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SUMMARY

During environmental cold exposure in adult humans, a decrease in core

temperature can be prevented by increasing heat production (I:Ipmd ) via shivering

thermogenesis. The main purpose of this thesis was to determine the effects of changes
in carbohydrate (CHO) availability and shivering intensity on oxidative fuel selection and
muscle recruitment during cold exposure. Using a combination of metabolic and
electrophysiological approaches, fuel selection and EMG activity were quantified: i)
during low-intensity shivering (LOW) in individuals with normal (N), low (LLO) and high
CHO availability (HI), and ii) during high-intensity shivering in individuals with normal
CHO availability (HIGH).

Low-intensity shivering (2.6-fold increase in Hpmd ) resulted in a stimulation of

plasma glucose (+138%), muscle glycogen (+109%) and lipids (+376%) oxidation rates

for N (CHAPTER 2). Despite the observed increase in plasma glucose oxidation, this

fuel only supplied 10%H ., (or only 25% of all the glucose oxidized). Total heat

production was therefore unequally shared between lipids (50%), muscle glycogen
(30%), plasma glucose (10%) and proteins (10%). The same fuel selection measurements

were then performed for LO and HI (CHAPTER 3). The size of CHO reserves had no

effect on H but had a major impact on fuel selection before and during shivering. In

prod *

the cold, a complete shift was observed from lipid oxidation for LO (53%, 28% and

19%H,,,, for lipids, CHO and proteins, respectively) to CHO-based metabolism for HI

(23%, 65% and 12% Hpmd for lipids, CHO and proteins, respectively). As for N, plasma
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glucose oxidation was a minor fuel source (<13% H_,,, ), falling to 7 %H_, for LO. -

prod
Therefore, plasma glucose oxidation did not compensate for changes in muscle glycogen
oxidation and thus is not a strategy used for maintaining heat production. Instead,
proteins and lipids compensated for the decreased in CHO availability. Most
interestingly, these drastic changes in fuel metabolism were achieved without altering the
electromyographic (EMG) signature of shivering muscles (CHAPTER 4). Results
demonstrate that EMG shivering intensity, pattern and spectral components of eight large
muscles remains unaffected by changes in fuel selection. Therefore, humans can sustain
low thermogenic rates by oxidizing widely different fuel mixtures within the same:
muscle fibers.

Considering the low metabolic rates reached during mild shivering (LOW),

oxidative fuel utilization rates were then measured at higher shivering intensity (3.5-fold

rise in Hpmd ) to establish whether i) the role of plasma glucose could be increased

(CHAPTER 5) ii) modifications of fuel selection could be achieved via the recruitment of
fuel specific muscle fibers. Plasma glucose oxidation rate was more strongly stimulated

from LOW to HIGH (+122%) but this fuel still remained a minor source of heat (<15%

Hpmd ). In addition, during high intensity shivering, the EMG pattern was shown to

provide quantitative insight into energy metabolism (CHAPTER 6). The relative use of
lipids and CHO was very different between subjects, and this high variability in fuel
selection was primarily explained by differences in burst shivering rate (shivering pattern

associated with the recruitment of type Il fibers). This finding indicates that the



recruitment of type II fibers is linked to an increase in CHO utilization and plays a key

role in determining fuel selection.
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RESUME

Chez I’humain exposé au froid, le frisson constitue la source principale de
production de chaleur pour prévenir une baisse de la température corporelle. Le but
principal de cette thése est de déterminer les effets d’une modification des réserves
d’hydrates de carbone (HCO) et de I’intensité du frisson sur I’utilisation des carburants
métaboliques et le recrutement des fibres musculaires. A 1’aide de méthodes de mesures
métaboliques et électrophysiologiques, le choix des carburants métaboliques et ’activité
électromyographique (EMG) ont été quantifiés lors du frisson: i) de faible intensité
(LOW) chez des individus avec des réserves normales (IN), basses (LO) et élevées (HI)
d’HCO, et ii) de haute intensité chez des individus avec des réserves normales de
glycogéne (HIGH).

Le frisson de faible intensité chez N (augmentation de 2.6-fois du taux de

production de chaleur (Hpmd )) a eu pour effet d’augmenter 1’oxydation du glucose

plasmatique, du glycogéne musculaire et des lipides (CHAPITRE 2). Malgreé cette

augmentation de I'utilisation du glucose plasmatique, ce carburant n’a fourni que 10%

H,, (ou seulement 25% du glucose oxydé). Conséquemment, la chaleur totale produite

dans le froid a été fournie principalement par 1’oxydation des lipides (50%) et du
glycogéne musculaire (30%) et de fagon plus mineure, du glucose plasmatique (10%) et
des protéines (10%). Ces mémes mesures d’oxydation ont ensuite été effectuées chez LO

et HI (CHAPTER 3). Les résultats démontrent que les changements des réserves de

glycogéne n’ont eu aucun effet sur le Hpmd mais un effet majeur sur le choix des

vit



carburants métaboliques avant et aprés 1’exposition au froid. Dans le froid, ’oxydation

des carburants a ét¢ dominée par celle des lipides pour LO (53% pour les lipides, 28% |

pour les HCO et 19% Hpmd pour les protéines) alors que les HCO furent principalement

oxydés lors chez HI (23% pour les lipides, 65% pour les HCO et 12%H ,, pour les

protéines). Tel que chez N, le glucose plasmatique est demeuré une source mineure de

chaleur, diminuant méme 4 7%H__, dans le cas de LO. Les changements du taux -

prod
d’oxydation du glycogéne musculaire n’ont pas été compensés par une augmentation de
I"utilisation du glucose plasmatique mais par celle des lipides et des protéines. De plus,
ces changements importants dans le choix des carburants ont ét€¢ accomplis sans
modification de la signature électromyographique (EMG) des muscles actifs (CHAPTER
4). Dans I’ensemble ces résultats démontrent que 1’intensité et le patron du frisson ainsi
que les composantes spectrales du signal EMG de huit muscles majeurs demeurent
inchangés indépendamment de 1’importante modification dans le choix des carburants.
Ces résultats suggérent que ’humain puisse soutenir une thermogenése de faible intensité
en utilisant une combinaison trés variable de carburants a I’intérieur de mémes fibres

musculaires.
Au vu du faible taux métabolique atteint lors du frisson de faible intensité (LOW),

I’utilisation des carburants métaboliques a également été étudiée a plus haute intensité

(augmentation de 3.5 fois du Hpmd) afin de déterminer 1) si le réle du glucose

plasmatique pouvait étre augmenté (CHAPITRE 5) et ii) si la sélection des carburants
pouvait étre modifiée en recrutant différentes fibres spécialisées dans I"utilisation de

carburants spécifiques. Une plus grande augmentation de 1’utilisation du glucose
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plasmatique a été observée de LOW a HIGH (+122%) bien que ce carburant soit demeuré

une source mineure utilisée dans la production de chaleur (<15% H proa )- D€ plus, durant

la thermogeneése a haute intensité, le patron du signal EMG fournit de I’information
quantitative sur le métabolisme énergétique (CHAPITRE 6). En effet, [utilisation
felative des lipides et des HCO semble étre fonction du taux de bouffée de frisson (patron
de frisson associé au recrutement des fibres de types II). Dans [’ensemble, ces résultats
suggérent que le recrutement des fibres de types II est lié étroitement & une augmentation
de 'utilisation des HCO et joue un role clé dans la détermination du choix de carburants

métaboliques au cours de I’exposition au froid.
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Antoine-Laurent de Lavoisier (1743-1794)

"La vie n'est qu'une combustion lente de carbone et
d'hydrogéne, qui est semblable en tout 3 celle qui s'opére
dans une lampe ou dans une bougie allumée et, sous ce
point de vue, les animaux qui respirent sont de véritables
corps combustibles qui braient et se
consument'....Comme c'est la substance méme de

'animal, c'est le sang, qui fournit e combustible, si les

animaux ne réparaient pas habituellement par les
aliments ce qu'ils perdent par la respiration, I'huile manquerait bientdt a la lampe, et
I'animal périrait, comme une lampe s'éteint lorsqu'elle manque de nourriture®....L'égalité
de température a laguelle 'homme riche parvient avec tant de peines et de difficultés en
réunissant les productions des deux hémisphéres, la soie de I'inde et la laine d'Espagne,
en employant les travaux d'une multitude d'hommes employés a tisser des étoffes
précieuses, la nature 'opére en faveur du pauvre d'une maniére plus simple, et qui ne le
met dans la dépendance de personne: elle accélére sa respiration dans la juste mesure

de son besoin.>

! Oeuvres, tome II, p. 691
2 Qeuvres, tome II, p. 696

? Oeuvres, tome V, p. 388
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«La vérité scientifique sera toujours plus belle que les créations de notre
imagination et que les illusions de notre ignorances

Claude Bernard (1813-1878)



CHAPTER 1. GENERAL INTRODUCTION

SURVIVAL IN THE COLD

FUELING SHIVERING THERMOGENESIS



Throughout evolution, living organisms have developed strategies to survive in
ever changing environmental temperatures. These temperature adaptations provide short-
and long-term solutions to defend cells against loss of function by conserving appropriate
macromolecular structural parameters and by maintaining adequate metabolic fluxes and
regulation (Hochachka and Somero, 1984). In the animal kingdom, the vast majority of
species (i.e. ectotherms) have been extremely successful at assuring their survival at
various temperatures by maintaining their core temperature in close relation to ambient
temperature. A second group of animals, endotherms (i.e. birds and mammals), also
managed well by regulating body temperature within a narrow range at a specific set
point ranging from 36 to 38°C (Schmidt-Nielsen, 1990). Core temperature fluctuations
exceeding lower or upper critical limits can have disastrous consequences that may result
in permanent cell damage or even death. Even though the exact advantages of
endothermy are not well understood, it is clear that maintaining a high body temperature
within such a narrow range comes with considerable energy cost (Hochachka and
Somero, 1984).

Endotherms regulate body temperature by adjusting rates of heat gain and heat
loss using a combination of metabolic, hormonal and neural mechanisms (Himms-Hagen,
1996). Internal (i.e. metabolic heat production, hormone secretion, autonomous nervous
system activation) or external factors (i.e. radiation, convection, conduction, evaporation)
can shift this balance resulting in an increase or a decrease in core temperature (Brooks et
al., 1999, Schmidt-Nielsen, 1990). In other words, thermal responses modulate the flow

of body heat to meet the need to warm or cool the body. In comparison to other



homeotherms, humans are particularly adept at dissipating heat and less efficient at
conserving it (Armstrong, 2000, Vallerand et al., 1988). Consequently, without proper
shelter or protective clothing, human survival in the cold is limited to hours or just avfew
days depending on the severity of the condition.

During whole body cooling, humans like many other homeotherms prevent
decreases in core temperature by increasing internal heat production. In adult humans,
this process primarily takes the form of involuntary rhythmic contractions of skeletal
muscle myofibrils or shivering thermogenesis (ST). However, some small (i.e.
insectivores, hibernators and non-hibernators) and large mammals (i.e. newborn lambs,
cattle, goats, dogs, reindeer, young monkeys) may also produce a significant amount of
internal heat via nonshivering thermogenesis (NST). This process is found in brown
adipose tissue (BAT), a multilocular lipid storing tissue with abundant mitochondria and
uncoupling proteins (UCP). Once stimulated by the presence of fatty acids, UCP
provoke heat production through the translocation of fatty acid anions into the
mitochondrial matrix (Himms-Hagen, 1996, Himms-Hagen and Ricquier, 1998). BAT is
also found in large quantities in various sites in newborn human infants (Himms-Hagen
and Ricquier, 1998). During mild cold exposure, the metabolic rate of these newborns
can be increased by close to 2-fold solely on the thermogenic action of BAT (Himms-
Hagen, 1996). However, with age, BAT accumulates lipids, becomes unilocular and is
practically indistinguishable from metabolically inactive white adipose tissue (WAT). In
adult humans the contribution of BAT to total heat production remains controversial.

Measurements of UCP concentration in adult adipose tissue suggests that the maximal



contribution of BAT to total heat production is minimal (1 or 2%) (Himms-Hagen, 1996).
Consequently, ST is always assumed to be the largest (if not the only) source of heat in

non-exercising adult humans exposed to the cold.

FUELING SHIVERING THERMOGENESIS

Involuntary muscle contractions during shivering are fueled by a combination of
carbohydrates (CHO), lipids and proteins. To produce ATP within working muscles,
these fuels may be provided from two possible sources: i) uptake from the circulation
and ii) in situ utilization of intra-muscular reserves. During cold exposure, little is known
about the relative importance of these two sources because oxidation rates have never

been quantified directly.

Carbohydrates. Even though CHO represent only a minor fraction of total energy
availability in mammals (~1% of total energy reserves), they remain an essential fuel
source for energy metabolism. CHO are also the only fuel source that can be used to
produce adenosine triphosphate (ATP) at high rates under aerobic (30 pmol
ATP-g™-min™) and anaerobic conditions (60 umol ATP-g'-min™). In contracting skeletal
muscles, CHO oxidation is fueled by two possible glucose sources i) uptake of plasma
glucose provided by hepatic output (via glycogenolysis and gluconeogenesis) and/or ii) in
situ utilization of muscle glycogen reserves.

During cold exposure, plasma glucose and muscle glycogen have both been

shown to play significant roles in heat production (Jacobs et al., 1994). Vallerand et al.
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(1995, 1999a) calculated that plasma glucose and muscle glycogen would contribute
equally to total CHO oxidation assuming that 100% of hepatic glucose production
(R,GLU) 1s oxidized. However, as pointed out by these authors, at such low rates of
oxygen consumption this assumption is probably not met because non-oxidative glucose
disposal could be important. Studies where measurements of R,GLU and plasma glucose
oxidation were carried out simultaneously indicate that non-oxidative disposal ranges
between 25% R,GLU during submaximal exercise (45% VO,ma ) and 70% R,GLU at
rest (Friedlander et al., 1997). Under these conditions, neglecting to subtract
nonoxidative glucose disposal from R,GLU may cause a significant overestimation of
glucose oxidation rates.

