pandolf KB. Evaluation of different levels of

hydration using a new physiological strain index. Am J Physiol Regul Integr

Comp Physiol 275: R854-860, 1998.

85. Nielsen JN, Derave W, Kristiansen S, Ralston E, Ploug T, and Richter
EA. Glycogen synthase localization and activity in rat skeletal muscle is strongly

dependent on glycogen content. J Physiol 531 : 757-769, 2001

.

86. Nielsen JN and Richter EA. Regulation of glycogen synthase in skeletal

muscle during exercise. Acta Physiol Scand 178: 309-319, 2003.
87. Nylander-Koski O, Mustonen H, Kiviluoto T, and Kivilaakso E. Cell

volume regulation during hyperosmotic shrinkage is mediated by Na+/K+-
ATPase and Na+-K+-2CI- cotransporter in Necturus gastrics surface epithelial

cells. Dig Dis Sci 50: 2043-2049, 2005.

88. Parker JC. In defense of cell volume? American Journal of Applied
Physiology 265: C1 1 91 -C1 200, 1 993.

89. Parry-Billings M, Bevan SJ, Opara E, and Newsholme EA. Effects of

changes in cell volume on the rates of glutamine and alanine release from rat

skeletal muscle in vitro. Biochem J 276 ( Pt 2): 559-561, 1991.

90. Peak M, Al-Habori M, and Agius L. Regulation of glycogen synthesis
and glycolysis by insulin, pH and cell volume. The Biochemical Journal 282: 797-
805, 1992.

91. Preston GM, Carroll TP, Guggino WB, and Agre P. Appearance of

water channels in Xenopus oocytes expressing red cell CHIP28 protein. Science
256:385-387, 1992.

92. Rash JE, Staehelin LA, and Ellisman MH. Rectangular arrays of

particles on freeze-cleaved plasma membranes are not gap junctions. Exp Cell

Res 86: 187-190, 1974.

93. Ritz P, Salle A, Simard G, Dumas JF, Foussard F, and Malthiery Y.
Effects of changes in water compartments on physiology and metabolism.
European Journal of Clinical Nutrition 57: S2-S5, 2003.
94. Roach PJ. Glycogen and its metabolism. Curr Mol Med 2: 101-120, 2002.
95. Sachs F. Mechanical transduction by membrane ion channels: a mini
review. Mol Cell Biochem 104: 57-60, 1991.

96. Sanders B, Noakes TD, and Dennis SC. Sodium replacement and fluid

shifts during prolonged exercise in humans. European Journal ofApplied
Physiology 84: 419-425, 2001.

97. Sawka MN, Cheuvront SN, and Carter III R. Human water needs.
Nutrition Reviews 63: S30-S39, 2005.

87





98. Sawka MN, Francesconi RP, Pimental NA, and Pandolf KB. Hydration

and vascular fluid shifts during exercise in the heat. Journal ofApplied

Physiology 56: 91-96, 1984.

99. Scheepers A, Joost HG, and Schurmann A. The glucose transporter

families SGLT and GLUT: molecular basis of normal and aberrant function. JPEN
J Parenter Enteral Nutr 28: 364-371 , 2004.

100. Segal SS and Faulkner JA. Temperature-dependent physiological

stability of rat skeletal muscle in vitro. Am J Physiol 248: C265-270, 1985.

101

.

Shlrreffs SM. The importance of good hydration for work and exercise

performance. Nutr Rev 63: S14-21, 2005.

102. Spriet LL. ATP utilization and provision in fast-twitch skeletal muscle

during tetanic contractions. Am J Physiol 257: E595-605, 1989.

1 03. Strange K. Cellular and Molecular Physiology of Cell Volume Regulation.

Boca Raton, FL: CRC Press, Inc., 1994.

104. Takata K, Matsuzaki T, and Tajika Y. Aquaporins: water channel

proteins of the cell membrane. Prog Histochem Cytochem 39: 1-83, 2004.

105. Trump BF and Berezesky IK. Calcium-mediated cell injury and cell

death. FasebJ9: 219-228, 1995.

