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Summary

Rats chronically cannulated in the carotid artery and the
muscular branch of the femoral vein were subjected to a
cold (4°C) environment for up to 2h. The changesin blood
flow (measur ed with 46Sc micr ospher es) and arterio-venous
differences in the concentrations of glucose, lactate,
triacylglycerols and amino acids allowed the estimation of
substrate (and energy) balances across the hindleg. Mean
glucose uptake was 0.28 umol min—1, mean lactate release
was 0.33 umol min—1 and the free fatty acid basal release
of 0.31 umol min—1 was practically zero upon exposure to
the cold; theinitial uptake of triacylglycerols gave placeto
a massive release following exposure. The measurement of
Po,, Pco, and pH also allowed the estimation of oxygen,
CO2 and bicarbonate balances and respiratory quotient
changes across the hindleg. The contribution of amino
acids to the energy balance of the hindleg was assumed to
be low.

These data wer e used to deter mine the sour ces of energy
used to maintain muscle shivering with time. Threedistinct

phases were observed in hindleg substrate utilization. (1)
Theonset of shivering, with the use of glucose/glycogen and
anincreasein lactate efflux. Lipid oxidation was practically
zero (respiratory quotient near 1), but the uptake of
triacylglycerols from the blood remained unchanged. (2) A
substrate-energy shift, with drastically decreased use of
glucose/glycogen, and of lactate efflux; utilization of
triacylglycerol as practically the sole source of energy
(respiratory quotient approximately 0.7); decreasing
uptake of triacylglycerol and increased tissue lipid
mobilization. (3) The onset of a new heat-homeostasis
setting for prolonged cold-exposure, with maintenance of
muscle energy and heat production based on
triacylglycerol utilization and efflux from the hindleg
(muscle plus skin and subcutaneous adipose masses)
contributing energy to help sustain heat production by the
core organs and surrounding brown adipose tissue.
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Introduction

Low temperatures pose a severe danger for function in
mammals, since most cell reactions and processes are geared
to function within narrow limits. Loss of heat resultsin lowered
body temperatures, and many mechanisms cease to function or
show altered operation or regulation (Gordon, 1990). Within
certain limits, thermogenesis can cope with the heat loss of
cold-exposure, depending on its capacity, the size (relative
surface area) of the animal and the intensity of cold (Kleiber,
1972). For organisms adapted to cold environments, this
problem is compensated by reducing surface area, increasing
insulation (hair, blubber, etc.), increasing thermogenic capacity
and consigning a higher proportion of energy to heat
production and temperature maintenance (Brick and
Zeisberger, 1987; Gordon, 1990).

Therat isasmall mammal that thermoregulates well (Briick
and Zeisberger, 1987; Gordon, 1990). It relies mainly on
increased thermogenesis for maintenance of its temperature

under conditions of cold-exposure or cold-acclimation (Gautier
et al. 1991). In both processes, the involvement of brown
adipose tissue (Foster and Frydman, 1978) and the adrenergic
pathways (Bukowiecki et al. 1978) have been well
documented, as has the increased blood pressure and work load
(Fregly et al. 1989). The possible contribution of other organs,
including the liver (lossa et al. 1991) and kidneys, has also
been reported.

The role of muscle shivering thermogenesis is often
considered to be of short duration, helping to bridge the gap
between the shock of rapid loss of heat subsequent to exposure
to a cold environment and the full activation of other non-
shivering thermogenic processes by brown fat, liver and other
organs, including muscle (Davis et al. 1960; Gordon, 1990).
The extent and frequency of shivering bouts have been studied
(Yahata and Kuroshima, 1988), but the energy supply for
muscle thermogenesis has not been determined. We have
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studied the involvement of internal and blood-borne substrates
in the fuelling of rat muscle heat production during the first 2h
of exposure to the cold (4°C) environment.

Materials and methods

The animals studied were male albino Wistar rats of Iffa-
Credo (France) stock, weighing 240-260g; they were housed
individually in polypropylene-bottomed cages with wood
shavings as absorbent material. The cages were maintained in
an environment with controlled light (on from 08:00 to
20:00h), humidity (70-80%) and temperature (21-22°C).
They were fed acommercial pellet diet (type A04 from Panlab,
Barcelona, containing 170gkg~! protein, 587gkg?
digestible carbohydrates and 30 gkg 1 lipids) and tap water ad
libitum.

All rats were implanted with fixed cannulae in the left
carotid artery (arterial blood) and the muscular branch of the
left femoral vein (Pagés et al. 1993), using polyethylene
capillary tubing (Clay-Adams, USA; PE-10; i.d. 0.28mm;
0.d. 0.61 mm). Cannulation was performed under ethyl ether
anaesthesia. The cannulae were fixed in place with thread
knots, filled with heparinized saline and heat-sealed on the
free side. They were threaded subcutaneously to exit the rat
through its back and kept in place with tape. The cannulae
were checked, refilled with heparinized saline and resealed
every day for the next 3 days after surgery. The rats resumed
their eating patterns (in rhythm and total amount of food
ingested) the day after the implantation of cannulae. Surgical
stress and anaesthesia were kept to a minimum. All
manipulations and treatments inflicted on the rats were
carried out in full accordance with the guidelines on care and
management of animals established by the European
Community.