A series of studies have also shown that 90 min of cold-water immersion causes a
reduction of glycogen concentration in biopsies from the vastus lateralis (Jacobs et al.,
1985, Martineau and Jacobs, 1988, Martineau and Jacobs, 1989a, Martineau and Jacobs,
1989b, Martineau and Jacobs, 1991). Unfortunately, estimating total use of muscle
glycogen, at the whole-organism level, from small biopsy samples is inaccurate at best,
because: i) glycogen content varies greatly between and within individual muscles and,
i) the specific muscles involved in heat generation and their level of recruitment are
unknown. Therefore, the exact contributions of plasma glucose and muscle glycogen are
presently unclear because their rates of oxidation have never been measured directly

during shivering.



Lipids. Lipid oxidation generally accounts for a large fraction of energy metabolism in
most tissues. Circulatory lipids are transported from the gut, and from hepatic or adipose
tissue stores to tissue mitochondria. To allow significant circulatory transport, these
lipids must be bound to a plasma protein (Peters Jr and Davidson, 1991), thereby
increasing their solubility in plasma. Similarly, lipid transport in the aqueous cytosol is
mediated by smaller cell-specific fatty acid binding proteins (FABP) (Clarke and
Armstrong, 1989, Sweetser et al., 1987).

During cold exposure, the dual role of lipids as a heat insulation layer and as a
large, energy-dense, metabolic fuel (>95% of total energy stored) has been recognized for
a long time (Schmidt-Nielsen, 1990). In terrestrial and marine mammals, very large
quantities of lipids can be stored in subcutaneous and abdominal adipocytes. This thick
layer of blubber protects very efficiently against rapid changes in body temperature by
reducing heat conductance. Consequently, increasing the subcutaneous fat layer is an
important strategy for improving survival time in the cold. Moreover, a large increase in
the relative use of lipids can maintain heat production for a longer period of time, and,
therefore, also improve chances of survival.

Little is known about the relative importance of circulatory non-esterified fatty
acids (NEFA) and intra-muscular triacylglycerol (TAG) reserves for thermogenesis.
However, indirect evidence suggests that both sources may play a significant role in heat
production. Recently, Vallerand ef al. (1999a) reported that NEFA turnover rate
increases by more than 3 fold in the cold even exceeding total fat oxidation by 2-fold.

This observation suggests that non-oxidative disposal is extremely high but the exact fate



of this fuel source is still unclear. Direct measurements of NEFA oxidation rates would
be needed to clarify this issue. In another study, the importance of intra-muscular TAG
for sustaining heat production was shown to be as equally important (Martineau and
Jacobs, 1991). Plasma NEFA availability was reduced by the administration of nicotinic
acid (inhibitor of lypolysis) in subjects with low glycogen reserves. Independently of
these important decreases in metabolic fuel availability, total heat production remained
unaffected and lipid oxidation still represented 52% of all the heat produced. Whether
this response is compensatory remains unclear, but it indicates that humans are capable of

sustaining their thermogenic rate using a variety of fuel mixture.

Proteins. Proteins are not only required to form body structures and enzymes but specific
amino acids such as alanine, leucine and glutamine also play an essential role for energy
production (i.e. prolonged exercise, fasting) as substrate for gluconeogenesis (Brooks et
al., 1999). Complete oxidation of amino acids has an energy potential slightly higher
than that of glucose (~20 kJ-g™ for proteins vs. 16.3 kJ-g™' for glucose). The contribution
of protein oxidation to shivering thermogenesis is generally assumed to be negligible,
and, therefore, is rarely measured directly (Haman et al., 2002, Vallerand ef al., 1995,

Vallerand et al., 1999a).



FUEL SELECTION IN THE COLD

As for exercise, CHO and lipids are the main sources of substrate for sustaining

shivering thermogenesis whereas the contribution of proteins remains minor (<10%

Hpmd ) (Jacobs et al., 1994, Vallerand et al., 1995, Vallerand and Jacobs, 1989).

Unfortunately, the respective importance of CHO and lipid oxidation in the cold has
never been clearly established (Weller ef al., 1998). For example, some researchers
imply that CHO is the preferred fuel source in the cold (~60% of total heat production)
(Glickman-Weiss et al., 1993, Glickman-Weiss et al., 1994, Jacobs, 1997, MacNaughton
et al., 1990, Vallerand et al., 1995, Vallerand and Jacobs, 1989, Vallerand and Jacobs,
1990, Vallerand et al., 1989, Vallerand ef al., 1993, Vallerand et al., 1999a), while others
show a greater reliance on lipids (~60% of total heat production) (Jacobs, 1997,
Martineau and Jacobs, 1988, Martineau and Jacobs, 1989a, Martineau and Jacobs, 19890,
Tikuisis et al., 2000b, Weller et al., 1998). Possible reasons for such discrepancies
between studies are differences in shivering intensity, cooling protocol and/or nutritional
state (i.e. CHO availability).

A comparison of CHO and lipid oxidation rates measured in these 16 studies were
recalculated from non-protein respiratory exchange ratios measured between 60 and 90
min of cold exposure and plotted in Figure 1.1. Initially, this comparison was done
independently of differences in shivering intensity, cooling protocol or nutritional state.

This analysis suggests that both CHO and lipids provide equally to total heat production.



Far more interesting patterns of fuel selection emerge when shivering intensity and

cooling protocols are considered.

Shivering intensity. The effect of shivering intensity on the respective roles of CHO,
lipids and proteins is still unknown (Weller et al., 1998). When fuel selection
measurements from previously mentioned studies are plotted as a function of shivering
intensity (Fig. 1.2), it is very interesting to note that the reported dominance of either
CHO or lipids has no clear link with differences in metabolic rate. This finding is
difficult to reconcile with the well-established fuel selection pattern found during
exercise where the ratio of CHO to lipid utilization rates is well known to increase with
work intensity (Brooks et al., 1999). In addition, during low intensity shivering, results
are conflicting with most studies reporting a greater reliance on CHO (~60 %Hroq)
(Glickman-Weiss et al., 1993, Glickman-Weiss et al., 1994, Jacobs, 1997, MacNaughton
et al., 1990, Vallerand et al., 1995, Vallerand and Jacobs, 1989, Vallerand and Jacobs,

1990, Vallerand et al., 1989, Vallerand et al., 1993, Vallerand et al., 19992a) and another

on lipids (~60 % Hpmd) (Weller et al., 1998). In contrast, during high intensity shivering,

results consistently report that lipids are the dominant fuel source (~60% of Hpmd )

(Jacobs, 1997, Martineau and Jacobs, 1988, Martineau and Jacobs, 1989a, Martineau and
Jacobs, 1989b, Tikuisis ef al., 2000b).

If one considers the relatively low metabolic rates reached during shivering (15-
42% VO,mex ), a high reliance on lipid oxidation, even during high intensity shivering,
would not be that surprising. Exercise studies reveal that lipid oxidation predominates

10



for prolonged work at all intensities below 50% VO,ms (Bergman and Brooks, 1999,

Brooks et al., 1999, Roberts, 1996). Therefore, even at the highest possible metabolic
rates reached during maximum shivering (about 5 times RMR or ~40% VO3 max ;
(Eyolfson et al., 2001)), lipids may still play a significant role in heat generation, if fuel
selection patterns are identical between exercise and shivering (Fig. 1.3). However,
exercise and shivering are not necessarily analogous (Tipton et al., 1997) and additional
work would be needed to establish more clearly the pattern of fuel selection during cold

exposure.

Cooling protocol. Cold exposure studies have employed a variety of procedures to study
metabolic responses. These include cold water immersion, cold air exposure and the use
of a liquid conditioned suit (or water perfusion suit). In a final analysis, the relative
contributions of CHO and lipids to total heat production were plotted as a function of
cooling method (Fig. 1.4). Interestingly, a close correlation between cooling protocol and

the dominance of either CHO or lipids is clearly observed. While subjects exposed to

cool air used CHO preferentially (~60% of Hpmd , (Glickman-Weiss ef al., 1993,

Glickman-Weiss et al., 1994, Jacobs, 1997, MacNaughton ef al., 1990, Vallerand et al.,
1995, Vallerand and Jacobs, 1989, Vallerand and Jacobs, 1990, Vallerand et al., 1989,

Vallerand et al., 1993, Vallerand et al., 1999a)), those cooled by water immersion or by

liquid conditioned suit (I.CS) favored lipid utilization (~60% of Hpmd , (Jacobs, 1997,

Martineau and Jacobs, 1988, Martineau and Jacobs, 1989a, Martineau and Jacobs, 1989b,
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Tikuisis et al., 2000b, Weller et al., 1998)). Physiological reasons for such a difference

are unclear and further research would be needed to explain it.

CHO AVAILABILITY AND FUEL SELECTION

CHO oxidation can account for up to 60% of total heat production during cold
exposure (Jacobs et al., 1994). Modifying glycogen availability has a profound effect on
fuel selection during shivering, to the extent that a complete shift from CHO dominance
to lipid dominance can be elicited (Martineau and Jacobs, 1989b, Young et al., 1989).
Several studies show that shivering humans (prolonged immersion in 18°C-water)
produce ~80% of total heat from CHO oxidation when glycogen reserves are high, and
the same percentage - but from lipid oxidation - when glycogen reserves are depleted
(Martineau and Jacobs, 1989b, Young et al., 1989). Usually, such drastic changes in fuel
selection have no effect on cold tolerance because total heat production appears to be
independent of glycogen availability (Martineau and Jacobs, 1989b, Young et al., 1989)
(Figure 1.5). This important observation indicates that a compensatory shift to a greater
use of lipids (and possibly proteins even though their oxidation rate was never measured
in these studies) occurs when glycogen reserves are depleted. In addition, this
observation suggests that CHO availability may not be essential for sustaining
thermogenesis.

Two separate sources of CHO are available for heat production: hepatic glucose
provided to shivering muscles by the circulation, and muscle glycogen. Only two papers

have addressed the problem of oxidative fuel selection in relation to altered glycogen
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reserves (Martineau and Jacobs, 1989b, Young ef al., 1989). During high intensity
shivering, Young et al, (1989) reported no change in muscle glycogen levels in glycogen-
depleted and glycogen-loaded individuals. In the other study, Martineau et o/, (1989b)
found a significant increase in glycogen utilization rate (1 mmol-kg™” dry muscle
mass-min”') when CHO reserves were high but no significant change when they were
low. The exact reasons for these discrepancies are unclear, but methodological
limitations need to be considered. As mentioned previously, it is well known that
estimating whole-body glycogen utilization from muscle biopsies is extremely difficult
because: 1) glycogen concentration is variable within and among muscles and, 2) the‘
relative contribution of vastus lateralis to total shivering activity is not known. Clearly,
more work would be needed to provide information on the effect of glycogen availability
on the relative importance of plasma glucose and muscle glycogen to total CHO

oxidation.

MUSCLE FIBER RECRUITMENT AND FUEL SELECTION

To sustain shivering thermogenesis over prolonged periods of cold exposure,
muscle recruitment and fuel metabolism must be tightly coordinated. Modifying fuel
selection in contracting muscles can be acheived in 2 ways: i) by mobilizing different
metabolic pathways within the same fibers, or ii) by recruiting distinct fiber populations
specialized for different fuels. Over the last several decades, mechanisms of motor unit
(MU) recruitment during voluntary contractions have received a lot of attention (see

Gardiner, 2001, Linnamo et al., 2003, Wakeling et al., 2002 for review), but very few
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studies have investigated this process during shivering (Meigal, 2002, Meigal ef al.,
1993, Meigal et al., 1995, Petajian and Williams, 1972).

During exercise, fiber recruitment occurs according to the “size principle”
described for the first time almost four decades ago (Henneman et al., 1965). This
principle stipulates that muscle fiber recruitment is determined by force requirements,
with smaller and slow muscle fibers (Type I) being activated for low-force contractions
and increasingly larger and fast muscle fibers (Type II) being progressively activated to
supply greater force (Brooks ef al., 1999, De Luca et al., 1982, Freund et al., 1975, .
Linnamo et al., 2003, Milner-Brown ef al., 1973, Moritani and Muro, 1987, Wakeling ez
al., 2002). This pattern of fiber recruitement is closely related to the pattern of metabolic
fuel selection (Roberts et al., 1996). At low exercise intensities (e.g. walking),
recruitment of slow-oxidative fibers (type I) is related to an increase in lipid utilization
whereas, at higher intensities (e.g. sprinting), CHO utilization plays a gradually |
increasing role with the progressive recruitment of more fast-glycolytic muscle fibers
(type IT) (Brooks et al., 1999, Roberts et al., 1996). However, mechanisms of fuel
selection depend on numerous factors and may not be identical between exercise and
shivering.