106. Tse WK, Au DW, and Wong CK. Effect of osmotic shrinkage and
hormones on the expression of Na+/H+ exchanger-1, Na+/K+/2CI- cotransporter

and Na+/K+ -ATPase in gill pavement cells of freshwater adapted Japanese eel,

Anguilla japonica. J Exp Biol 210: 2113-2120, 2007.

107. Verkman AS. Physiological importance of aquaporin water channels. Ann
Med 34: 192-200,2002.

108. Verkman AS and Mitra AK. Structure and function of aquaporin water
channels. Am J Physiol Renal Physiol 278: F13-28, 2000.

109. Viollet B, And reel I i F, Jorgensen SB, Perrin C, Geloen A, Flamez D,

Mu J, Lenzner C, Baud O, Bennoun M. Gomas E, Nicolas G, Wojtaszewski
JF, Kahn A, Carling D, Schuit FC, Birnbaum MJ, Richter EA, Burcelin R, and
Vaulont S. The AMP-activated protein kinase alpha2 catalytic subunit controls

whole-body insulin sensitivity. J Clin Invest 111: 91-98, 2003.

110. von Duvillard SP, Braun WA, Markofski M, Beneke R, and Leithauser
R. Fluids and hydration in prolonged endurance performance. Nutrition 20: 651-

656, 2004.

111. Wakayama Y, Inoue M, Kojima H, Jimi T, Shibuya S, Hara H, and
Oniki H. Expression and localization of aquaporin 7 in normal skeletal myofiber.

Cell Tissue Res 316: 123-129, 2004.

112. Wakayama Y, Jimi T, Inoue M, Kojima H, Shibuya S, Murahashi M,
Hara H, and Oniki H. Expression of aquaporin 3 and its localization in normal
skeletal myofibres. Histochem J 34: 331-337, 2002.

113. Waldegger S, Busch GL, Kaba NK, Zempel G, Ling H, Heidland A,

Haussinger D, and Lang F. Effect of cellular hydration on protein metabolism.
Miner Electrolyte Metab 23: 201-205, 1997.

114. Watt MJ, Febbraio MA, Garnham AP, and Hargreaves M. Acute plasma
volume expansion: effect on metabolism during submaximal exercise. J Appl
Physiol 87: 1202-1206, 1999.

88





115. Wojtaszewski JF, Jakobsen AB, Ploug T, and Richter EA. Perfused rat

hindlimb is suitable for skeletal muscle glucose transport measurements. Am J
Physiol 27'4: E1 84-1 91, 1998.

116. Xu L, Mann G, and Meissner G. Regulation of cardiac Ca2+ release

channel (ryanodine receptor) by Ca2+, H+, Mg2+, and adenine nucleotides under

normal and simulated ischemic conditions. Circ Res 79: 1100-1109, 1996.

117. Yang B, Brown D, and Verkman AS. The mercurial insensitive water

channel (AQP-4) forms orthogonal arrays in stably transfected Chinese hamster
ovary cells. J Biol Chem 271 : 4577-4580, 1996.

118. Yang B and Verkman AS. Water and glycerol permeabilities of

aquaporins 1-5 and MIP determined quantitatively by expression of epitope-

tagged constructs in Xenopus oocytes. J Biol Chem 272: 16140-16146, 1997.

119. Zorzano A, Palacin M, and Guma A. Mechanisms regulating GLUT4
glucose transporter expression and glucose transport in skeletal muscle. Acta

Physiol Scand 183: 43-58, 2005.