Cold-exposure was accomplished by moving the rats, inside
their cages, to a cold room. The cages were screened against
air currents and temperatures were recorded within the cages
using thermocouple probes. Temperatures were in the range
3.6-4.5°C. All cold treatments began at 10:00h (i.e. 2h after
the onset of the light period) and were continued for up to 2 h.
Under these conditions, the rats were in a postprandia state,
since they feed just before the onset of the light period. At 0,
15, 30, 60, 90 or 120min, three series of rats were used for
extraction of small blood samples from an artery and a vein:
each rat was bled (about 0.1ml for each vessel) at all the
indicated times, yielding about 1 ml in dl; i.e. 8% of its blood.
A series of rats was immediately used for the estimation of pH,
Po, and Pco, using a BMS 3MK2 blood microsystem
(Radiometer, Copenhagen, Denmark), calibrated with known
standard oxygen and carbon dioxide mixtures. The blood of the
second series of animals was used for the measurement of
glucose (Trinder, 1969) and lactate (Gutmann and Wahlefeld,
1974) (after perchloric acid deproteinization), tota
triacylglycerols (Fossati and Prencipe, 1982) and for the
estimation of individual amino acids (after trifluoroacetic acid
deproteinization) using an Alpha-plus (Pharmacia, Uppsala,

Sweden) amino acid analyzer and a ninhydrin method (Moore
and Stein, 1948). The third series of rats was used for the
estimation of free fatty acids by means of an enzymatic method
using the Nefa C kit (Wako Chemicas GmbH, Neuss,
Germany).

A series of rats was sham-cannulated and later used for the
estimation of muscle glycogen (Serafini and Alemany, 1987),
after being swiftly killed by decapitation. Muscles were
frozen in situ with liquid-nitrogen-chilled tongs after the
periods of cold-exposure indicated above. Frozen tissue
samples were weighed and homogenized in a
chloroform:methanol mixture (3:1 v/v), in order to extract
lipids, and used for the estimation of triacylglycerols (Fossati
and Prencipe, 1982). Frozen pieces of muscle from control
rats (time 0) and rats exposed to cold for 120 min were used
for the estimation of ATP and creatine phosphate (Heinz and
Weisser, 1985), after deproteinization with cold acetone
(Soley and Alemany, 1980).

In another series of animals, under ether anaesthesia, one
cannula was inserted into the left ventricle via the left carotid
artery and another was placed into the left femoral artery. They
exited the rat though its back and were filled with heparinized
sdline. At least 16 h after surgery, at the same times and after
the same periods of cold exposure indicated above, the
cannulae were connected to plastic syringes and organ blood
flows were measured by means of the injection of 0.100ml
(50kBq) of 46Sc microspheres (New England Nuclear, mean
diameter 15um), injected uniformly for 15s through the
carotid artery cannula. 5s before the injection and for the
following 605, a blood sample was obtained from the femoral
artery with a heparinized syringe driven by an infusion pump.
This blood sample was weighed and used to give reference
blood radioactivity. The rats were then immediately killed and
dissected; samples of leg muscle and skin were blotted and
weighed, and their radioactivity was determined with agamma
counter. Relative blood flow to each organ was estimated as
described previously (Ishishe et al. 1980; Fernandez-L épez et
al. 1993), using the formula:

&7 = (Pre X RT)/RRB, @)

where &1 is the blood flow to the selected tissue (in
mimin—1g~1), ®rg is the reference blood flow sample
(mlmin~1), Ry is the radioactivity found in the tissue sample
(ctsmin~1g~1) and Rgg is the radioactivity of the reference
blood sample (ctsmin~1). Since “6Sc emissions were
practically unaffected by the size of the samples used, the data
were not corrected for any shielding effect of tissues, and were
expressed as ctsmin—1 throughout.

Oxygen concentrations were calculated from Po, (Bork et
al. 1975; Boutilier et al. 1977) and the haemoglobin content
and dissociation constants of a similar series of rats (Riera et
al. 1990). Theintracellular and plasma compartments of blood
CO2 and bicarbonate were also calculated using standard
methods (Severinghaus et al. 1956).

Substrate and gas balances (B) were determined by
establishing the differences between the amount of a given



material Ma carried by the arterial blood reaching the leg and
that leaving it, My:
B=Ma — Mv. 2

The values of Ma were derived from the blood flow ® and the
concentration ma; likewise, My was estimated from the same
flow ® and venous concentrations my:

Ma = ®ma, 3
My = dmy, 4

then:
B=®(m — mv). )

Bicarbonate can yield CO2 by consuming H*, so a negative
balance of bicarbonate for a given tissue represents the loading
of this tissue with an equivalent amount of H*. The small
changes in pH imply tissue neutralization of this load of H*,
which means that protons have been used by the mitochondrial
oxidative systems to yield water:

HCO3™ + H*=H2CO3=CO2 + H20,
4H* + 8e™ + O2=2H20.

Each mole of oxygen, thus, neutralizes 4 mol of H*, i.e. 4mol
of bicarbonate (Casado et al. 1990). Other possible fates for
H* include binding to haemoglobin and roles in phosphate and
protein buffer equilibria. In most of these other systems,
possible drainage of protons occurs at lower concentrations
than in the bicarbonate system, however; furthermore, they are
directly dependent on pH, a factor that barely changes across
the resting muscle of animals subjected to cold exposure. It
was assumed that they have less quantitative importance than
the direct utilization of H* in the oxidative pathways of the
mitochondria. The balances of bicarbonate across the whole
hindleg were used to confirm that the amount of oxygen taken
up by the tissues was used to maintain the total H* balance
(Casado et al. 1990). The hindleg behaved as a net HCO3~
exporter, like the liver (Casado et al. 1990).