Far less is known on the principles that govern fiber recruitment during shivering
and on the possible effect of recruitment of specific MU has on heat production or fuel
selection. Previous work has suggested that all fiber types are involved in shivering
(Jacobs er al., 1994, Meigal, 2002). Jacobs et al. (1994) reported that glycogen

concentration decreased in all fiber types of the vastus lateralis after cold exposure.
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Electromyography (EMG) recordings also reveal two distinct patterns of shivering: 1)
thermoregulatory muscle tone, or continuous, low-intensity shivering (at 4-8 Hz), and ii)
bursts of high-intensity shivering occurring at much lower frequencies (0.1-0.2 Hz)
(Israel and Pozos, 1989, Meigal, 2002). These two patterns are associated with the
recruitment of specific MU (Meigal, 2002, Meigal ef al., 1993, Petajian and Williams,
1972). While continuous, low-intensity shivering is linked to low-threshold MU (type I,
slow-oxidative, fatigue-resistant fibers), shivering bursts are associated with high-
threshold MU (type 11, fast-glycolytic, more fatigable fibers). Human type II fibers (ITA
and IIX) show lower activities for oxidative enzymes than type I fibers (-60%) and much
higher activities for glycolytic enzymes and creatine kinase (+300-400%) (Gardiner,
2001). Because of these large biochemical differences, the two shivering patterns
observed may reflect the use of distinct metabolic substrates, type I being mostly geared
towards lipid use and type I towards CHO use. Very little is known about the relative
importance of continuous, low-intensity shivering and of burst shivering to total heat
generation. How they are partitioned may have important implications on survival in the
cold, and additional research is needed to determine the physiological significance of this

dual pattern.
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Figure 1.1. Literature review - relative contribution of carbohydrates (CHO) and lipids to
total heat production measured between 60 and 90 min of cold exposure (i.e.
water, air, liquid conditioned suit). Values are presented as means of the 16

studies (z-test assuming equal variance, P=0.59)
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Figure 1.2. Literature review - relative contribution of carbohydrates (CHO) and lipids to
total oxygen consumption (%VO,) as a function of shivering intensity

(values taken from Fig. 1.1). Values are presented as means =+ S.E.
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Figure 1.3. Literature review — changes in respiratory exchange ratio (R) and the relative
contribution of carbohydrates (%) and lipids (Fat,%) to total energy
expenditure as a function of exercise and shivering intensity. Maximal
shivering intensity is equivalent to ~42%VO,max or 5 times resting
metabolic rate (Eyolfson et al., 2001). Values are presented separately for
studies where individuals were cooled with water (open triangle), air (closed

diamond) or a liquid conditioned suit (open circle).
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Figure 1.4. Literature review - relative contribution of carbohydrates (CHO) and lipids
(FAT) to total heat production (values taken from Fig. 1.1) as a function of
cooling protocol (i.e. water, air, liquid conditioned suit; LCS). Values are

presented as means + S.D.
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Figure 1.5. Changes in the relative contribution of carbohydrates (CHO) and lipids to
total heat production during high intensity shivering (~3.5 times RMR) in
individuals with low- (LOW), normal and high-glycogen reserves. Values

were calculated from average nonprotein respiratory exchange ratios

reported in Martineau et al. (1989).
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GOALS OF THE INVESTIGATION

The purpose of this thesis was to characterize some of the effects of CHO
availability and shivering intensity on oxidative fuel selection (specifically, plasma
glucose, muscle glycogen, lipids and proteins) and EMG pattern during cold exposure.
All experiments were conducted on humans, a homeotherm that depends essentially on
shivering for heat production and, whose furless body makes it ideal to study cold
exposure. Previous research in this field falls into two broad categories dealing either
with muscle metabolism (Jacobs et al., 1994) or with electrophysiological aspects of
muscle recruitment (Bell et al., 1992, Meigal, 2002, Tikuisis ef al., 2000a). These two
complementary perspectives on the same problem have not been traditionally integrated
and this thesis is a first attempt at doing so.

To achieve this objective, a series of studies were designed to study the effects of
CHO availability and shivering intensity on the preferential use of CHO sources (plasma
glucose and muscle glycogen) and on muscle fiber recruitment. The following questions
were addressed:

1. How do changes in CHO availability and shivering intensity modify the relative
contributions of plasma glucose, muscle glycogen, lipids and proteins to total heat
production? (CHAPTERS 2, 3,5)

2. How do changes in CHO availability and shivering intensity modify muscle
recruitment and the EMG signature of working muscles? (CHAPTER 4 and 6)

3. Does the EMG shivering pattern provide quantitative information on energy

metabolism? (CHAPTER 6)
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In more detail, CHAPTER 2 quantifies the respective contributions of plasma
glucose, muscle glycogen and lipid oxidation to total heat production during prolonged,
low-intensity shivering using a combination of stable isotope and indirect calorimetry
methods. It is hypothesized that plasma glucose oxidation will play a lesser role than
previously suggested (Vallerand et al., 1995, Vallerand et al., 1999a) and that lipid
oxidation will be a major pathway for heat generation based on the small change in
metabolic rate observed in the cold. Under the same cold conditions, the goal of
CHAPTER 3 is to quantify the effects of changes in CHO availability on the oxidation
rates of circulating glucose, proteins and lipids, and to determine their role in
compensating for low / high glycogen availability. In view of the minor role played by
circulating glucose in normal subjects (CHARTER 2), it is hypothesized that changes in
plasma glucose oxidation will not be used to offset changes in glycogen oxidation.
Therefore, it is predicted that lipids and proteins will maintain heat production by
compensating for the variable contribution from glycogen. In CHAPTER 4, the first
objective is to quantify the effects of changes in glycogen stores (CHAPTER 3) on the
shivering activity of 8 large muscles representing >90% of total shivering muscle mass.
The second is to characterize the detailed shivering pattern and spectral parameters of
individual muscles in an attempt to uncover more subtle effects of CHO availability on
the shivering response. The chosen experimental design also allows us to investigate
whether changes in fuel selection are achieved by recruiting “fuel-specific fibers” as
previously suggested (Roberts et al., 1996). It is hypothesized that total shivering activity

would not be affected by changes in CHO availability but that the relative contribution of
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specific muscles would be altered to maintain heat production. Within each muscle, it is
anticipated that the shivering pattern and EMG spectral parameters would change with
CHO availability because distinct fuel-specific fiber populations would be recruited.
Experiments in CHAPTERS 5 and 6 were conducted at a high thermogenic rate. The aim
of CHAPTER 5 is 2-fold: i) to determine whether the role of plasma glucose will be
increased during high-intensity shivering and, ii) to investigate the effect of shivering
intensity on fuel selection pattern. It is hypothesized that i) while plasma glucose
oxidation rate will increase with shivering intensity, the relative contribution of this fuel
to total heat production will be minor and, ii) lipid oxidation will remain the major
pathway for heat generation even at a higher shivering intensity, if the fuel selection
pattern is the same for shivering and exercise. In CHAPTER 6, an experiment was
designed to determine whether muscle recruitment pattern (EMG) could provide
metabolic information on fuel selection during high-intensity shivering. Because burst
shivering is associated with the recruitment of fast-glycolytic MU (Meigal, 2002, Meigal
et al., 1993, Petajian and Williams, 1972), it is hypothesized that changes in CHO
utilization would be correlated with burst shivering rate. Finally, general conclusions are
presented in CHAPTER 7 where the relative importance of oxidative fuels and the
importance of shivering pattern on the pattern of fuel selection during cold exposure are

discussed.
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INTRODUCTION

During environmental cold exposure in adult humans, a decrease in core
temperature is prevented by increasing heat production via shivering thermogenesis.
Involuntary muscle contractions during shivering are mainly fueled by CHO and lipids,
while the contribution of protein oxidation remains minor (~10%) (Jacobs et al., 1994,
Vallerand et al., 1995, Vallerand and Jacobs, 1989). However, the relative importance of
CHO and lipid oxidation has not been clearly established. For example, some researchers
imply that CHO is the preferred fuel in the cold (~60% of total heat production)
(Glickman-Weiss et al., 1993, Glickman-Weiss et al., 1994, Jacobs, 1997, MacNaughton
et al., 1990, Vallerand et al., 1995, Vallerand and Jacobs, 1989, Vallerand and Jacobs,
1990, Vallerand ef al., 1989, Vallerand er al., 1993, Vallerand et al., 1999a), while others
show a greater reliance on lipids (~60% of total heat production) (Jacobs, 1997,
Martineau and Jacobs, 1988, Martineau and Jacobs, 1989a, Martineau and Jacobs, 1989b,
Tikuisis et al., 2000b, Weller et al., 1998). Possible reasons for such discrepancies
between studies are differences in shivering intensity (but SEE DISCUSSION), cooling
protocol and/or nutritional state. Over the last decade, most studies of fuel selection
during shivering have focused on CHO metabolism as a probable limiting factor for heat
production. However, two important issues remain unresolved: 1) the relative
contributions of hepatic glucose and muscle glycogen to total CHO oxidation have not
been quantified, and 2) the potentially important role of triacylglycerol stores (adipose
tissue, liver and muscle) has often been underrated, particularly during prolonged, low-

intensity shivering.
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Plasma glucose and muscle glycogen have both been shown to play significant
roles in heat production during cold exposure (Jacobs et al., 1994). Vallerand e al.
(1995, 1999a) calculated that plasma glucose and muscle glycogen would contribute
equally to total CHO oxidation, assuming that 100% of hepatic glucose production
(R.GLU) is oxidized. However, as pointed out by these authors, at such low rates of
oxygen consumption, this assumption is probably not met because non-oxidative glucose
disposal could be important. Studies where measurements of R,GLU and plasma glucose
oxidation were carried out simultaneously indicate that non-oxidative disposal ranges
between 25% R.GLU during submaximal exercise (45% VO,ms ) and 70% R,GLU at
rest (Friedlander et al., 1997).

A series of studies have shown that 90 min of cold-water immersion causes a
reduction of glycogen concentration in biopsies from the vastus lateralis (Jacobs et al.,
1985, Martineau and Jacobs, 1988, Martineau and Jacobs, 1989a, Martineau and Jacobs,
1989b, Martineau and Jacobs, 1991). Unfortunately, estimating total use of muscle
glycogen, at the whole-organism level, from small biopsy samples is inaccurate at best,
because: 1) glycogen content varies greatly between and within individual muscles and,
2) the specific muscles involved in heat generation and their level of recruitment are
unknown. Therefore, the exact contributions of plasma glucose and muscle glycogen are
presently unclear because their rates of oxidation have never been measured directly
during shivering.

The purpose of this study was to quantify the respective contributions of plasma

glucose, muscle glycogen and lipid oxidation to total heat production during prolonged,
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low-intensity shivering, using a combination of stable isotope and indirect calorimetry
methods. In human subjects exposed to low-intensity shivering (10°C for 2 h using a
liquid conditioned suit), we hypothesize that plasma glucose oxidation will play a lesser
role than previously suggested (Vallerand et al., 1995, Vallerand et al., 1999a) and that
lipid oxidation will be a major pathway for heat generation due to the small change in

metabolic rate observed in the cold.
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METHODS

Subjects

Six healthy and trained men volunteered for this study approved by the Health
Sciences Ethical Committee of the University of Ottawa, and written consent was
obtained from the participants. Percent body fat (underwater weighing; Brosek et al.
(1963) and maximal oxygen consumption using a progressive treadmill protocol were
measured 5-7 days prior to the experiments. Physical characteristics of the subjects are

presented in Table 2.1.

Experimental protocol

Experiments were conducted between 9:00 and 13:00, following 36-h without
heavy physical activity. The last evening meal was standardized (~988 kcal, ~52% CHO,
~18% lipids, ~30% proteins) and subjects were asked to report to the laboratory the next
morning (9:00 AM) after a 12-14h fast. Ingestion of carbohydrates from plants naturally
rich in *C (C4 photosynthetic cycle) was avoided for 24h to maintain low *C
background enrichment in plasma glucose and expired CO,. Care was taken to minimize
thermal stimuli between awakening and the start of the experiment (i.e. avoid exposure to
hot or cold temperatures, very low intensity exercise during transit from home to the
laboratory). Upon their arrival in the laboratory, subjects were instrumented with thermal

probes and an indwelling catheter (18G, 32 mm, Medical Inc., Arlington, TX) placed in
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Table 2.1. Physical characteristics of subjects (n=6).

Values are presented as means + SE.

Age, yr 247+1.5
Body mass, kg 78.1+4.8
Height, cm 1782 +2.5
Body surface area, m> 2.0+ 0.07
Percent body fat, % 13.3+1.9
VO, , mlkg " min™ 56.4+2.9
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an antecubital vein (left arm) for blood sampling, and were fitted with a liquid
conditioned suit (LCS; Three piece Delta Temax, Pembroke, ON, Canada). Subjects
were then asked to empty their bladder (t = 0 min) and sit quietly for two hours at
28.1+0.3°C (758+4 mmHg, 20-30% RH). Following this habituation period, they were
transferred to an environmental chamber (11.1+0.1°C, 760+4 mmHg, 40-57% RH) and a
10°C water perfusion was started through the LCS using a temperature controlled
circulation bath (Endocal, NESLAB and Model 200-00, Micropump, Vancouver, WA).
Thermal response, metabolic rate and fuel utilization were measured at 28°C and during

the subsequent 2-h cold exposure.

Thermal response

Central body temperature (T.s) was monitored continuously using a pediatric
esophageal temperature probe (Mon-a-therm general purpose, Mallinckrodt Medical Inc,
St-Louis, MO) which was inserted through the nose to a depth placing the tip of the
thermocouple at the level of the left atrium, or one quarter of the standing height of the
subject (Mekjavic and Rempel, 1990). Heat flux transducers (Concept Engineering, Old
Saybrook, CT) were used to estimate skin temperature and non-evaporative heat flux

from the forehead, chest, biceps, forearm, abdomen, lower and upper back, front and
back calf, quadriceps, hamstrings and finger. Mean skin temperature ( '—fgkjn) and mean
heat flux were calculated using an area-weighted equation (Dubois and Dubois, 1916).
Heat flux measurements were used to calculate whole body radiative (R ) and convective

(C) heat exchange. Respiratory evaporative ( Ersp ) and convective (Cresp ) heat
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exchanges were determined from ventilation measurements by estimating water loss via
the respiratory tract (2,411.3 J of heat per gram of evaporated water) (Livesey and Elia,
1988). It was assumed that evaporative heat loss from the skin was negligible under the

LCS. Whole-body heat loss (H, . in watts) was calculated as follows:

loss

I:1loss = (R + C ) + (E"’SP + Cresp ) (2.1)

Metabolic rate and fuel utilization

Ventilation (VE ), 0Xygen consumption (VO2 ) and carbon dioxide production

(VCO, ) were determined by open-circuit spirometry (250 1, chain-compensated
gasometer, Warren Collins inc., Braintree, MA). All expired gas collections were made
at ambient temperature outside the experimental chamber. A mouthpiece, an
unidirectional valve (2700 Series, Hans Rudolph, Kansas City, MO) and a 44 mm plastic
tube were used to direct all expired gases to the collection tank. Expired gases were
collected for 5 min every 30 min at 28°C and during cold exposure. Ventilation ( V;,
I'min”, BTPS) was calculated from the displacement of the cylinder and corrected for
temperature and pressure. Oxygen and carbon dioxide concentrations in dry expired
gases (CaSQy, Drierite, 8 Mesh, Fisher Scientific inc., Ottawa, Canada) were determined
directly from the spirometer using calibrated electrochemical gas analyzers (AMETEK
Model S-3A/1 and CD 3A, Applied Electrochemistry, Pittsburg, PA).