89





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 mOsrrvkg"
1

STERILE

NMT1EU/ML
0.9-1.1 g--1

PASS
12 MONTHS

Components

Inorganic Salts

CaCI2-2H2

Fe(N03 )3-9H2

MgS04 (anhyd)

KCI

KH2P04

NaAcetate (anhyd)

NaHC03

NaCI
Na2HP04 (anhyd)

NaH2P04 (anhyd)

Amino Acids
DL-Alanine

L-Arginine HCI
DL-Aspartic Acid

L-Cysteine HCI H2

L-Cystine-2HCI

DL-Glutamic Acid

L-Glutamine

Glycine

L-Histidine HCI H2

Hydroxy-L-Proline

DL-lsoleucine

DL-Leucine

L-LysineHCI

M4530
[1X]

g-L-
1

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

0.07
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DL-Methionine 0.03

DL-Phenylalanine 0.05

L-Proline 0.04

DL-Serine 0.05

DL-Threonine 0.06

DL-Tryptophan 0.02

L-Tyrosine 2Na-2H2 0.05766

DL-Valine 0.05

Vitamins

Ascorbic AcidNa 0.000056

D-Biotin 0.00001

Calciferol 0.0001

Choline Chloride 0.0005

Folic Acid 0.00001

Menadione (sodium bisulfite) 0.000016

myo-lnositol 0.00005
Niacinamide 0.000025

Nicotinic Acid 0.000025
p-Amino Benzoic Acid 0.00005

D-Pantothenic Acid- 1/2Ca 0.00001

Pyridoxal-HCI 0.000025
Pydridoxine HCI 0.000025
Retinol Acetate 0.00014
Riboflavin 0.00001

DL-a-Tocopherol PhosphateNa 0.00001

ThiamineHCI 0.00001

Other
Adenine Sulfate 0.01

Adenosine Triphosphate-2Na 0.001

Adenosine Monophosphates 0.000238
Cholesterol 0.0002
Deoxyribose 0.0005
Glucose 1 .0

Glutathione (reduced) 0.00005
GuanineHCI 0.0003
HEPES
Hypoxanthine 0.0003
Phenol Red Na 0.0213
Tween 80 0.02

Ribose 0.0005
Thymine 0.0003
Uracil 0.0003
XanthineNa 0.000344
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APPENDIX II: 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 PCA 21 .5 ml 70% PCA
Bring to 500 ml with distilled H2

Store 0-4°C for 1 month

2.3 M KHCO3 2.3 g M KHCO3
Add 10.0 ml distilled H2

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 uL 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 uL and place in freezer (-20°C) for 10 min
10. To the frozen supernatant add 135 uL 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 000G. 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.
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II. Muscle Adenosine Triphosphate (ATP) and Phosphocreatine (PCr) Assay

for Plate Reader Flourometer

CREATINE KINASE
P-CREATINE + ADP -> CREATINE + ATP

HEXOKINASE
ATP + GLUCOSE -» ADP + GLUC0SE-6-P

G-6-P-DH

GLUCOSE-6-P + NADP -> GLUCANOLACTONE + NADPH

Reagent STOCK FINAL VOLUME VOLUME VOLUME
CONC. CONC. 25ML 50ML 100ML

1. Tris(on

shelf) LOOM 50 mM 1.25 ml 2.5 ml 5.00 ml

(pH 8.1)

stored in fridge

2. MgCI2 (on LOOM 1.0 mM 25.00 pL 50.00 pL 100.00 pL
shelf) fresh

(.2033g/ml)

3. D.T.T. 0.5 M 0.5 mM 25.00 pL 50.00 pL 100.00 pL
(found in -20)

aliquots -80

4. Glucose 100.0 mM 100.0 pM 25.00 pL 50.00 pL 100.00 pL
(on shelf)

aliquots ( -80)

5. NADP 50.0 mM 50.0 pM 25.00 pL 50.00 pL 100.00 pL
(found in -20)

aliquots ( -80)

6. G-6-P-DH 2660 U/ml 0.02 U/ml 1.00 uL 2.00 uL 4.00 pL
(found in fridge)

Sigma (G-5760)

8 ADP (found Solid

in -20)

Sigma (A-2754)

9. Creatine

Kinase 324 U/mg
(found in -20)

Sigma (C-3755)

Note: Mix reagents 1-5 together. Bring to volume with distilled water and adjust

to pH 8.1. Then add reagent 6. Mix by inversion with enzymes.
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Preparation of Dilute Enzyme

For step 2. Mix 2.5 uL 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)

Parti.