The remaining oxygen was assumed to be consumed in the
muscle and skin through common oxidative pathways, thus
eventually generating heat. A mean value of 6mol of ATP
produced per mol of Oz consumed was used to express the
energy released by the oxidative pathways of the muscle, i.e.
its net production of heat. We used the values expressed as
umol of ATP to make energy value comparisons between
different substrates because it is faster to calculate.

In asimilar way, the balances of substrates (glucose, lactate
and amino acids) were converted into ATP energy equivalents
(only the ATP generated by oxidation), using the more
common catabolic pathways described for muscle and the more
probable ATP yield found in standard biochemistry texts. We
assumed that protein mass was relatively unchanged during
this short period, since there is practically no net oxidation of
amino acids under these conditions (Adan et al. 1994)
compared with oxidation of other substrates. Under short-
duration cold exposure, amino acids are used for protein
synthesis and pool size variation since the net release of
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ammonia and glutamine is insignificant (Adan et al. 1994).
Thus, we assumed that muscle essentially used glucose and
lipid as energy substrates for the whole period studied.

The mean ATP yield from triacylglycerol metabolism was
estimated from the mean empirical formulae for fat of this
strain of rat (Esteve et al. 1993a), a mean fatty acid chain
length and unsaturation level estimated by assuming that each
mol of triacylglycerol contained 2.5mol of C18:1 and 0.5mol
of C22:2. The free fatty acid energy yield was calculated as
one-third of that generated by triacylglycerols, since the
glycerol moaiety is not used by muscle.

The net oxygen consumption of the tissue (the oxygen
balance minus the oxygen used for elimination of excess H*)
was used, together with the computed total carbon dioxide
released by the tissue (the sum of CO2 and bicarbonate in both
main blood pools) to generate the net tissue respiratory
quotient, which allowed us to determine the proportion and
amount of energy derived from carbohydrate (in the oxidation
of glucose, lactate or glycogen, expressed as ATP glucose
equivalents) or lipid (oxidation of triacylglycerol, in ATP
equivalents). These data, when compared with the actua
balances, allowed us to determine whether endogenous
substrates had been mobilized or whether their stores had
increased.

Statistical comparisons between means were performed
using standard analysis of variance (ANOVA) tests, using a
significance limit of P<0.05.

Results

Blood flow across the hindleg muscle mass (Fig. 1)
increased steadily under cold-exposure for 1h, followed by a

Blood flow (ml min~1)

0 30 60 90 120
Time of cold-exposure (min)

Fig. 1. Blood flow changes in rat hindleg muscle and skin during
cold-exposure. The data are means + s.e.m. of 4-5 different animals;
the total value represents the computed blood flow through
hindleg muscle and skin. The mean specific blood flows for muscle
were in the range 0.21+0.08mig=imin~1 at time zero to
0.50+0.02ml g~tmin—1 at 60 min; the mean specific blood flows for
skin were in the range 0.13+0.02mlg=lmin-1 a 30min to
0.24+0.07ml g~ min—1 at time zero. There was a statistical change
in blood flow to muscle over time (ANOVA, P<0.05), but not to skin.
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Fig. 2. Glycogen levels and substrate uptake by rat hindleg during
cold-exposure. The data are means + s.e.m. of 6-7 different animals.
Each net uptake (balance) was calculated from the arterio-venous
differences in concentration and the mean blood flow for the given
time obtained from another set of animals. Positive values represent
net uptake by the hindleg, negative values represent net release of
substrate. The scales in umoles (or wequivalents) per minute for
triacylglycerols (TAG) and free fatty acids (FFA) are equivalent in
terms of ATP generated (i.e. 0.1 umol TAG is equivalent to 0.3 wmol
FFA). The same can be said for glucose and lactate. There were
significant changes in glycogen, triacylglycerol and amino acid
uptakes (ANOVA, P<0.05) over time. There were no significant
changes in glucose, lactate or free fatty acid uptakes.

trough at 90 min. Blood flow across the skin changed little. The
amount of blood crossing the hindleg muscle of cold-exposed
rats was about twice the flow observed at room temperature.
The mean mass of hindleg was 16.5+0.6g, containing 59.3 %

muscle and 20.1% skin, the rest being essentially bone, claw
and sinew.

Fig. 2 shows the balances of glucose, glycogen, lactate, free
fatty acids, triacylglycerols and amino acids across the hindleg
of rats exposed to 4°C for up to 2h. During the whole period
studied, glucose balance was positive, and there were no
significant effects of the time of cold-exposure. There was a
net lactate production at 0 and 15 min. Lactate efflux increased
sharply from O to 15min, decreasing theredfter.
Triacylglycerol uptake was practically zero at 60 min, but flow
was reversed at 90 and 120min, since there was now a net fat
release by the hindleg.

The net release of free fatty acids from the hindleg was very
low during most of the period studied, with values being
significantly different from zero (net release) only at time zero.
The levels of ATP in muscle did not change between 0 min
(1.73+0.55umolg1) and 120min (0.90+0.23 wmol g~ 1)
(P>0.05); nor did those of creatine phosphate change between
Omin (21.5+7.5 umol g~1) and 120min (10.4+2.7 umol g~ 1);
the total computed loss of ATP and creatine phosphate of
hindleg muscle was approximately 118 umol in 2h.

Combined amino acid balance at room temperature was
amost zero when the whole 120min span was considered
(mean 61 nmol min~1); there was a dight efflux at 15-30min;
however, these values were statistically different from zero
only when the combined 15 and 30 min values were considered
asawhole, which changed to net uptake at 60 min. The amount
of amino acidsinitially lost was almost equal to that recovered
later on.