Total carbohydrate (RGoy), lipid (RF %) and protein (RP,y) oxidation rates were

calculated using the following equations (Livesey and Elia, 1988):
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RGe (g-min)=4.59V CO, (/- min™)- 3.23 VO, (/- min™) (2.2)
RFy (g - min)= -1.70 VCO,(! min™) +1.70 VO, (/- min™) 2.3)

RP, (g -min") = 2.9x UREAuie (g min™) (2.4)

where VCO, and VO, (Eq. 2.2 and 2.3) were corrected for the volumes of O, and CO,
corresponding to protein oxidation (1.010 and 0.843 1-g”*, respectively).

Estimates of RPx (Eq. 2.4) were made by measuring urinary urea excretion
(UREAyine) from urine samples collected for a period of 120 min at 28°C and 10°C. A
correction for urea accumulation in plasma was not required because plasma levels did
not change during cold exposure (P=0.28; Paired t-test) (Jéquier et al., 1987). Urinary
and plasma urea concentrations were determined on a Synchron Clinical System (CX7,
Beckman, Anaheim, CA). Respective contributions of glucose, lipid and protein

oxidation to total heat production (% Hpmd ) were calculated using energy potential of
163 kJ-g, 40.8 kJ-g” and 19.7 kJ-g™, respectively (Elia, 1991, Péronnet and Massicotte,

1991).

Plasma glucose oxidation

For the measurement of plasma glucose oxidation, the subjects ingested 10 g of
glucose (7 x 1.4 g in 100 mL of water; corn sugar, with a >C/C = 0.01098) artificially

enriched with °C (U—13C-g1ucose, BC/C> 99%, Tsote, Miamisburg, OH) to obtain a final

BC/C ratio of 0.0476 (Rexo)-
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After measuring baseline *C/2C in plasma and expired CO, (t = 30 min),
subjects ingested the first dose of *C-glucose. Subsequent doses were then taken every
30 min until the end of the experiment. Isotopic composition of plasma glucose (Rgi)
and expired CO; (Reyp) were determined in blood and expired gas samples every 30 min
prior to the ingestion of the next dose. Upon collection, blood samples were put on ice,
spun in a refrigerated centrifuge, separated, and the plasma was kept frozen at —20°C
until analyzed.

The isotopic composition of plasma glucose was determined as previously
described (Péronnet et al., 1998). Briefly, plasma samples (1 ml) were deproteinized
(BaOH; 1.5 ml, 0.3N and ZnSO4 1.5 ml, 0.3N) and centrifuged to precipitate the proteins.
Double-bed ion exchange chromatography with superimposed columns (resins: AG
50W-X8 H', 200-400 mesh, and AG 1-X8 chloride, 200-400 mesh) was used to isolate
plasma glucose. Following evaporation, glucose was combusted (60 min at 400°C) in the
presence of CuQ, and CO, was recovered. Measurements of Be/fCin expired CO; and
in CO;, obtained from glucose combustion were determined in a Prism mass spectrometer
(VG, Manchester, UK). Isotopic composition was expressed as %o difference in
comparison to PDB-1 Chicago standard using the equation of Craig (1957):

853C%0 = {[("*C/"*Cuampie)(*C/"Cotangara)]-13x10° 2.5)

The rate of exogenous glucose oxidation (RGox-exo » g-min'l) was estimated from

Rexp and Ry, as follows (Mosora et al., 1976):

RGox.cxo (gmin™) = VCO, (I'min”', STPD)(Rexp-Rret/Rexo-Reet)(1/k1:k2)  (2.6)
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where VCO, is in I'min” (STPD), Ry is the isotopic composition of expired CO, at 28°C
before ingestion of the first *C-glucose dose, k1 (0.7426 I-g™) is the volume of CO,
produced from the complete oxidation of glucose and k2 is the fractional recovery at the
mouth of CO; produced in tissues (Péronnet and Massicotte, 1991). A fractional
recovery of °CO; at the mouth (k2) of 0.8 and 1 was used at 28°C and during cold
exposure, respectively (Wolfe, 1992). Due to the large size of the bicarbonate pool, only
values in the last 30 min at 28°C and at 10°C were used in the calculation of plasma
glucose oxidation rate (RGoxpiasma). This delay allows sufficient time for equilibrium of
the *C/"C ratio to be attained in the bicarbonate pool (Pallikarakis et al., 1991).
RGox.plasma Was calculated from CO; excretion and the isotopic enrichment of

plasma glucose using the following equation (Derman ef al., 1996, Wolfe, 1992):

RGox-plasma= VC02 (Rexp’ rcf/Rglu‘Rref)(I/kl'kz) (27)

Oxidation of glucose released from the liver (RGox.tiver) Was estimated by
subtracting the low rate of exogenous glucose oxidation (RGox-cxo) from RGox-plasma-
Calculation of glucose oxidation derived from glycogen stores (RGox-mus; gmin™) in the
tissues, either directly or through the lactate shuttle (Brooks, 1986) was calculated by
subtracting RGox-plasma (Eq. 2.7) from RGx (Egq. 2.2).

RGox-mus = RGox — RGox-p]asma (2.8)
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Blood analysis

Plasma glucose and lactate concentrations were measured spectrophotometrically
at 340 nm on a Beckman DU 640 (Bergmeyer, 1985) while total plasma nonesterified
fatty acid (NEFA) concentration was determined using an analytical assay kit (NEFA C,
Wako Chemicals, Osaka, Japan). Insulin concentration was measured using a

radioimmunoassay (#KTSP-11001, Medicorp Inc, Montréal, Qc, Canada).

Statistical analyses

Overall changes in Tes, T, , H, ., H arod » D100d metabolite concentrations,

loss *
expired CO; and plasma glucose isotopic enrichments, and gas exchange over time were
assessed using a one-way analysis of variance (ANOVA) with replication. For each
sampling time, a Bonferroni t-test was used to detect potential differences with control
values observed at 28°C. Differences in metabolic fuel utilization for CHO (RGx, RGox-
exos RGox-plasmas RGox-muss RGox-liver), 1ipids (RFoy) and proteins (RPox) over the last 30 min
at 28°C and during cold exposure were determined using two-tailed paired #-tests.
Statistical differences were considered significant when P<0.05. All values given are

means + S.E. (n=6).
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RESULTS

Thermal response

Changes in Tes and T, are presented in Fig. 2.1. While Tes remained constant at

36.4+0.1°C throughout the experiment, T, decreased from 34.0+£0.02°C to 27.2+0.02°C
in the initial 90 min of cold exposure and did not change for the last 30 min. Absolute
H, . and Hpmd increased by a maximum of 3.3 (77.7+0.6 W to 258.4+10.6 W) and 2.6

loss

fold (95.3+2.2 W to 243.8+4.2 W), respectively (Fig. 2.2). After reaching a maximum 20
min after the onset of cold exposure (t=140 min), H,_ decreased by 16% over the next
100 min (238.3£0.6 W). Maximal Hpmd was reached after 90 min of cold exposure and
stayed constant for the remainder of the experiment. Observed shivering activity

appeared minimal over the first 60 min of cold exposure, but increased progressively in

the last howur.

Metabolic response and fuel utilization
Changes in ventilation, oxygen consumption and respiratory exchange ratio
(RER) are shown in Fig. 2.3. V, and VO, increased by 2.4- and 2.6-fold, respectively
(Fig. 2.3A and B). A small decrease in RER was observed during cold exposure, but it
did not reach overall statistical significance (one-way ANOVA with replication;
=(0.075) averaging 0.84 +0.01 throughout the experiment (Fig. 2.3C; 0.86 +0.01 at 28°C

and 0.83 +0.02 between 150 and 180 min at 10°C).
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Rates of lipid, CHO and protein oxidation and their respective contributions to
total heat production throughout cold exposure are plotted in Fig. 2.4. Lipid and CHO
utilization increased 3.8-fold (Fig. 2.4A; 39 + 2 at 28°C to 177 + 17 mg fatty acids-min™
at 10°C) and 2.2-fold (Fig. 2.4B; 165 + 9 at 28°C to 358 + 41 mg glucose'min™ at 10°C),
respectively. Protein utilization was not affected significantly by the change in
temperature and averaged 62.1+3.1 at 28°C and 77.7+5.0 mg'min™ at 10°C. A trend
towards an increase in the relative contribution of lipids and a decrease in the relative
contribution of CHO during cold exposure was noticed in the cold. However, these
observed changes failed to reach statistical significance (Fig. 2.4B; P=0.10). In contrast,
the relative contribution of protein oxidation to total heat production decreased

significantly throughout cold exposure, from 21.2+0.8 at 28°C to 10.7+0.8% at 10°C.

Plasma concentrations

Changes in plasma concentrations of insulin, glucose, lactate and NEFA during
cold exposure are presented in Fig. 2.5. Insulin and glucose concentrations were not
affected by the change in temperature (Figs. 2.5A and B). After 90 min of cold exposure,
plasma lactate and NEFA concentrations were increased 1.8 fold (0.90+0.11 to 1.61+0.15
mM, Fig. 5C) and 2.5 fold (0.21+0.03 to 0.52+0.01 mM, P<0.001; Fig. 2.5D) over

control values at 28°C, respectively.
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CHO oxidation: plasma glucose vs. muscle glycogen

The amount of *C-glucose administered provided a sufficient signal in CO, and
plasma glucose to quantify circulatory glucose oxidation (Figs. 2.6A and B). The change
in isotopic enrichment of expired CO, and plasma glucose (8 *C PDB-1), as well as the
calculated values of RGox-plasma and RGox-exo Obtained throughout the experiment are
plotted in Fig. 2.6. At 28°C, 60 min after glucose ingestion, RGox-plasma averaged
39.4+2.4 mg-min” (RGox.giver Was 37.7+2.3 mgmin™ and RGox.exo only 2.1:£0.4 mg-min’")
and increased progressively throughout cold exposure to reach a maximal value of
107.3+6.1 mg'min™ (RGoxiver Was 84.0+£6.0 mg'min” and RGox-exo only 9.6+5.5 mg-min
! Fig. 6C).

Table 2.2 summarizes average values measured at 28°C (90-120 min) and 10°C
(210-240 min), for all the parameters of fuel utilization estimated in this study (RGgy-
plasmas RGox-mus, RFox and RPoy). Expired CO; and plasma glucose isotopic composition
did not change significantly over the last 30 min at 28°C (t = 90 and 120 min) and over
the last 30 min at 10°C (t =210 and 240 min)(ANOVA, p>0.05). However, Fig. 2.6A
and B suggest that priming of the bicarbonate pool with NaH"CO; would have produced
a better isotopic steady-state. It is therefore possible that RGox-plasma Tate was slightly
underestimated. As a result of cold exposure, RGox-plasma and RGox.mus increased by 2.1-
and 2.4-fold, respectively. While RF increased by as much as 3.8 fold at 10°C, RP

remained constant throughout the experiment. The relative contributions of RGox-plasma

and RGox-mus to total Hpmd did not change when subjects were exposed to the cold

whereas that of RF, increased 1.5-fold and that of RP,, decreased 2-fold.
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Table 2.2. Absolute oxidation (mg'min™) and relative (% I;Ipmd)

contributions of plasma glucose (RGox-plasma; Ref Eq. 2.7), muscle
glycogen (RGox-mus, Ref £q. 2.8), lipid (RFx, Ref Eq. 2.3) and
protein oxidation (RP.y, Ref £g.2.4) to total heat production at
28°C (90-120 min) and steady-state at 10°C (210-240 min).
"Significantly different from values at 28°C, (paired r-test,

P<0.05).
28°C 10°C
Plasma glucose (RGox-plasma)
mg-min’ 39.4+24 %93.9+5.5
%H,, 10.7+0.5 10.5+0.9
Muscle glycogen (RGox-mus)
mg-min™ 126.6 £7.8 #264.2 + 36.9
%H,,, 35.0+1.9 292+3.8
Lipids (RFox)
mg-min”’ 46.9+3.2 *176.5+ 17.3
% H g 332+2.0 *49.6 + 4.4
Proteins (RPx)
mg-min™ 62.1+3.1 77.7+5.0
%H, ., 21.0+0.8 *10.6 + 0.8
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Figure 2.1. Esophageal (Tes) and mean skin (T, ) temperature at 28°C and during whole

body 10°C cold exposure. Arrows indicate the times at which BC-glucose

solutions were ingested.
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Figure 2.2. Absolute rates of heat loss (A, H,, W, Eg. 2.1) and heat production (B,
H_.,, W) at 28°C and during whole body 10°C cold exposure. *

Significantly different from values at 28°C (One-way ANOVA with
replication, P<0.05) t Significantly different from maximal value reached

during cold exposure (One-way ANOVA with replication and Bonferroni

post-hoc t-test, P<0.05, n=6).
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Figure 2.3. Ventilation (A, V,, I'min”, BTPS), absolute oxygen consumption (B, VO, , 1
O,min”', STPD) and respiratory exchange ratio (C, RER) at 28°C and
during whole body 10°C cold exposure. * Significantly different from
values at 28°C (One-way ANOVA with replication and Bonferroni post-hoc

t-test, P<0.05, n=6)
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Figure 2.4. Glucose (RGoy, closed circles, Eq. 2.2) and lipid (RF ., open circles, Eg. 2.3)
utilization rates (A, mg-min'l; protein oxidation was constant at 62.1 + 3.1

mg-min” at 28°C and 77.7 + 5.0 mg-min™ at 10°C) as well as their relative
contribution to total heat production (B, % H arod > PTOtEINS, Open squares) at

28°C and during whole body 10°C cold exposure. * Significantly different

from values at 28°C (One-way ANOVA with replication and Bonferroni

post-hoc t-test, P<0.05, n=6)
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Figure 2.5. Plasma insulin, glucose, lactate and nonesterified fatty acid (NEFA)
concentrations at 28°C and during whole body 10°C cold exposure.