1. Fill three wells with a blank (10.00 uL dH2 per well)

2. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with 10.00ul_ 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 uL of varying concentrations of the

PCr standard. (0.1 mM, 0.2 mM, 0.4 mM, 0.8 mM, 1 .2 mM)

4. a. Vortex each sample before pipetting

b. Add 10.00 uL of sample to the appropriately wells

5. Add 185 uL 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 uL 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 uL 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 dH2Q

Cone (mM) Stock (uL) dH2Q (uL)

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 aliguots in the -80°C

To make 7.6 mM stock: FW (no water) 255.1 mg phosphocreatine into 50 ml

dH2Q

Cone (mM) Stock (uL) dH2Q (uL)

0. 076 10 990
0.152 20 980
0.304 40 960
0.608 80 920
0.912 120 880

C4H8N305PNa • 4.4 mol H20»mol"
1

substance

Therefore its effective weight is 334.3 g»mol"
1
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III. Muscle Creatine (Cr) Assay for Plate Reader Flourometer

CREATINE KINASE
CREATINE + ATP-

ADP + P-PYRUVATE-

-> P-CREATINE + ADP
PYRUVATE KINASE

-> ATP + PYRUVATE
LDH

PYRUVATE + NADH--





Preparation of Dilute Enzyme

For step 2. Mix 1.0 mg of Creatine Kinase with 2.6 ml of buffer. Mix by inversion.

Before beginning to pipette the samples you must test the fluorescence of

the buffer (might have to change gain)

Procedure for Assay

Parti.

1. Fill three wells with a blank (10.00 uL dH2 per well)

2. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with 10.00uL 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 uL of sample to the appropriately wells

4. Add 185 uL 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 uL 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 dH 2

Conc(mM)~ Stock (uL) dH2Q (ul_)

0.1 10 990
0.2 20 980
0.4 40 960
0.8 80 920
1.2 120 880
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IV. Muscle Lactate Assay for Plate Reader Flourometer

Lactate + NAD+
LDH

-^ 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-5132)

LOOM

LOOM

100.0

mM

100.0

mM

100.0 mM 0.5 mM

5264 U/ml 8 U/ml

2.5 ml 5.00 ml 10.00 ml

2.5 ml 5.00 ml 10.00 ul_

125 mL 250 |JL 500.00 uL

See Procedure

Note: Mix reagents 1-3 together. Bring to volume with distilled water and adjust

topH 10.

Preparation of Dilute Enzyme

Add 60 uL of LDH to 1 .0 ml of reagent. Mix by inversion. (For 50 ml do
120 uL of reagent). (17.25 pL if using L-2500, LDH)

Procedure for Assay

ParM.

1 . Fill three wells with a blank (10.00 pL dH 2 per well)

2. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with 10.00pL 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 pL 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)

Conc(mM)" Stock (pL)
"

dH2Q(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) dH2Q (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

HK
Glucose + ATP -» G-6-P + ADP

G6PDH
G-6-P + NADP -





Preparation of Dilute Enzyme

1. Add 1.5 uL of G-6-P-DH to a test-tube containing 1.5 mL Reagent. Mix 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 uL dH2 per well)

2. a. Vortex each concentration mixture before pipetting

b. Fill the next X wells with 10.00 uL of varying concentrations of Glucose

standard (See Below)

c. Fill the next X wells with 10.00 uL of varying concentrations of G-6-P
standard (See Below)

3. a. Vortex each sample before pipetting

b. Add 10.00 uL of sample to the appropriately wells

4. Pipette 185 uL 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 uL 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 uL 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 dH2

Choose appropriate standard curve for the type of samples running

Cone (mM) Stock (uL) dH2Q (uL)

0.1 40 960

0.2 80 920

0.4 160 840
0.8 320 680
1 .2 480 520

Cone (mM) Stock (uL) dH2Q (uL)

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 dH2Q

Cone (mM) Stock (ul_) dH2Q (uL)

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 uL 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 uL 2N NaOH, mix well.