Table 1 shows the oxygen and carbon dioxide balances of
the hindlegs of rats exposed to cold. The changesin arterial or
venous Po, and Pco, values with time of cold-exposure were
small but significant for Pco,. The variations in pH were even
smaller. The arterio-venous differences in total bicarbonate
(intracellular plus plasma) and in total CO2 (free CO2 and
bicarbonate in the intracellular and plasma compartments
combined) were both small but showed significant increases
with cold-exposure; the changes in the net contribution of the
hindleg to total CO2 balance were not significant, despite
showing a tendency to rise shortly after the beginning of cold-
exposure and to decrease later. Arterial and venous blood
oxygen concentrations were not significantly affected by cold-
exposure, but the proportion of oxygen carried in the blood that
was taken up and used by the leg tended to increase with the
cold. The corresponding CO2 and oxygen balances, however,
changed markedly with cold-exposure, as the net production of
COz increased and the consumption of Oz tended to increase.
Since the balance of bicarbonate also increased, the portion of
oxygen needed to equilibrate the balance of bicarbonate (H*)
was, on average (despite wide individual variations), doubled
with cold-exposure. The corrected mean respiratory quotient
(total CO2/oxygen consumed minus that used for elimination
of bicarbonate-derived protons) increased with cold-exposure
to a peak at 15min, decreasing thereafter to a steady figure
closeto 0.7.

The energy equivalence of the balances shown in Fig. 2 and



Hindleg energy balance during cold-exposure 1247

e Iubis 10U ‘SN ‘S0°'0>d (VAONY) SW I} PUe JUSWSINSESLU JO 8115 JO 199448 aU) JO 8oUedIUBIS [eoNSIeS *«
UBA ‘A (AL ‘Y
'sasayiuated Ul UBAIB s1 (UoirezifeinNeu aeu0gediq
J10J pasn eyl snuiw e101) sanfeA uondwnsuod UsBAXo 1eu ay) Buisn paurelqo 1uanonb Alomeiidsal ayp 9xeidn 20 [e101 01 uonanpoid 20D [e101 Jo oIl ayl SI s nonb Alorlidsal ay L
"90Ue [eq 872U0CRI1J BY} JO UOITeZI[eINeuU 8y} 10} pasn aq 01 1ybnoys s1 Teyl anssii syl Aq dn uaxe) usbAxo ayp Jo aliejusaled syl ‘_€ODH J0J pPaWINSUCD 20 %
"u1go[BOWSeYAXO JO WLIOJ B} U1 IO POAICSSIP S1 11 JBYIBUM JO SANII8AS.1 ‘1| oW Ul pessaidxe poo|q syj ul UsBAXo Jo Junowe ay) 20
20D [B10} POOIq [RLSME JO MOYUT B} 0} dnssi 3y} Ag pappe 20D [e10} Jo uoniodoid 8y ‘200 snoushiopul %
"poo|q JO awnjoA UsAIB e ul (Uigo|fowsey—ouiwegred se |PM Se) aleuogrediq pue apIxoip Uogted Joj elep paulgquiod ay ‘20D el

‘poojq

JO aWN|oA (ewse|d + S[[e2) PaUIGICD BY) 01 PR3 joJ SUOITRNIUSOUOD S1RU0dIedIq Jen|pdeixa pue Jejn|eJeiul pauiquiod ay) 'l ‘UoIIRIIUSIUOoD S1eUogRd1q UesLl poold ‘_€0DH .10l
SeWILR 6—9 JO "W'I'S F SUesSW aJe SaNeA

SN . SN SN SN SN SN SN SN SN . awi]
M * x * x x uen/AruY
saneA d
€0 .. . . . lTTESEY £5076/'6T 0507228T 200¥8€. TTIFS  ZOFlv A
2o ~ VOFEIL ECHTL EGEOT BVILOV onmeg L9789 pprmzuT OTTHGOOT  €00FYL  L0FBTT TOFEE V02T
(69°0) . o o evOTLY 2L07S6'8T 09072281 T00FEF. €070  TORHY A
190 gess  8O0%8 60705~ 9T grorye VOOl cpozopuT  ecoTOTOT  T00FRY.  €TRVT TOFLE V06
(99°0) — . o . cyoTLY . 19079867 8G0F//T 20072y, ¥070S 20Ty A
850 LEFIOL STFRIAT - SeR9 95FSV rorgg 09Tl og0mequT  £90%9T9T  TOOFL  OTHST  TOFEE V09
(89°0) . o o B o A 6S0T6C6T /90TZE8T  100%2K. 20%6Y  TOFLv A
090 EEFOTL  L0%OT  TTHO  LEFEV  fhzaeg  SC8VD oorcesT  ovoFerol  TOOT8YL 90FOET  TOFEE YV OF
(s6°0) s . . o ovoTESS . 250766'6T 0SOFEST  100%2K. €079S  TOTY A
80 Ov¥6TL  80%9 SIS~ 9EFIEE  romegg CC NSl OUTeSuT  z20FI0ZT  T00F8YL  L0F8TT  €0RE VG
(sL0) . L o OPOTESS . OTTFZS /T 6UTFOV/T  TO0FY. +0709  Z0%ev A
690 6oy SO E1H0E™ B9 crozgpg TV uoresuT  sroFeGOT  T00FBYL  LOFZT  TORE Y 0
wenonb  _€0DH Jo) (;-uiw jowr?)  (p_uu jowr) pasn (7-1 foww) 200 (-loww)  (5—| joww) Hd (ed) (ed) als (U
Aloelidssy  pawWINsuUod soUeeq 2oUeeq Z0 20 snousbopu3 70%0) _€ODH 0y 2004 awi
20 % 20 200 % % 10, E0.L