* Significantly different from values at 28°C (One-way ANOVA with

replication and Bonferroni post-hoc t-test, P<0.05, n=6)
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Figure 2.6. Expired CO; (A) and plasma glucose (B) C enrichment (8 *C PDB-1) and
calculated plasma glucose (RGox-plasma mg-min™") and exogenous glucose
(RGox-cxos mg-min‘l) oxidation rates measured at 28°C and during whole
body 10°C cold exposure. * Significantly different from values at 28°C

(One-way ANOVA with replication and Bonferroni post-hoc t-test, P<0.05,

n=6).
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DISCUSSION

Even though plasma glucose oxidation is strongly stimulated during low-intensity

shivering (+138%), we show that this fuel only plays a minor role in total heat production

(10 % Hpmd ). Also, muscle glycogen oxidation doubled during mild cold exposure,

providing 75% of total CHO oxidized. Interestingly, lipids are the most important fuel,
showing close to a 4-fold increase in oxidation rate and accounting for the production of
as much heat as all other metabolic substrates combined.

This study quantifies the oxidation rate of plasma glucose during cold exposure.
It shows that RGox.plasma 1S stimulated in direct proportion to metabolic rate (Table 2.2,
Figs 2.3B), and that its relative contribution to total heat production remains constant and
low. During low-intensity shivering, the contribution of plasma glucose is as minor as
that of proteins (Table 2.2). In contrast, muscle glycogen stores play a more prominent
role, providing 3 times more glucose units for oxidation than the circulation (Table 2.2).

The "C-glucose ingestion technique selected for this study allowed us to quantify
the role of circulatory glucose as an oxidative fuel to support shivering. Results show
that, during mild cold exposure, circulatory glucose plays a more minor role than
previously suggested when oxidation was estimated from measurements of R,GLU
(Vallerand et al., 1995, Vallerand et al., 1999a). As anticipated, neglecting to subtract
non-oxidative glucose disposal from R,GLU caused a significant overestimation of
glucose oxidation rates. Under conditions of steady state (i.e. when plasma glucose
concentration remains constant over time), R,GLU and glucose disposal were matched.
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However, the disposal of glucose can take place through two distinct metabolic
pathways: oxidation (RGoxplasma) and storage (or non-oxidative disposal). At low
metabolic rates (rest, mild exercise or low-intensity shivering), non-oxidative disposal
represents a significant fraction of R,GLU and, therefore, a direct measurement of
oxidation is necessary to quantify the role of plasma glucose as an oxidative fuel.

The stimulation of circulatory glucose utilization in the cold was not accompanied
by changes in plasma glucose or insulin concentrations (Fig. 2.5A and B), as previously
observed in several other studies (Martineau and Jacobs, 1989a, Tipton er al., 1997,
Vallerand et al., 1995, Vallerand and Jacobs, 1992, Vallerand et al., 1999a). Constant
glycemia shows that rates of hepatic glucose production and glucose disposal were both
increased in parallel. The increase in glucose uptake taking place during cold exposure is
therefore not dependent on changes in plasma insulin. However, it may be the
consequence of a cold-induced increase in insulin sensitivity and/or GLUT translocation
as previously proposed for humans (Vallerand ez al., 1988, Vallerand ef al., 1987) as well
as animals (Smith and Davidson, 1982, Weekes ef al., 1983). An insulin-independent
control of glucose uptake may allow an increase in glucose delivery specifically to
shivering muscles rather than indiscriminately to all insulin-sensitive tissues.

The major source of CHO oxidation was muscle glycogen, providing three
quarters of all the glucose oxidized in the cold (Table 2.2). Even though whole-body
glycogen stores only represent 1% of total energy stores, shivering studies in humans
have shown that glycogen availability - modified through diet or exercise - affects fuel

selection (Martineau and Jacobs, 1989b, Tikuisis et al., 2000b, Young et al., 1989), and
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possibly body cooling rate (Martineau and Jacobs, 1989b). In these studies, while Hpmd

was the same between glycogen depleted, glycogen loaded and normal glycogen controls
immersed in 18°C water, RER values were significantly lower for glycogen depleted than
for glycogen loaded and normal glycogen, indicating a compensatory shift to a greater
relative use of lipids when glycogen reserves are depleted (Martineau and Jacobs, 1989b,
Tikuisis et al., 2000b, Young et al., 1989). However, these studies do not provide
information on the effect of glycogen availability on the relative importance of RGox-plasma

and RGx.mus to total CHO oxidation.

Oxidizing lipids to generate heat

The dual role of lipids as a heat insulation layer and as a large, energy-dense,
metabolic fuel (>95% of total energy stored) has been recognized for a long time
(Schmidt-Nielsen, 1990). However, the quantitative importance of lipids as a substrate to
support prolonged low-intensity shivering has been somewhat neglected because, over
the last decade, most studies have focused on CHO-dependent heat production (Jacobs et
al., 1994). Our results show that RF provides 50% of all the heat produced (Table 2.2).
The relative importance of lipid oxidation measured here is consistent with several
studies (Jacobs, 1997, Martineau and Jacobs, 1988, Martineau and Jacobs, 1989a,
Martineau and Jacobs, 1989b, Tikuisis et al., 2000b, Weller et al., 1998), whereas many
others found that CHO oxidation is dominant (Glickman-Weiss et al., 1993, Glickman-
Weiss et al., 1994, MacNaughton et al., 1990, Vallerand et al., 1995, Vallerand and

Jacobs, 1989, Vallerand and Jacobs, 1990, Vallerand et al., 1989, Vallerand et al., 1993,
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Vallerand ef al., 1999a). In all these studies, it is very interesting to note that the reported
dominance of either CHO or lipids has no clear link with differences in shivering

intensity, but might be correlated with the cooling protocol. While subjects exposed to

cool air used CHO preferentially (~60% of H proa » (Glickman-Weiss ef al., 1993,

Glickman-Weiss ef al., 1994, Jacobs, 1997, MacNaughton ef al., 1990, Vallerand et al.,
1995, Vallerand and Jacobs, 1989, Vallerand and Jacobs, 1990, Vallerand ef al., 1989,
Vallerand et al., 1993, Vallerand et al., 1999a)), those cooled by water immersion or by
LCS favored lipid utilization (~60% of Hpmd , (Jacobs, 1997, Martineau and Jacobs,
1988, Martineau and Jacobs, 1989a, Martineau and Jacobs, 1989b, Tikuisis et al., 2000b,
Weller et al., 1998)). Physiological reasons for such a difference are unclear and further

research will be needed to explain it.

If one considers the relatively low metabolic rates reached here during mild
shivering (15-20% VO,,,. ), the observed utilization of lipids is not that surprising.
Exercise studies reveal that lipid oxidation predominates for prolonged work at all
intensities below 50% Vozmax (Bergman and Brooks, 1999, Brooks et al., 1999, Roberts
et al., 1996). Therefore, even at the highest possible metabolic rates reached during
maximum shivering (about 5 times RMR or ~40% VO, ; (Eyolfson et al., 2001)),
lipids may still play a significant role in heat generation, if fuel selection patterns are
identical between exercise and shivering.

The large increase in lipid utilization observed here during low-intensity shivering

(Table 2.2) is a strategy to spare limited CHO reserves. Any increase in the relative use
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of lipids allows the maintenance of Hpmd for a longer period of time, and, therefore,

improves chances of survival in the cold. We can estimate theoretical values for
maximum cold endurance under the conditions of our experiments, assuming that the
relative use of the different fuels remains the same as measured after 2 h of mild
shivering. An average adult male would be able to shiver at 245 W (Fig. 2.2) for ~20h
under the specific conditions of the present study before depleting muscle glycogen
reserves (assuming that 80% of muscle glycogen is available for oxidation, mean muscle
glycogen concentration = 100 mmol glucosy! units-kg™ wet mass; actively shivering
muscle mass = 70% of 36 kg; RGox-mus = 18.4 pmol-kg'1 body mass-min'l, Table 2.2).

The stimulation of RFo (Table 2.2) found here was accompanied by a 2-fold
increase in circulatory NEFA levels (Fig. 2.5D) as observed in other studies (Tipton et
al., 1997, Vallerand et al., 1995, Vallerand and Jacobs, 1990, Vallerand and Jacobs,
1992, Vallerand et al., 1999a, Weller et al., 1998). Vallerand et al. (1999a) found that
men exposed to 5°C for 3 h showed a parallel increase in NEFA concentration and NEFA
disappearance rate. Together these observations suggest that the oxidation of circulatory
NEFA increased throughout cold exposure. However, the relative contributions of NEFA
from the circulation (adipose and liver) and from muscle triacylglycerol to the 4-fold
increase in total fat oxidation remain to be established.

In conclusion, this study shows that total Hpmd during prolonged low-intensity

shivering is unequally shared between lipids (50%), muscle glycogen (30%), circulatory

glucose (10%) and proteins (10%). Therefore, the importance of plasma glucose
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oxidation is only minor and future research should focus on lipid and muscle glycogen

stores that provide most of the energy for Hpmd .
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INTRODUCTION

Even though CHO only represents ~1% of energy stores in normal subjects, their
oxidation can account for up to 60% of total heat production during cold exposure
(Haman et al., 2002, Jacobs et al., 1994). Modifying glycogen availability has a
profound effect on fuel selection during shivering, to the extent that a complete shift from
CHO dominance to lipid dominance can be elicited (Martineau and Jacobs, 1989b,

Young et al., 1989). Several studies show that shivering humans (prolonged immersion
in 18°C-water) produce ~80% of total heat from CHO oxidation when glycogen reserves
are artificially elevated, and the same percentage - but from lipid oxidation - when
glycogen reserves are depleted (Martineau and Jacobs, 1989b, Young et al., 1989).
Usually, such drastic changes in fuel selection have no effect on cold tolerance because
total heat production appears to be independent of glycogen availability (Martineau and
Jacobs, 1989b, Weller et al., 1998, Young et al., 1989). However, when glycogen
reserves are low, conflicting results have been reported for body cooling rate that shows a
significant increase in one study (Martineau and Jacobs, 1989b), but no change in another
(Young et al., 1989).

Two separate sources of CHO are available for heat production: hepatic glucose
provided to shivering muscles by the circulation, and muscle glycogen. The relative
importance of these two CHO sources in humans with normal glycogen stores was
‘ recently determined during sustained, low-intensity shivering (Haman et al., 2002). In
these subjects, most of the CHO oxidized came from muscle glycogen (~75%) whereas

the contribution of circulating glucose was minor (~25% of total CHO oxidized or ~10%
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of total heat produced). Several earlier studies investigated the effect of changes in the
size of glycogen reserves on fuel metabolism during shivering. Using biopsies from the
vastus lateralis, Martineau et al. (1989b) showed higher glycogen use in glycogen-loaded
than in glycogen-depleted subjects, whereas Young ef al. (1989) did not find a significant
difference between the two conditions.

The roles played by the oxidation of blood glucose and body proteins have never
been characterized in relation to the size of glycogen stores. Consequently, the purpose
of this study was to measure the effects of changes in CHO availability on oxidative fuel
selection during sustained shivering. More specifically, the oxidation rates of circulating
glucose, proteins and lipids were quantified to determine their role in compensating for
low / high glycogen availability. Using a combination of indirect calorimetry and stable
isotope tracer methods, fuel oxidation was monitored in adult human male subjects with
low and high glycogen levels while they were exposed to cold for 2-h. In view of the
minor role played by circulating glucose in normal subjects (Haman ef al., 2002), we
hypothesized that changes in plasma glucose oxidation would not be used to offset
changes in glycogen oxidation. Therefore, we predicted that lipids and proteins would
maintain heat production by compensating for the variable contribution from glycogen.

In the second part of this study, reported in the next chapter, we investigated a
potential mechanism for changing fuel selection. It has been suggested that switching
oxidative fuels could simply be achieved by recruiting different populations of muscle
fibers specialized for lipid or CHO oxidation (Roberts et al., 1996). However, this

concept of “fuel-specific fibers” has never been tested directly, probably because it is
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very difficult to make simultaneous measurements of substrate metabolism and muscle
fiber recruitment, particularly during exercise. It occurred to us that shivering could be
an ideal model to test this hypothesis because electrical noise caused by limb movements
is considerably lower than in exercise. In Chapter 4, we report electromyography data
(EMG) recorded simultaneously with the substrate metabolism results presented here and

correlate fuel selection with muscle fiber recruitment.

67



METHODS

Subjects

Six healthy male subjects volunteered to participate in this study approved by the
Health Sciences Ethical Committee of the University of Ottawa. Physical characteristics
of the subjects are presented in Table 3.1. Five to seven days prior to the experimental
trials, maximal oxygen consumption was determined separately for upper and lower body
using progressive cycloergometer protocols (90 W and 180 W, 2-min ramps for upper
and lower body, respectively). Body composition was estimated by underwater weighing

(Brosek et al., 1963).

Experimental protocol

Five to six days prior to the experiments, a 1-h session was held to familiarize the
subjects with the equipment and the level of cold exposure faced in the experiments. For
the actual experiments, subjects were exposed to the cold on two separate occasions
following: i) a diet low in CHO and heavy exercise bouts (LO) and, ii) a diet high in
CHO without exercise bouts (HI). A detailed description of the diet and exercise regimen
is given below. On the day of these experimental sessions, care was taken to minimize
exercise or other thermal stresses between awakening and the start of the experiment (i.e.
avoid exposure to hot or cold temperatures, very low intensity exercise during transit
from home to the laboratory). Upon their arrival in the laboratory (8:00 AM; 12h post-
absorptive), subjects were instrumented with thermal probes, an indwelling catheter

(18G, 32 mm, Medical Inc., Arlington, TX) placed in an antecubital vein for blood
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Table 3.1. Physical characteristics of subjects (n=6).