8. Store at -90°C until analysis.

Dilution Factor = 1.3
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VII. Muscle Glycogen Assay for Plate Reader Flourometer

HEXOKINASE
Glucose + ATP -> Glucose-6-P + ADP

G-6-P-DH
Glucose-6-P + NADP -> Glucanolactone + NADPH

Reagent

1 . Tris

(on shelf)

(pH8.1)

stored in fridge

STOCK FINAL VOLUME VOLUME VOLUME
CONC CONC 25ml 50 ml 100ml

LOOM 50 mM 1.25 ml 2.5 ml 5.00 ml

2. MgCI2 (on shelf) LOOM 1 mM
make fresh

(.2033g/ml)

25 uL 50 uL 100 uL

3. DTT (found in

20)

aliquots (-80)

0.5 M 0.5 mM 25 uL 50 uL 100 uL

4. ATP (found in - 300 mM 300 uM
20)

aliquots (-80)

5. NADP (found in 50 mM 50 uM
-20)

aliquots (-80)

6. G-6-P-DH
found in fridge

(Sigma G-5760)

7. Hexokinase
found in fridge

(Sigma L-5500)

2660 0.02 U/ml

U/ml

1338 0.14 U/ml

U/ml

25 uL 50 uL 100 uL

25 uL 50 uL 100mL

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 ml of Reagent. Mix 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 uL dH2 per well)

2. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with 10.00ul_ of varying concentrations of 5uM
2.5 uM Glucose standard (0.1mM, 0.2 mM, 0.4 mM, 0.8 mM, 1.2 mM)

3. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with 10.00ul_ of varying concentrations of 5uM
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 uL of sample to the appropriately wells

5. Add 185 uL 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 uL 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 uL 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 dH2

Cone (mM) Stock (uL) dH2Q (ul_)

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 10mL. Mix well. (Make fresh

daily)

0.6 M PCA To 8 g NaOH add 100 ml water

B. Procedure

1 . Add 0.5 ml_ (500 uL) of cold 0.6M Perchloric Acid to a microfuge tube,

keep on ice.

2. Add 0.1 mL (100 uL) of whole blood. Mix and cool on ice.

3. Centrifuge at 15 000 g for 2 minutes in a refrigerated Eppendorf microfuge

(0-4°C).

4. Add 0.25 mL (250 uL) 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

.

B - hydroxybutyrate/Pyruvate - 14 days (will polymerize on prolonged

storage).

2. Lactate/Glucose/Glycerol/Alanine - 3 months
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VIM. Extracellular Media Lactate Assay for Plate Reader Flourometer

Lactate + NAD+
LDH

-» Pyruvate + NADH + H
+

PYRUVATE + Hydrazine -> Pyruvate Hydrazone

Reagent

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)

STOCK FINAL VOLUME VOLUME VOLUME
CONC CONC 25ml 50 ml 100ml

1. Hydrazine

(on shelf)

stored in fridge

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 uL

100.0 mM 0.5 mM 250 uL 500 uL 1 mL

5264 U/ml 8 U/ml See Procedure

Note: Mix reagents 1-3 together. Bring to volume with distilled water and adjust

topH 10.4

Preparation of Dilute Enzyme

Add 32 uL of LDH to 25 ml of buffer. (17.25 uL if using L-2500, LDH).
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Procedure for Assay

Parti.

1. Fill three wells with a blank (10.00 pL dH 2 per well)

2. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with 10.00pL 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)

Conc(mM) Stock (pL) dH2Q (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) dH2Q (pL)

0.025 5.6 994
0.05 1 1 .25 988
0.1 22.5 978
0.2 45 955
0.8 180 820
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IX. Extracellular Glucose Assay

Glucose





Procedure for Assay

Parti.

1. Fill three wells with a blank (20 pL dH2 per well)

2. a. Vortex each concentration mixture before pipetting

b. Fill the next five wells with 20.00uL 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 uL 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)

Cone (mM)~ Stock (uL) dH2Q (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 -

Pyruvate + 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
CONC CONC 25ml 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 5mM 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 prevents activity of protein kinase which phosphorylates GSi in the

presence of ATP
NaF prevents removal of phosphate from phosphorylated (inactive)

enzyme by phosphatase activity present in the homogenate
DTT ensures reduction of sulphydryl groups of the enzyme which are

necessary for optimal activity

BSA 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

2. Place muscle sample tubes in liquid Nitrogen to await weighing

3. Add XX ul 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 ul 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.