P02 3y1 01 pasodxe Ba[puly Je. Jo Saoueeq apIX0Ip uoged pue usbAxQ T ajgeL



1248 C. ADAN AND OTHERS

Table 2. Energy equivalence of net balances of substratesin
the hindleg of the rat during exposure to the cold

Duration of cold-exposure (min)

Substrate 0 15 30 60 90 120
Glucose 12.2 62 117 00 168 4.4
Lactate 6.4 -16.0 16 48 -144 64

Triacylglycerols 63 75 34 23 41 —45

Freefatty acids 420 08 -23 91 -83 -380
Alanine -1.8 —4.8 0.0 2.8 1.6 2.7
Glutamate 5.6 11 03 4.5 23 21
Glutamine 56 36 -72 115 -08 -10
Aspartate 07 22 49 05 -19 31
Leucine -0.1 -06 7.7 53 14 1.6
Isoleucine -0.9 0.6 15 41 -13 1.2
Vaine 1.7 -0.3 0.9 19 1.0 34
S Amino acids 16 98 -177 306 2.3 15
3Total (minus 268 644 450 273 469 -850
amino acids)
S Total 344 54.6 27.3 33 446 -835
Oxygen (total) 263 384 614 675 491 666
Oxygen (net) 250 338 543 607 447 587

Energy equivalents are expressed in umol ATPmin-1,

The data are the calculated means for each material from the net
balances at each exposure time.

The equivalence in ATP generated through the oxidative energy
pathway (in wmol ATP wmol~1; i.e. the ATP obtained through direct
substrate phosphorylation was not taken into account) of the
substrates used for calculations was: glucose, 30; lactate, 16;
triacylglycerols, 420 (mean fatty acid composition: 2.5 C18:1, 0.5
C22:2); free fatty acids, 140; alanine, 14; glutamate or glutamine, 23;
aspartate, 17; leucine or isoleucine, 38; valine, 24.

Positive values represent net substrate uptake by the hindleg and
negative values represent net substrate release from internal stores
(endogenous energy).

Total oxygen—derivable energy represents the crude conversion of
the oxygen balance to ATP energy (6 mol ATP per mal Oy).

Net oxygen-derivable energy is this value after the oxygen needed
for neutralizing the bicarbonate/H* balance has been discounted.

Table 1 are presented in Table 2, which shows the energy flow
equivalences (in wmol ATPmin~1) of the balances for glucose,
lactate, triacylglycerols, free fatty acids, amino acids and
oxygen. Only the amino acids known to be oxidized (branched
chain: leucine, isoleucine and valine), actively synthesized or
used (alanine, glutamine, glutamate and aspartate) were
included in this study, since all other changes must reflect
changes in pool size or protein mass. Total substrate uptake
essentially followed the pattern for triacylglycerol, whose
contribution to hindleg energy balance was maximal at room
temperature and shortly after the start of cold-exposure,
reverting to a severe drainage of energy from 60 min onwards.
Despite this reversal of substrate uptake from the blood,
oxygen consumption first increased and was later maintained
at higher levels during cold-exposure.

Table 3. Energy equivalence of net balances of carbohydrate
and lipid in the hindleg of the rat during exposure to the
cold compared with the calculated consumption derived from
oxygen consumption and respiratory quotient

Duration of cold-exposure (min)

Variables 0 15 30 60 90 120
Percentage of substrate oxidized
Carbohydrate 17 83 0 0 0 10
Lipid 83 17 100 100 100 90
Lipid consumption
Oxidized 20.8 57 453 607 447 528
Balance 210 742 317 -321 -327 -830
Net endogenous -02 -685 226 928 774 136.0
Carbohydrate consumption
Oxidized 42 281 0 0 0 5.9
Balance 58 98 133 48 24 20

-133 48 24 79
686 -98 100 -04

Net endogenous -16 379
Muscle glycogen 0.0 166

Energy equivalents are expressed in umol ATPmin-1,

All values have been calculated from the data shown in Tables 1
and 2 and Figs 1 and 2. The percentage of substrate oxidized has been
derived from the respiratory quotient presented in Table 1, assuming
an almost insignificant protein oxidation in muscle for the whole
period studied.

All consumption values are expressed as aerobic ATP equivalents
(in wmol min?, asin Table 2).

Oxidized lipid and carbohydrate values were obtained from the net
oxygen balance (expressed in oxidative ATP equivalents) and the
percentage of each substrate oxidized derived from the respiratory
guotient.

The lipid balance is the sum of the balances of triacylglycerol and
free fatty acid balances, and that of carbohydrate is the sum of the
balances of glucose and lactate. The amount supplied from
endogenous sources is the difference between the calculated amount
of substrate oxidized and the net substrate balances. The glycogen
levels presented correspond only to those in muscle (Fig. 2).

Table 3 elaborates on the data in the previous figures and
tables, illustrating the proportion of oxygen energy equivalents
derived from lipid or carbohydrate, calculated from the
standard respiratory quotients of 1.0 for carbohydrate and 0.7
for lipid, assuming a negligible oxidation of amino acids.