Values are presented as means =+ SE.

Age, yr 22.2+0.3
Body mass, kg 70.6+3.2
Height, cm 174115
Body surface area, m” 1.8 £ 0.04
Percent body fat, % 12.6+1.0

VO,,,, , mikg ! min"

Upper body 37139

Lower body 51.7+3.0
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Figure 3.1. Seven day diet and exercise protocol to decrease (LO) and increase (HI)
glycogen reserves. Thick black lines represent duration of low- and high-
CHO diets. Experiments for LO and HI were performed on the morning of
day 4 and day 7. Numbers in the grey boxes (in exercise section) indicate

the duration (min) of exercise bouts for upper- and lower-body.
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sampling, and they were fitted with a LCS (Three piece Delta Temax, Pembroke, ON,
Canada). After voiding their bladder (T= 0 min), subjects remained seated comfortably
for the next 2-h at 23.2 £ 0.01°C (758 + 2 mmHg, 39.8 + 3.6% RH). Following this
period, they were transferred to an environmental chamber (10.5 £ 0.01°C, 755 £ 3
mmHg, 61 = 2 % RH) and a 10°C water perfusion was started through the LCS using a
temperature controlled circulation bath (Endocal, NESLAB and Model 200-00,
Micropump, Vancouver, WA). Average environmental conditions in the laboratory and
thermal chamber were the same for LO and HI experiments. Thermal response was
monitored continuously at 23°C and during the subsequent 2-h cold exposure using a
Hewlett Packard data acquisition and control unit (model 3497A). Metabolic and thermal
comfort data were collected periodically throughout the experimental session.

Also, disposable surface electrodes (Blue Sensor, Medicotest Inc., USA) were
positioned over the bellies of eight large and centrally located muscles: trapezius (TR),
latissimus dorsi (LA), pectoralis major (PE), rectus abdominis (RA), vastus lateralis
(VL), rectus femoris (RF), vastus medialis (VM) and gastrocnemius (GA). Shivering
EMG was collected periodically prior and during cold exposure. Full description of

EMG methodology and analysis is given in Chapter 4.

LO and HI diet and exercise regimen
In an attempt to modify glycogen availability, a combination of exercise and
dietary manipulations was used within a seven-day period (Fig. 3.1). LO and HI diet

composition are presented in Table 3.2. Total caloric intake was identical for both diets
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and was calculated based on the weight of each subject (~170 kJ-kg™-day™). Care was
taken to avoid ingestion of CHO from plants naturally rich in *C (C4 photosynthetic
cycle) to maintain low "*C background enrichment in plasma glucose and expired CO,.
Three days prior to the LO experiment, glycogen depletion phase began with subjects

performing upper and lower body exercises for 2 h at 65% VO, on a cycloergometer

and a hand crank ergometer (alternating every 30 min between legs and arms).

Following these exercises, subjects were prescribed a LO diet for the next three days until
the evening of LO experiment. During this phase, additional 1h exercises were
performed each day (Day 2 and 3) with upper and lower body (30 min each at 65%

VO,,,. ). Immediately following LO experiment (Day 4), subjects began a HI diet

(Table 3.2) for the next 2.5 days and were asked to refrain from exercising during this
period. HI experiment was performed on the morning of Day 7. This experimental
design was selected to minimize inter-individual variability in the shivering response (i.e.
same subjects for LO and HI), and to take advantage of the initial depletion in glycogen
reserves to maximize glycogen loading on days 4 to 7. Using this non-randomized
design could potentially result in an order effect associated with muscle fatigue, leading
to a reduction in shivering intensity. However, results from this and the next study
(Haman ef al., 2004a) show that thermal responses, heat production (indirect calorimetry)
and shivering intensity (EMG) were not different between LO and HI. This indicates that
muscle fatigue was most likely minimal because glycogen depletion exercise was

performed at least 20 h before shivering measurements, and muscle work for

thermogenesis was always very low (only up to 25% VO,_,, ).
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Thermal response

Whole body H,__ (in watts) was estimated using the following equation:

loss

Hloss :(R+C)+(Emsp+Cresp) (3.1)

where, R and C represent rates of radiative and convective heat loss and, Eresp and

Cresp are rates of evaporative and convective heat loss by ventilation (2,411.3 J of heat per
gram of evaporated water). R and C were estimated using heat flux transducers
(Concept Engineering, Old Saybrook, CT) placed on the surface of the skin at 11 sites
(i.e. forehead, chest, biceps, forearm, abdomen, lower and upper back, front and back

calf, quadriceps, hamstrings) and calculated using an area-weighed equation (Dubois and

Dubois, 1916). Evaporative heat loss from the skin was assumed to be negligible at 23°C
and 10°C (Nishi, 1981). Total Hpmd was calculated by indirect respiratory calorimetry
corrected for protein oxidation (see below). Percent of shivering peak was determined by
dividing VO, (ml-kg'l-min'l) values measured in the cold by the calculated shivering
peak (Shivpeax 1 ml-kg'l-min’l) estimated for each subject using the following equation
(Eyolfson et al., 2001):

Shivpea = 30.5 + (0.348 x VO,,,, ) —(0.909x BMI) - (0.233x age)  (3.2)

where, VO,,, is the maximal oxygen consumption (ml'kg''min™), BMI is the body

mass index (kg'm™) and the age is in years.
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Tes was monitored continuously using a pediatric esophageal probe (Mon-a-therm
general purpose, Mallinckrodt Medical Inc, St-Louis, MO) and T, was averaged from

12 sites (i.e. finger tip plus 11 heat transducer sites mentioned above for heat flux
measurements) using an area-weighed equation (Dubois and Dubois, 1916). Subjective
thermal perception was determined every 30 min by asking the subjects to identify their
comfort level based on an 11-point Likert scale (Gregory, 1992) (-5 and +5 being the
coldest and warmest ever experienced, with 0 feeling neither cold nor warm). This scale

was modified from the original version described by Thanasis et al. (1996).

Metabolic rate and fuel utilization

Pulmonary V;, VO, and VCO, were determined by open-circuit spirometry
(250 1, chain-compensated gasometer, Warren Collins inc., Braintree, MA). All expired
gas collections were made at ambient temperature outside the experimental chamber. A
mouthpiece, a unidirectional valve (2700 series, Hans Rudolph, Kansas City, MO), and a
44-mm plastic tube were used to direct all expired gases to the collection tank. Expired
gases were collected for 5 min every 30 min before and during cold exposure and the
mouthpiece was only removed for ~2 min after collecting expired gases to allow
ingestion of the *C-glucose solution. Oxygen and carbon dioxide concentrations in dry
expired gases were determined using calibrated electrochemical gas analyzers (AMETEK
Model S-3A/1 and CD 3A, Applied Electrochemistry, Pittsburg, PA).

Total RPoy, RGox and RF . oxidation rates (in g-min™) were calculated using the

following equations (Burelle ez al., 1999, Livesey and Elia, 1988):
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RP.(g-min") = 2.9x URFAuri (g- min™) (3.3)
RGo (g min")=4.59V CO, (/- min")- 3.23 VO, (/- min™) 3.4

RF,; (g-min")= -1.70 VCO, (/- min™)+1.70 VO, (/- min™) (3.5)

where VCO, (I'min™) and VO, (I'min") were corrected for the volumes of O, and CO,
corresponding to protein oxidation (1.010 and 0.843 I-g™", respectively).

RP. was estimated from UREA yin. in urine samples collected for a period of 120
min at 23°C and 10°C. Urinary urea concentrations were determined on a Synchron
Clinical System (CX7, Beckman, Anaheim, CA). Energy potentials of 16.3 kJ-g, 40.8
kI-g" and 19.7 kJ-g” were used to calculate the amount of heat produced from glucose,

lipid and protein oxidation, respectively (Elia, 1991, Péronnet and Massicotte, 1991).

Plasma glucose oxidation

On the evening of the experiment, 3 g of glucose (°C/C = 0.01098) artificially
enriched with '*C (U-"*C-glucose, *C/C> 99%, Isotec, Miamisburg, OH) to obtain a final
BC/C ratio 0 6.32 (Rexo) were diluted into 700 ml of water and split into seven equal
doses (100 ml). Following the measurement of baseline *C/C in plasma and expired
CO; (t = 30 min), subjects ingested the first dose of 13C-glucose. Subsequent doses were
then taken every 30 min until the end of the experiment. Isotopic composition of plasma
glucose and expired CO, were determined in blood and expired gas samples every 30 min

prior to the ingestion of the next dose. Upon collection, blood samples were put on ice,
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spun in a refrigerated centrifuge, separated, and the plasma was kept frozen at -20°C
until analyzed.

Plasma glucose was isolated by double-bed ion exchange chromatography with
superimposed columns (resins: AG S0W-X8 H', 200-400 mesh, and AG 1-X8 chloride,
200-400 mesh). Following evaporation, glucose was combusted (60 min at 400°C) in the
presence of CuO, and CO, was recovered. Measurements of BC/C in expired CO,
(Rexp) and in CO; obtained from glucose combustion (Rgy) were determined in a Prism
mass spectrometer (VG, Manchester, UK). Isotopic enrichment was expressed as
%13C/C.

The RGoy.plasme Was calculated from '>CO; production at the mouth and plasma
glucose isotopic enrichment (Fig. 2A and B) using the following equation (Derman et al.,

1996, Wolfe, 1992):

RGox-plasma= VC02 (Rexp‘Rref/Rglu"Rref)(l/kl'kz) (36)

where VCO, is in I'min™! (STPD), Ry is the isotopic composition of expired CO, prior to
the ingestion of the first *C-glucose dose, k1 (0.7426 I-g™) is the volume of CO,
produced from the complete oxidation of glucose and k2 is the fractional recovery at the
mouth of CO, produced in tissues (Pallikarakis et al., 1991). A fractional recovery of
B0, at the mouth (k2) of 0.8 and 1 was used before and during cold exposure,
respectively (Wolfe, 1992). Due to the large size of the bicarbonate pool, only values in
the last 30 min before and during cold exposure were used in the calculation of RGx-

plasma- 111 addition, RGox.plasms Was corrected to account for the fraction of plasma glucose
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oxidized from exogenous sources (Haman ef al., 2002 and Chapter 2). Oxidation of
glucose derived from muscle glycogen stores (RGox.mus; g-min™), directly or through the
lactate shuttle (Brooks et al., 1999), was calculated by subtracting RGox-plasma from RGox.

RGox-mus = RGox — RGox-plasma (3.7

Blood analysis

Plasma glucose and lactate concentrations were measured spectrophotometrically
at 340 nm on a Beckman DU 640 (Bergmeyer, 1985) while total plasma nonesterified
fatty acid (NEFA) and pB-hydroxybutyrate (3-HB) concentration were determined using
an analytical assay kit (NEFA C, Wako Chemicals, Osaka, Japan and Sigma Kit #310,
Sigma-Aldrich Canada, Oakville, ON, Canada). Insulin concentration was measured

using a radioimmunoassay (#KTSP-11001, Medicorp Inc, Montréal, Qc, Canada).

Statistical analyses

Changes in Tes, Tyqs Hpogs Hi» €xpired CO; and plasma glucose isotopic

enrichments, and gas exchange were assessed by two-way analysis of variance for
repeated measures (ANOVA). For each sampling time, a Boferroni #-test was used to

detect potential differences with control values observed at baseline. Differences in

H fuel utilization for CHO (RGox, RGox-exo, RGox-plasmas RGox-mus), lipids (RFoy) and

prod *
proteins (RP,yx) as well as plasma metabolite concentrations over the last 30 min before
and during cold exposure were determined using a two-way analysis of variance to verify

the main effect of diet (LLO vs. HI) and cold exposure (23°C vs. 10°C). Statistical
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differences were considered significant when p<0.05. The statistical power of our tests
was calculated for key parameters (oxidation rates, and relative contributions of plasma
glucose, muscle glycogen, total CHO and lipids to total heat production) and it ranged
from 0.945 to 1.000. All values presented are means + SE (n = 6) unless indicated

otherwise.
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RESULTS

Thermal response

Changes in absolute H,_, and Hpmd before and during cold exposure for LO and

HI are presented in Fig. 3.3. Absolute H

loss

and H , , increased as a result of cold

exposure but no significant difference was found between LO and HI. Maximal H

loss

was reached after 10 min of cold exposure (76.7+3.6 W at 23°C t0 220.5+ 4.4 W at 10°C
and 75.9+4.7 W to 210.8+4.4 W for LO and HI, respectively) and decreased gradually by

11%, stabilizing in the last 60 min at 10°C (192.2+6.6W for LO and 191.3+10.6W for

HI). H_,, averaged 94.5+5.3 and 86.1+5.9 W at 23°C and reached a maximum of

224.3+17.4 and 209.1£26.4 W after 120 min in the cold for LO and HI, respectively.

Metabolic rate reached by the end of cold exposure was not different between LO (34.4 +
3.8 %Shivpea) and HI (30.4 £ 2.0 %Shivpea). As shown in Fig. 3.4, changes in Te,, T,
and subjective thermal comfort were not different between LO and HI. While T did not
change as a result of cold exposure (36.5+0.3°C), T, decreased from 33.6+0.4°C at
23°C to 27.4+0.5°C in the first 90 min of cold exposure and remained constant until the

end of the experiment. Thermal comfort averaged +2 at 23°C and decreased

continuously reaching -3 at the end of the cold exposure.

Plasma concentrations
Average plasma concentrations of insulin, glucose, lactate, total NEFA and 3-HB

calculated in the last 30 min before and during cold exposure are presented in Table 3.3.
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Before cold exposure, while insulin, glucose and lactate concentrations were significantly
lower for LO than HI (-22, -4 and -46%, respectively), NEFA and 3-HB were 4.3- and
10.3-fold higher for LO than for HI. Insulin and -HB concentrations were not affected
by the change in temperature whereas glucose concentration increased 4% and 7.5% by
the end of cold exposure for LO and HI, respectively. Cold exposure caused a 1.8-fold
for LO and 1.5-fold for HI increase in lactate concentration over values at 23°C and total
NEFA concentration increased 1.5- and 2.5-fold over values prior to cold exposure for

LO and HI, respectively.