70. 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





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 25ml 50 ml 100ml

G6P(sol'n) 0.938 0.1mM 0.9285 g 2.32 g 4.64 g 9.285 g
(found in -20) M
Sigma (G-

7772)

G6P(sol'n) 0.938 10.0 0.0744 g 0.186 g 0.372 g 0.744 g
(found in -20) M mM
Sigma (G-

7772)

Note: Once incubation media has been mixed with G6P adjust pH 7.2-7.4.

IMPORTANT: Remember this mean you will have TWO analyses for each
sample.

Step 2. Part B - UDP-GLUCOSE Solution

1. Create a 1M Trizma HCL solution (1.576 g/10ml dH20).

2. Add 58.7 mg/ml UDP-Glucose to1M Trizma HCL.

INCUBATION PROCEDURE

1. Add 450 pi of incubation media (both 0.1 mM and 10.0 mM) to separate

eppendorf tubes

NOTE: Everything will from this point on be in duplicate (0.1 mM and 10.0

mM eppendorf tubes for each muscle sample)

2. a. Add 100 pi of muscle homogenate to incubation media (100 pi to each
0.1 mM and 10.0 mM solutions)

b. Also add 100 pi of dH20 to incubation media (100 pi to each 0.1 and
10.0 mM solutions)
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3. Start reaction by adding 50 pi 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
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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

LTrisHCL
(on shelf)

(1.576mg/10

ml)

Sigma (T5941)

1M 20 mM 0.5 ml 1.0 ml 2.0 ml 4.0 ml

2.KCL
(on shelf)

(0.7455g/10ml)

Sigma (D4504)

1M 30 mM 0.75 ml 1.5 ml 3.0 ml 6.0 ml

3. BSA
(found in

fridge)

(2mg/ml)

Roche (775

835)

2.0% 0.02% 250 Ml 500 pi 1 ml 2 ml

4. MgCI.

(on shelf)

(2033g/ml)

Sigma (M9272)

1M 4 mM 100 Ml 200 Ml 400 Ml 800 Ml

5. PEP
(found in -20)

Sigma (P7252)

0.4 mM 1.9 mg 3.8 mg 7.6 mg 15.2 mg

6. NADH
(found in

fridge)

(7.094mg/ml)

Sigma (N81 29)

10 mM 3.8 MM 47.5 Ml 95 Ml 190 Ml 380 Ml

7. LDH
(found in

fridge)

Sigma (L2500)

>5264 0.4U/ml 5 Ml

U/ml
10mI 20 Ml 40 Ml

8. PK
(found in

fridge)

Sigma (P1506)

14820 3.0 U/ml

U/ml
See Procedure Below

NOTE: Add reagents 1-7, bring to volume with dH2 and adjust pH to 7.6. Keep reagent
on ice and place in dark until use.
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Preparation of Dilute Enzyme (PK)

Add 15.05 pL of PK 1 ml_ REAGENT and place on ice until use.

Procedure for Assay

1

.

Add 100 mL of REAGENT of each well (allow to equilibrate for 2 min)

2. Fill three wells with a blank (10 pL dH2 per well)

NOTE: Mix each sample 10x when pipetting

2. a. Vortex each concentration mixture before pipetting

b. Fill the next eight wells with 10.00pL 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 dH 2 to make 10

mM stock concentration.

Cone (pM) Stock (uL) dH2Q (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)-intercept)/time/(protein concentration*DF)

Incubation Media Dilution Factor:

DF = 450IM -HOP HM + 50 UDP-GLUCOSE = 600 = 6x
100 MH 100

UDP Assay Dilution Factor:

DF = 100 BUFF + 10 SA + 1.5 PK = 111.5 = 11 5x
10 MH 10

Final Dilution = 6x11.5 = 69x
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XI. 2-DEOXYGLUCOSE UPTAKE METHODS FOR ORGAN BATH
EXPERIMENTS

Reagent