Lipid (triacylglycerol plus free fatty acid) consumption was
minimal at 15min of cold-exposure, falling below the already
low rate of consumption at room temperature. It increased
considerably from 30 min onwards to sustain practically all the
energy needs of the whole hindleg. The balance of
triacylglycerols carried by the blood changed sign between 30
and 60min of cold-exposure, so the result is a marked
alteration of internal fat pool management after cold-exposure:
net uptake of triacylglycerols (and consequent build-up of fat
reserves) at room temperature and shortly after cold-exposure
changes to a significant mobilization of fat reserves,
accounting not only for the whole net oxidative energy



produced but aso the release of triacylglycerols to the
bloodstream for use elsewhere.

No significant changes were observed in triacylglycerol
mass in muscle (mean 17.2+2.1 umol g~1) and skin (mean
130+7 umol g~1) during the period studied (ANOVA). The
triacylglycerol energy stored in the hindleg muscle and skin
tissue amounted to a mean of 603 umol (i.e. 494 mg), which
would represent about 249 mmol of ATP if it were oxidized
under standard conditions. The computed loss of
triacylglycerol (oxidized or carried away with the blood) by
leg tissues during the 120 min of cold-exposure was equivalent
to 6.7mmol of ATP. The loss during the second hour of cold-
exposure was equivalent to 6.1mmol of ATP. This result
indicates that, in al, the leg lost about 2.7 % of itslipid energy
in 2h; in addition, it suggests that al hindleg lipid could be
consumed in about 41 h if the oxidative and efflux rates were
maintained.

Carbohydrate consumption was low at room temperature,
but increased sharply shortly after exposure to 4°C, decreasing
to practically zero from 30 min of exposure onwards. When the
data on glucose plus lactate balances are combined with the
carbohydrate oxidation energy derived from net oxygen uptake
and the respiratory quotient, the results indicate a marked
draining of glycogen in the whole hindleg, which coincides
with the observed decrease in muscle glycogen content.
Immediately after this period, there is a slow recovery of the
internal carbohydrate pools, at the expense of glucose and
lactate balance, which again coincides with a recovery of
muscle glycogen levels.

Each hindleg mass represents about 6.6% of the rat mass,
containing about 9.1% of the muscle mass of the rat, a mean
43% of body mass (Arola et al. 1979). The hindleg consumes
only 1.8% of the rat’s oxygen supply (Esteve et al. 1993b)
under standard conditions (time zero) and 1.9% during cold-
exposure (120min).

Discussion

The interpretation, in terms of energy, of oxygen arterio-
venous balances in many tissues has often been used as a
means of establishing the energy consumption of agiven organ
or part of live animals (Barbee et al. 1983). Despite their
considerable interest, however, organ respiratory quotients
have seldom been used (Ahlborg et al. 1974), partly because
of the uncertainties posed by the measurement of exact levels
of carbon dioxide in its different forms (bicarbonate,
carbamino-haemoglobin, free CO2) in the main blood
compartments. This problem has largely been solved, thanks
to precise measurements of haemoglobin dissociation
constants and the Bohr effect (Bork et al. 1975; Boutilier et al.
1977; Riera et al. 1990), as well as by straightforward
calculation of relationships between Pco,, pH and the actual
concentrations of these ‘total CO2' components (Severinghaus
et al. 1956). The measurement of balances of oxygen and
carbon dioxide across a given tissue, however, often resultsin
relatively low values for total CO2 compared with oxygen
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consumption (Casado et al. 1990). The inter-organ transfer of
‘oxygen debt’ in the form of bicarbonate-linked protons
(Casado et al. 1990) permitted the correction of these data to
give lower oxygen consumption figures that were directly
related to the metabolic processes of substrate oxidation. We
have thus been able to obtain a corrected respiratory quotient
and to use it to establish the possible use of tissue carbohydrate
or lipid stores.

Mammalian muscle maintains an active amino acid
metabolism in the postprandia state, providing considerable
amounts of aanine, glutamine and other amino acids
(Ruderman, 1975) for splanchnic energy and glyconeogenesis
(Aikawaet al. 1973). The overal flow of amino nitrogen from
the peripheral (mainly muscle and adipose tissue) organsto the
splanchnic bed is changed after eating, when these organs take
up most of the substrates released by the intestine (Fernandez-
LOpez et al. 1993). Our experiment was scheduled to begin 2h
after the last bout of feeding, which occurs shortly before the
onset of the light period (Calhoun, 1963), but not so long after
feeding for the rat to be in a postprandial state. The idea was
to limit the influence of amino acid interchange and thus to
minimize its effect on the respiratory quotient. The relatively
small alanine and glutamine effluxes were in agreement with
this interpretation, since alanine and glutamine are the main
nitrogen-bearing compounds released by muscle under
conditions of limited proteolysis (Aikawa et al. 1973).
Evidently some proteolysis and, later on, net protein synthesis
occurred in the cold-exposed hindleg, but its effect as an
energy-supplying substrate is very small (Adan et al. 1994)
compared with those of carbohydrate and lipid (Table 2). In
fact, the changes observed in amino acid uptake correspond
essentially to variations in pool size and protein turnover, not
to actual amino acid oxidation for energy purposes (Adan et
al. 1994).