Metabolic fuel utilization

RGqx and RF, for LO and HI are shown in Fig. 3.5. RGox was significantly
higher for HI before (58.1+20.0 mg-min™ and 240.6+27.4 mg-min™ for LO and HI,
respectively) as well as during cold exposure (Fig. 3.5A; maximum of 221.5+45.0
mg-min” and 469.9+61.7 mg-min” for LO and HI, respectively). Prior to cold exposure,
RF.x was not significantly different from zero for HI (non-protein respiratory exchange
ratio was equal or larger than 1 indicating a stimulation of lipogenesis due to the high
CHO uptake (Poppitt et al., 1988)) and averaged 58.2+6.0 mg-min” for LO. In the cold,
RF,, increased continuously reaching maximal values of 163.2+£21.6 for L.O and
68.4422.0 mg-min™ for HI after 90 min in the cold (Fig. 3.5B). As shown in Table 3.4, a
close to 2-fold difference in protein oxidation rate (RP,,) was observed between LO and
HI before cold exposure (111.5+23.2 mg:min™ and 63.6+6.0 mg-min” for LO and HI,

respectively) and in the cold (118.3£12.9 mg'min™ and 65.5+5.9 mg-min'l for LO and HI,
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respectively). Changes in the respective contributions of CHO (%RGoy), lipid (%RF ox)

and protein (%RP,x) oxidation to total Hpmd under LO and HI conditions are presented in

Fig. 3.6. Prior to cold exposure, %RG.x was found to be 4.3-fold lower for LO

(17.5+£5.7% Hpmd ) when compared to HI (75.7+5.0% Hpmd) (Fig. 3.6A). The subsequent

decrease in environmental temperature had not effect on %RGox with values averaging

24.146.1%H__, for LO and 67.3+6.0%H__. for HI. A continuous increase in %RFx

prod prod

was observed for HI averaging a value not different from zero at 23°C and increasing to a

maximum of 21.7+5.3% Hpmd in the last hour of cold exposure (Fig. 3.6B). For LO,

%RF,x in the cold (58.2+6.0% H__, ) was not different from control values at 23°C

prod

(52.5+4.5% Hpmd ; Fig. 3.6B). As aresult of cold exposure, a 2.2-fold decrease %RP
was found for LO (40.2+7.8 at 23°C to 18.7+1.5% Hprod at 10°C) and HI (25.3+3.6 at

23°C to 11.7+1.5% H , , at 10°C; Fig. 3.6C).

Table 3.5 summarizes average values measured before cold exposure (90-120

min) and in the last 30 min at 10°C (210-240 min), for all parameters of fuel utilization

(H RFox, RGox, RGox-plasmas RGox-mus, and RPoy) estimated in this study under LO and

prod »
HI. The dietary and exercise regimen used to modify glycogen availability had a
significant impact on the absolute and relative contributions of CHO, lipids and proteins
to total heat production prior and during cold exposure. Prior to cold exposure, RF.x was
not different from zero for HI and averaged 58.2 + 6.0 mg-min'1 for LO, whereas RGx

and RP,x showed a respective 4.1- and 1.8-fold difference between LO and HI. In
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addition, RGx-plasma Was only 1.3-fold higher for HI than for LO while RGox.mus showed a
6.8-fold difference between LO and HI. The relative contribution of proteins to total heat
production was 1.6-fold higher for LO than for HI whereas that of CHO was 4.3-fold

higher for HI than for LO and that of lipids was not different from 0 for HI and averaged

41.6+3.6% Hpmd for LO. Furthermore, RGox-plasma contributed relatively less for LO than

for HI (+138%) and RGox-mus Was 697% higher for HI than for LO. As a result of cold
exposure, RGox increased respectively 4.7- and 2.0-fold for LO and HI whereas RP, did
not change. RF,, increased 2.6-fold for LO and from a value not different from zero at
23°C to 68.4 + 22.0 mg'min”' by the end of cold exposure. Increases 5.5- and 1.8-fold for
RGox-mus as well as 1.9- and 1.4-fold RGox-plasma Were observed as a result of cold

exposure for LO and HI, respectively. While proteins contributed 1.6-fold more to total

I:Ipmd under LO than HI, %RGox was 2.4-fold higher for HI than for LO. In addition, the

relative contribution of RGox-plasma 8nd RGox.mus to total heat production in the cold was

179% and 256% higher for HI than for LO, respectively.
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Table 3.2. Macronutritional composition of low- and high-CHO diets. Values are

means * SE; (n=5).

low-CHO high-CHO
CHO, g/day 67.9+104 494.0+54.8
Lipids, g/day 204.4+19.7 38.4+4.38
Proteins, g/day 170.4 +20.5 111.5+ 109
CHO, % 9.7+0.5 71.5+0.5
Lipids, % 65.8+1.2 12.5+0.5
Proteins, % 243+0.8 16.2+0.4
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Table 3.3. Plasma insulin, glucose, lactate, nonesterified fatty acid (NEFA) and B-hydroxybutyrate

(B-HB) concentrations in men with low (LO) / high (HI) CHO reserves before (23°C) and

during cold exposure (10°C; T=210-240 min).

LO HI

23°C 10°C 23°C 10°C
Insulin, pM 77.0£1.7 82.0+2.4 99.2+4,2° 95.12.9°
Glucose, mM 4.7+0.1 4.9+0.1° 4.9+0.1° 5.3£0.2%
Lactate, mM 0.7+0.1 1.3+0.3? 1.3+0.1° 1.9+0.2°
NEFA, uM 431434 651+33° 100£21° 253453%
B-HB, M 322450 482464 3149° 2426°

®Significantly different from control values at 23°C; "Significantly different from control

values at 23°C in LO; °Significantly different from values at 10°C in LO. Differences

were assessed by a two-way ANOVA, P<0.05, n=6.
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Table 3.4. Urinary urea excretion rate and absolute oxidation rate of protein in men with low (LO) /
high (HI) CHO availability before (23°C) and during cold exposure (10°C).

LO HI
23°C 10°C 23°C 10°C
Urinary urea excretion, g-120min™ 4.8+0.6 50+09 2.6+0.3° 2.7+0.2°
Protein oxidation rate, g-120min 134+28 142+1.6 7.6+0.7 7.8+0.7

*Significantly different from control values at 23°C; ®Significantly different from control

values at 23°C in LO; ‘Significantly different from values at 10°C in LO. Differences

were assessed by a two-way ANOVA, P<0.05, n=6.
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Table 3.5. Absolute oxidation rate (mg:min™") and relative (% Hpmd) contributions of lipids (RFy),

total CHO (RGox), plasma glucose (RGox-plasma), muscle glycogen (RGox.mys) and proteins
(RP,x) to total heat production in men with low (LO) and high (HI) CHO availability before
(23°C; 90-120 min) and during cold exposure (10°C; 210-240 min).

23°C 10°C 23°C 10°C
H,,, KJ'min’ 55402 12.6 +0.8° 50+04 11.7+1.3°
Lipids (RF,y), mg-min™ 58.2+6.0 163.2+21.6° 0* 68.4 + 22.0°
%H g 41.6+3.6 53.4+45° 0* 23.0+5.2%
CHO (RG,y), mg'min” 60.1+18.7  221.5+45.0° 248.6+27.9° 469.9+61.7%
%H, 18.1+5.4 27.7£5.2° 771+38° 653454
Liver (RGox-plasme), mg-min 29.3+2.4 53.8+6.1° 38.5+5.0 89.6+9.7%
%Hmd 8.9+0.8 73+09 123+1.2 13.1x14
Muscle (RGox.mus), mg-min™ 30.7+21.0  167.8+43.1*  210.1+£24.0° 380.3+58.3%
%H,., 93+5.9 20.4 +4.6° 64.8 +3.3° 52.3 £ 4.9%
Proteins (RP,x), mg-min” 11154232 1183 +129 63.6+6.0 655£59
% 402+7.8 18.7+1.5° 253+3.6° 11.7+1.5%

prod

*Significantly different from control values at 23°C, "Significantly different from control
values at 23°C in LO, “Significantly different from values at 10°C in LO. Differences

were assessed by a two-way ANOVA, P<0.05, n=6.

*3see RESULTS
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Figure 3.2. Expired CO, (A) and plasma glucose (B) isotopic enrichment (% “C/C)
before and during cold exposure for LO (closed circles) and HI (open
circles). * Significantly different from control values before cold exposure
(Two-way ANOVA with replication and Bonferroni post-hoc t-test, P<0.05,

n=6).
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Figure 3.3. Changes in heat loss (A: H,) and heat production (B: Hpmd) before and

during cold exposure for LO (closed circles) and HI (open circles).
* Significantly different from control values before cold exposure (Two-way

ANOVA with replication and Bonferroni post-hoc t-test, P<0.05, n=6).
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Figure 3.4. Changes in esophageal (Tes) and mean skin ( T, ) temperature as well as
subjective thermal comfort before and during cold exposure for LO (closed
circles) and HI (open circles). Arrows indicate times when the *C-glucose
solutions were ingested. * Significantly different from control values before
cold exposure (Two-way ANOVA with replication and Bonferroni post-hoc

t-test, P<0.05, n=6).
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Figure 3.5. Changes in absolute CHO (RG,y) and lipid (RF ) oxidation rates before and
during cold exposure for LO (closed circles) and HI (open circles). Gray
circles represent previously published values in men with normal CHO
reserves (Haman et al., 2002). * Significantly different from control values

before cold exposure (Two-way ANOVA with replication and Bonferroni

post-hoc t-test, P<0.05, n=6).
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Figure 3.6. Changes in the relative contribution of CHO (RGy), lipid (RF o) and protein
(RP.y) to total heat production before and during cold exposure for LO
(closed circles) and HI (open circles). Gray circles represent previously
published values for men with normal CHO reserves (Haman ef al., 2002).
* Significantly different from control values before cold exposure (Two-way

ANOVA with replication and Bonferroni post-hoc t-test, P<0.05, n=6).
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Figure 3.7. Relative effects of prolonged low-intensity cold exposure on the contribution
of protein, lipid, plasma glucose and muscle glycogen to total heat
production in men with low, normal and high CHO reserves. Relative
changes from baseline were calculated from oxidation rates measured before
and during the last 30 min of cold exposure. NC indicates no significant

change. (Two-way ANOVA, P<0.05, n=6)
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DISCUSSION

The purpose of this chapter was to determine how glycogen depletion or loading
would modify oxidative fuel selection during sustained low-intensity shivering, with a
focus on the roles of plasma glucose and body proteins. The protocols used to modify
glycogen stores caused major changes in total CHO oxidation before cold exposure

(~65% vs. 27%H __, for HI and LO, respectively), but had no effect on heat production

prod
in the cold. During shivering, we found that the relative role of plasma glucose oxidation

remains minor under all conditions, falling to 7% Hpmd in glycogen-depleted subjects.

This study is the first to quantify the role of proteins for thermogenesis in individuals
with altered CHO reserves. It shows that the relative contribution of protein oxidation is
substantially increased in glycogen-depleted when compared to glycogen-loaded subjects

(19% vs 12% Hpmd ). Therefore, adjusting plasma glucose oxidation to compensate for

changes in glycogen availability is not a strategy used for maintaining heat production.

Instead, proteins and lipids share responsibility for this compensation.

Blood glucose oxidation

Previous work in subjects with normal (N) CHO availability (Haman et al., 2002),
and this study in glycogen-loaded and —depleted subjects (Table 3.5), show that the
relative role of plasma glucose is always minor during sustained, low-intensity shivering

(<13%H__,). Cold exposure stimulates RGox-plasma in direct proportion to metabolic rate

prod

in HI (2.3-fold; as previously observed in normal subjects, (Haman et al., 2002)),
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whereas a smaller increase is observed in LO (1.8-fold). These results suggest that
hepatic glucose production is lower in glycogen-depleted subjects, because
gluconeogenesis does not make up for decreased liver glycogenolysis in this group.
Plasma glucose oxidation does not compensate for the large decrease in muscle glycogen
oxidation of LO, and other fuels must be used to sustain heat production. Clearly,
however, plasma glucose oxidation rates of our subjects were not limited by maximal
hepatic glucose production, because much higher RGoxplasma have been reported during
exercise (6 to 8 mg-kg'min™ vs 0.7 to 1.3 mg-kg™‘min™ in the cold) (Bosch, 1993,
Bosch et al., 1994, Bosch ef al., 1996, Coggan et al., 1990, Friedlander et al., 1997,
Jeukendrup ef al., 1999, Péronnet et al., 1998). Friedlander et al. (1997) showed that

RGox-plasma 1S stimulated by as much as 5-fold during exercise at 45% VO,_,, , the highest

metabolic rate observed during maximal shivering (Eyolfson et al., 2001). Considering

the low metabolic rates reached in this study (2.3 times resting metabolic rate or 20%

VO,,.,, ), further research is needed to establish whether plasma glucose plays a more

important role at higher shivering intensities.