The noteworthy constancy of arterial oxygen concentration,
aswell asthe scarcely changing pH and Pco,, indicate that the
main element of change was the alteration of blood flow
induced by cold-exposure. In cold-acclimated rats, blood flow
across brown adipose tissue masses increases dramatically
(Lopez-Soriano et al. 1988), with a relative skin
vasoconstriction (Foster and Frydman, 1978) such as that
observed here. Skeletal muscle blood flow increases with cold-
exposure and the onset of shivering. Hindleg muscle
temperature decreases more than that of the core blood under
cold-exposure, however (Closa et al. 1992), apparently
because heat losses through conduction to the skin and the
environment tend to equilibrate blood-borne heat and the heat
produced by the leg, which consists mainly of muscle tissue.
It is improbable that muscle heat production would contribute
significantly to the maintenance of core temperature (Closa et
al. 1992), so the role of shivering would be more related to
maintaining of muscle temperature itself than to making a
substantial contribution to overall thermoregulation. In the rat,
muscle temperature decreases only a couple of degrees under
cold exposure when compared with aortic temperature (Closa
et al. 1992), the temperature of muscle being maintained only
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partly by muscle metabolism and mainly through heat transfer
from the blood (Adéan et al. 1995).

The muscle used less energy before exposure to cold than
afterwards; most of the energy then used was of lipid origin.
Combined amino acid uptake was amost zero, and the
proportion of glucose used was relatively small, with a high
proportion of it being returned to the bloodstream in the form
of lactate. There was probably not a significant rise in tissue
lactate levels, since lactate exchange with the bloodstream was
low: a balance of practically zero and low circulating levels.
The basal conditions used in this experiment suggested a
significant accumulation of lipid energy and a reduced use of
glucose. Shortly after the ambient temperature was reduced to
4°C, the energy production (oxygen consumption) of the
muscle increased (Poole et al. 1992), following a pattern
similar to that of light exercise, with a significant use of the
glycolytic pathway and increased | actate efflux (Ahlborg et al.
1974; Barbee et al. 1983), essentially at the expense of muscle
glycogen (Price et al. 1991), levels of which decreased by
35%. This transient period could be related to the onset of
shivering (Gautier et al. 1991). Shortly thereafter, however, the
muscle forfeited its active glycolytic conversion of glucose to
lactate (lactate production dropped to zero, as did glucose net
uptake) and fats became almost the sole source of energy.

The period studied shows three well-defined phases of
substrate handling by cold-exposed hindleg. (1) The onset of
shivering, with the use of glucose/glycogen through the
glycolytic pathway and an increase in lactate efflux. Most of
the energy comes from increased substrate oxidation. There is
practicadly no lipid oxidation, and the uptake of
triacylglycerols from the blood remains unchanged. (2) A
substrate-energy shift, with a marked decrease in the use of
glucose/glycogen and  diminished lactate  efflux.
Triacylglycerol is ailmost the sole source of energy. Thereisa
decreased uptake of triacylglycerol and increased tissue lipid
mobilization. (3) A new heat-homeostasis setting for prolonged
cold-exposure, with the maintenance of muscle energy and
heat production being based on fat utilization, and
triacylglycerol efflux from the hindleg (muscle plus skin and
subcutaneous adipose masses) contributing energy to help
sustain heat production by the core organs and surrounding
brown adipose tissue masses. Phase 3 is like the periphera
tissue lipid mobilization that occurs during cold-adaptation (or
prolonged cold-exposure) in the rat (Vallerand and Jacobs,
1989). After 120min of cold-exposure, the rat energy budget
and distribution have changed sharply and the mechanisms of
long-term adaptation to the cold begin to take hold, resulting
in full cold-acclimation after a longer and sustained period of
cold-exposure.

The most striking effect observed is the dramatic decrease
of glucose utilization (phase 2) occurring shortly after the bout
of glycolysis that characterized the onset of shivering (phase
1). The lower respiratory quotient marks a shift in the
uptake/release of fats from/to the blood and supports this
interpretation; this active fat mobilization may berelated to the
need to maintain muscle glycogen levels as a fud for

occasional muscle work, muscle thermogenesis being fuelled
from widely available fat stores.

This work was supported by a grant from the Plan Nacional
de Investigacion Cientifica y Desarrollo Tecnoldgico de la
Comision Interministerial de Ciencia y Tecnologia (DEP91-
0736) from the Government of Spain. A.A. is the recipient of
a predoctoral fellowship of the Government of Catalonia.
Thanks are given to Robin Rycroft for the literary correction
of the manuscript.

References

ADAN, C., ARDEVOL, A., CLosA, D., REMESAR, X., ALEMANY, M. AND
FERNANDEZ-LOPEZ, J. A. (1995). Hind leg heat losses of cold-
adapted rats. J. therm. Biol. (in press).

ADAN, C., ArRDEvoL, A., REMESAR, X., ALEMANY, M. AND
FERNANDEZ-LOPEZ, J. A. (1994). Hind leg muscle amino acid
balancesin cold-exposed rats. Molec. cell. Biochem. 130, 149-157.

AHLBORG, G., FELIG, P., HAGENFELDT, L., HENDLER, R. AND WAHREN,
J. (1974). Substrate turnover during prolonged exercise in man. J.
clin. Invest. 53, 1080-1090.

AIKAWA, T., MATSUTAKA, H., YAMAMOTO, H., OKUDA, T., ISHIKAWA,
E., KAwANO, T. AND MATSUMURA, E. (1973). Glyconeogenesis and
amino acid metabolism. Il. Inter-organal relation and roles of
glutamine and alanine in the amino acid metabolism of fasted rats.
J. Biochem., Tokyo 74, 1003-1017.

AROLA, L., HERRERA, E. AND ALEMANY, M. (1979). A method for the
estimation of striated muscle massin small laboratory animals. Rev.
esp. Fisial. 35, 215-218.