Muscle glycogen oxidation
This study provides the first whole-body measurements of glycogen utilization
during sustained, low-intensity shivering. Muscle glycogen supplied 75 to 80% of total

CHO oxidized (Table 3.5) and played an important role in total heat production (20% and

50% Hpmd in LO and HI, respectively). The absolute rate of muscle glycogen utilization
was two times higher in HI (380.3+58.3 mg'min™) than in LO (167.8+43.1 mg:min™), but
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the greatest relative change caused by cold exposure was observed in LO (+445% for LO
vs +80% for HI). These results show that muscle glycogen reserves are always strongly
mobilized for thermogenesis, even when they have been reduced before cold exposure.
Only two other papers have addressed the problem of oxidative fuel selection in
relation to altered glycogen reserves (Martineau and Jacobs, 1989b, Young et al., 1989).
They have reported much lower or higher rates of muscle glycogen utilization than
observed here. The conclusions drawn from these studies were based on the direct
measurement of glycogen concentration in vastus lateralis biopsies, and this
experimental approach may be responsible for the large variability. Even though their
measurements were made at higher shivering intensities, Young ef al. (1989) reported no
change in muscle glycogen levels in LO or HI. In the other study, Martineau et al.
(1989b) found an average glycogen utilization rate approximately four times higher
(~20 mg-kg body weight™ -min™) than values reported here for HI, but no significant
change for LO. The exact reasons for these discrepancies are unclear, but
methodological limitations may be responsible. For example, it is well known that
estimating whole-body glycogen utilization from muscle biopsies is extremely difficult
because: 1) glycogen concentration is variable within and among muscles and, 2) the

relative contribution of vastus lateralis to total shivering activity is not known.

Protein oxidation
Altering glycogen reserves through dietary and exercise manipulations had a

major effect on the relative use of proteins before cold exposure. At 23°C, protein
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oxidation was responsible for 25% H,,, in HI, and this value increased to 40%H,,, in

LO (Table 3.4). Absolute rates of protein oxidation were not affected by cold exposure,
and, therefore, the 2.3-fold increase in metabolic rate observed in the cold was simply

translated as a proportional decrease in the relative role of proteins for both groups

(12% Hpmd in HI and 19% Hpmd in LO; Table 3.5). The contribution of protein oxidation

to shivering thermogenesis has generally been assumed to be minor (~10% Hpmd ), and,

therefore, rarely measured directly (Haman e al., 2002, Vallerand ef al., 1995, Vallerand
et al., 19992). Our results show that this assumption may still be true when glycogen
reserves are artificially elevated, but that the relative importance of proteins increases
substantially when CHO reserves are reduced. In fact, the increased contribution of
proteins plays a key role in compensating for the decrease in CHO use after glycogen
depletion. Failing to take protein oxidation into account in fuel oxidation budgets during
low-intensity shivering leads to a significant overestimation of CHO and lipid oxidation

rates, particularly when glycogen reserves are depleted.

Fuel metabolism before cold exposure

It is clear that our dietary and exercise manipulations had the desired impact on
glycogen reserves, but muscle glycogen concentrations were not directly measured in our
study. Previous experiments where muscle biopsies were taken provide strong evidence
that our glycogen-loading and depleting protocols affected muscle glycogen levels
significantly (Bergstrom et al., 1967, Conlee, 1987, Martineau and Jacobs, 1989b,

Martineau and Jacobs, 1991, Young et al., 1989). Using the same experimental protocol,
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Young et al. (1989) found a 4-fold difference in glycogen levels of the vastus lateralis
between LO and HI (144+14 vs. 543253 mmol glucose’kg™ dry muscle, respectively).
Even when intense exercise was not used (in addition to diet) to deplete glycogen
(Martineau and Jacobs, 1989b, 1991), a 2-fold difference in muscle glycogen levels was
still reported between LO (247£15 mmol glucosekg™ dry muscle) and HI

(548+42 mmol glucose-kg'1 dry muscle). The various effects on fuel selection and
plasma metabolite concentrations found in this study are also consistent with large

changes in glycogen levels (Fig. 3.5 and 3.6, Tables 3.4 and 3.5). Before cold exposure,

we show a complete shift from lipid and protein oxidation for LO (40% Hpmd each, for

lipids and proteins) to CHO-based metabolism for HI (80% H__, accounting for by

prot

CHO). This large difference in total CHO oxidation (20% to 80%H _, ) was almost

prod
entirely caused by changes in RGox.mus (30.7 = 21.0 mg'min” for LO and

210.13+£324.0 mg-min'1 for HI) because RGox-piasma remained minor in both groups.
Together, these results show that the protocol selected for our study had the anticipated

effects on glycogen reserves.

Same heat production,very different fuel mixtures

The contributions of all oxidative fuels to total heat production before and after
cold exposure, as well as the % changes caused by shivering, are summarized in Fig. 3.7
for LO, N (Haman et al., 2002), and HI. Altering glycogen reserves had a major effect
on fuel selection before, but also during shivering (Fig. 3.5, Fig. 3.6, Table 3.5). In the
cold, total heat production was unequally shared between lipids (53% Hpmd ), CHO
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(28% Hpmd ), and proteins (19% Hpmd ) in LO, but the pattern of fuel selection was widely

different for HI: CHO (65%H,, ), lipids (23%H; ), and proteins (12%H ;). These

drastic differences in oxidative fuel selection had no impact on total heat production

because Hpmd was the same in both groups. Similar results have been observed at higher

shivering intensities (~3.5 times RMR for men immersed in 18°C for up to 90 min) when
large changes in substrate utilization only had a minor (Martineau and Jacobs, 19890b) or
no effect (Young et al., 1989) on total heat production.

However, some discrepancies in the relative contributions of CHO and lipids
between these studies and ours still remain. Because oxidation rates reported in these
previous papers were not corrected for protein oxidation, we have recalculated our values
using non-protein respiratory exchange ratios for comparison. After this adjustment,
CHO and lipid oxidation rates were found to be consistent in all studies for LO, but not

for HI. A greater reliance on CHO was observed in Young ez al. (1989) and our study

(65% H.,,,) than in Martineau et al. (1989b) (50% H,,,, ). This difference may be

related to the glycogen loading/depletion protocols or to the experimental design
(longitudinal design here and in Young et al. (1989) vs transversal design in Martineau ez
al. (1989b)). Such small discrepancies have no impact on the general observation that
lipids and proteins can adequately compensate for important changes in CHO oxidation

to maintain heat production for at least 2 h of cold exposure.
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Lipid oxidation

In both groups, circulating NEFA concentration showed a large increase during
shivering (1.5- and 2.5-fold in LO and HI, respectively; Table 3.3). Such changes are
consistent with several other shivering studies where RF was stimulated in normal
subjects (Haman ef al., 2002, Tipton et al., 1997, Vallerand et al., 1995, Vallerand and
Jacobs, 1990, Vallerand and Jacobs, 1992, Vallerand et al., 1999a, Weller et al., 1998)
and they reflect the well known correlation between plasma NEFA concentration and
NEFA flux.

The importance of lipids as substrate for low-intensity shivering has been
demonstrated recently for individuals with normal CHO reserves (Haman ef al., 2002,

Weller ef al., 1998). In these studies, lipid oxidation provided a dominant fraction of the

heat produced in the cold (50-70% Hpmd ). In glycogen-depleted and glycogen-loaded

individuals (this study), we also found that lipids play a significant role for maintaining

shivering (23% H,,, in HI and 53% H,,,, in LO). A strong stimulation of lipid

oxidation was observed in HI where cold exposure caused RF to increase from 0 to 68
mg-min”'. For LO, a 2.8-fold increase was found and, as previously observed in N
(Haman et al., 2002), lipids provided as much heat as all other metabolic fuels combined.
Strong stimulation of lipid use represents an important strategy to spare small CHO
reserves (~1% of total energy reserves in normal subjects) and to prolong survival in the
cold. We have estimated theoretical values of maximal cold endurance for LO and HI,
assuming that the relative use of the different fuels would remain the same as after 2 h of

shivering. Under our conditions of cold exposure, an average subject could shiver at 200
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W (Fig. 3.3) for ~20 h before depleting muscle glycogen, and, surprisingly, this maximal
duration would be the same for LO and HI (assuming that: a) 80% of total muscle
glycogen is available for oxidation, b) active muscle mass during shivering is 70% of 36
kg, ¢) mean muscle glycogen concentrations are 62 and 137 mmol glucosyl units/ kg wet
mass as observed in Young ef al. (1989), and d) RGoxmus is 14 and 29 pmol-kg body
mass-min” for LO and HI, respectively; Table 3.5). This calculation suggests that
glycogen loading does not improve cold endurance.

Wissler (1985) has proposed a more elaborate model to predict shivering
endurance based on empirical observations from Beckman and Reeves (1966). In his
model, shivering fatigue was determined from the onset of muscle cramping observed in
a group of men exposed to 24°C water. Under our conditions, the model of Wissler
predicts that shivering at 200 W could be sustained for 33 to 42 h. In addition, Tikuisis e
al. (2002) recently suggested that the Wissler model may underestimate true values. Our
calculated shivering endurance of 20 h based on whole-body oxidation of glycogen is
clearly shorter than predicted by Wissler (1985) or Tikuisis (2002). This observation
suggests two possible shortcomings for our simple approach: a) glycogen may not be
essential, and low-intensity shivering is sustainable solely on lipids and proteins and/or,
b) a significant shift in fuel selection to spare glycogen takes place after 2 h of shivering
(in fact, a progressive increase in fat oxidation was observed by Tikuisis e al. (2002)
during prolonged shivering lasting for up to 4 h). No information is available on fuel
selection for shivering in excess of 4 h, and it is still unclear whether glycogen depletion

coincides with muscle fatigue. Future studies should address this interesting problem.
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This study only included male subjects and was not designed to measure gender-
differences in shivering physiology. However, in view of the significant sex differences
reported previously during exercise and cold exposure, future research may uncover
interesting metabolic differences between shivering males and females. For example,
during submaximal exercise at same %VO,;max, women were shown to use more lipids
and, consequently, less muscle glycogen and less plasma glucose than men (see
Tarnopolsky and Ruby, 2001 for review). Similarly, during low-intensity shivering (~1.8

times RMR), lipid oxidation was reported to be significantly higher in women than men

(64 vs 53 % Hpmd ) (Pettit et al., 1999), suggesting that women may show higher

glycogen sparing and, possibly, longer survival in the cold. However, no such gender
difference in fuel use was found during high-intensity shivering (Tikuisis ez al., 2000b).
Future work should address whether plasma glucose and muscle glycogen oxidation are

different in shivering males and females.

Conclusions

This study shows that large changes in glycogen reserves have no effect on
thermogenesis during sustained shivering in men. Total CHO oxidation provides 65% of
the heat in glycogen-loaded individuals (50% for muscle glycogen and 15% for plasma
glucose), but only 27% in glycogen-depleted subjects (20% for glycogen and 7% for
plasma glucose). We show that heat production of glycogen-depleted individuals is not
compromised, because protein and lipid oxidation are both stimulated to compensate for

the reduced contribution from CHO. Depletion of CHO reserves reduces the relative use
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of plasma glucose by shivering muscles even below that of subjects with normal CHO

reserves. This study provides clear evidence that proteins can play a significant

thermogenic role when CHO reserves are depleted (19% H ;). Finally,

electromyography (EMG) signals from shivering muscles were also collected in the
present experiments, and the following paper investigates the patterns of muscle fiber

recruitment in relation to the large changes in fuel selection reported here.
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INTRODUCTION

Shivering is an involuntary process generating heat through rhythmic,
asynchronous muscle contractions. To sustain shivering thermogenesis over prolonged
periods of cold exposure, muscle recruitment and fuel metabolism must be tightly
coordinated. Previous research in this field falls in two broad categories dealing either
with muscle metabolism (Haman et al., 2002, Jacobs ef al., 1994) or with
electrophysiological aspects of muscle recruitment (Bell ef al., 1992, Meigal, 2002,
Tikuisis et al., 2000a). These two complementary perspectives on the same problem
have not been traditionally integrated and this study is a first attempt at doing so. In the
first part (Chapter 3), we have shown that the size of glycogen reserves has a

considerable effect on fuel selection. When CHO reserves were low (LO), total heat

production was partitioned between CHO (28% H.,,., ), lipids (53%H,; ), and proteins
(19% HPmd ), but the fuel selection pattern was strikingly different when CHO reserves
were high (HI): CHO (65%H,,,), lipids (23%H,,, ), and proteins (12%H ;). In

particular, intramuscular glycogen was used at very different rates for LO and HI (168 +
43 vs 380 + 58 mg-min™"), but the effects of such large metabolic changes on shivering
activity and muscle fiber recruitment have never been addressed. Fuel selection of
contracting muscles can be modified in two ways: i) mobilizing different metabolic
pathways within the same fibers, or ii) recruiting distinct fiber populations specialized for

different fuels.
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Over the last several decades, mechanisms of motor unit (MU) recruitment during
voluntary contractions have received a lot of attention (see Gardiner, 2001, Linnamo et
al., 2003, Wakeling et al., 2002 for review), but very few studies have investigated this
process during shivering (Meigal, 2002, Meigal et al., 1993, Meigal et al., 1995, Petajian
and Williams, 1972). Previous work shows that all fiber types can be involved in
shivering (Jacobs et al., 1994, Meigal, 2002). For example, Jacobs et al. (Jacobs et al.,
1994) reported decreased glycogen concentration in all fiber types of the vastus lateralis
after cold exposure. In addition, EMG recordings reveal two distinct patterns of
shivering: i) thermoregulatory muscle tone, or continuous, low-intensity shivering (at 4-8
Hz), and ii) bursts of high-intensity shivering occurring at much lower frequencies (0.1-
0.2 Hz or 8-16 times/min) (Israel and Pozos, 1989, Meigal, 2002). These two patterns are
associated with the recruitment of specific MU (Meigal, 2002, Meigal et al., 1993,
Petajian and Williams, 1972). While continuous, low-intensity shivering is linked to
low-threshold MU (type I, slow-oxidative, fatigue-resistant fibers), shivering bursts are
associated with high-threshold MU (type 11, fast-glycolytic, more fatigable fibers).
Human type II fibers (IIA and IIX) show lower activities for oxidative enzymes than type
I fibers (-60%) and much higher activities for glycolytic enzymes and creatine kinase
(+300-400%) (Gardiner, 2001). Because of these large biochemical differences, the two
shivering patterns observed may reflect the use of distinct metabolic substrates, type I
being mostly geared towards lipid use and type II towards CHO use. Together, these
observations suggest that fast-glycolytic type II fibers, and therefore, burst shivering

activity, may be significantly affected by changes in glycogen reserves.
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The first objective of this paper was to quantify the effects of change