BARBEE, R. W., StainsBY, W. N. AND CHIRTEL, S. J. (1983). Dynamics
of Oy, CO», lactate and acid exchange during contractions and
recovery. J. appl. Physiol. 54, 1687-1692.

Bork, R., VAupeL, P. AND THews, G. (1975). Atemgas—pH-
normogramme fiir das Rattenblut bei 37 °C. Anaesthetist 24, 84-90.

BouTILIER, R. G., GIBSON, M. A., Toews, D. P. AND ANDERSON, N.
(1977). Gas exchange and acid-base regulation in the blood and
extraembryonic fluids of the developing chick embryo. Respir.
Physiol. 31, 81-89.

Bruck, K. AND ZEISBERGER, K. (1987). Adaptive changes in
thermoregulation and their neuropharmacological basis. Pharmac.
Therap. 35, 163-215.

Bukowieckl, L., FOLLEA, N., VALLIERES, J. AND LEBLANC, J. (1978).
B-Adrenergic receptors in brown-adipose tissue. Characterization
and alterations during acclimation of rats to cold. Eur. J. Biochem.
92, 189-196.

CALHOUN, J. B. (1963). The Ecology and Sociology of the Norway
Rat. Bethesda, MD: US Department of Heath, Education and
Welfare.

CasaDO, J., FERNANDEz-LOPEZ, J. A., ESTEVE, M., RAFECAS, I.,
ARGILES, J. M. AND ALEMANY, M. (1990). Rat splanchnic net
oxygen consumption, energy implications. J. Physiol., Lond. 431,
557-569.

CLosa, D., ALEMANY, M. AND REMESAR, X. (1992). Effect of cold
exposure on organ temperatures in Wistar and Zucker falffarat. J.
therm. Biol. 17, 83-88.

Davis, T. R. A., JoHnsTton, D. R., BELL, F. C. AND CREMER, H. J.
(1960). Regulation of shivering and nonshivering heat production
during acclimation of rats. Am. J. Physiol. 198, 471-475.

EsTeVE, M., RAFECAS, |., FERNANDEZ-LOPEZ, J. A., REMESAR, X. AND



ALEMANY, M. (1993a). Dietary fatty acid utilization by young
Wistar rats fed a cafeteria diet. Molec. cell. Biochem. 118, 67-74.

EsTEVE, M., RAFECAS, |., FERNANDEZ-LOPEZ, J. A., REMESAR, X. AND
ALEMANY, M. (1993b). Lipid synthesis: a thermogenic mechanism
in cold-exposed Zucker falfarats. Comp. Biochem. Physiol. A 105,
369-376.

FERNANDEZ-LOPEZ, J. A, Casapo, J., ESTEVE, M., RafFecas, I.,
ARGILES, J. M., REMESAR, X. AND ALEMANY, M. (1993). Intestinal
and hepatic nitrogen balance in the rat after the administration of
an oral protein load. Brit. J. Nutr. 69, 733-742.

FossaTl, P. AND PRENCIPE, L. (1982). Serum triglycerides determined
colorimetrically with an enzyme that produces hydrogen peroxide.
Clin. Chem. 28, 2077-2080.

FosTeRr, D. O. AND FRYDMAN, M. L. (1978). Tissue distribution of
cold-induced thermogenesisin conscious warm- or cold-acclimated
rats reevaluated from changes in tissue blood flow: the dominant
role of brown adipose tissue in the replacement of shivering by
nonshivering thermogenesis. Can. J. Physiol. Pharmac. 57,
257-270.

FrecLY, M. J, KIKTA, D. C., THREATTE, R. M., TORRES, J. L. AND
BARNEY, C. C. (1989). Development of hypertension in rats during
chronic exposure to cold. J. appl. Physiol. 66, 741-749.

GAUTIER, H., BONORA, M., M'BAREK, S. B. AND SINCLAIR, J. D.
(1991). Effects of hypoxia and cold acclimation on
thermoregulation in the rat. J. appl. Physiol. 71, 1355-1363.

GorpoN, C. J. (1990). Thermal biology of the laboratory rat. Physiol.
Behav. 47, 963-991.

GUTMANN, |. AND WAHLEFELD, A. W. (1974). L-(+)-lactate. In
Methods of Enzymatic Analysis, vol. 4 (ed. H. U. Bergmeyer.), pp.
1464-1468. New Y ork: Academic Press.

Heinz, F. AND WEISSER, H. (1985). Creatine phosphate. In Methods
of Enzymatic Analysis, vol. 8 (ed. H. U. Bergmeyer, J. Bergmeyer
and M. Grassl), pp. 507-514. Wenheim: VCH
V erlagsgessel schaft.

lossa, S., BARLETTA, A. AND LIVERINI, G. (1991). Hepatic selective
adjustments in short-term cold exposed rats. Cell. Biochem. Funct.
9, 275-280.

IsHISHE, S., PEGRAM, B. L., YAMAMOTO, J., KITAMURA, Y. AND
FroHLICH, E. D. (1980). Reference sample microsphere method:
cardiac output and blood flows in conscious rats. Am. J. Physiol.
239, H433-H449.

KLEIBER, M. (1972). Body size, conductance for animal heat flow and
Newton's law of cooling. J. theor. Biol. 37, 139-150.

Hindleg energy balance during cold-exposure 1251

LopPez-SoriIaANO, F. J., FERNANDEZ-LOPEZ, J. A., MAMPEL, T.,
VILLARROYA, F., IGLESIAS, R. AND ALEMANY, M. (1988). Amino
acid and glucose uptake by rat brown adipose tissue. Effect of cold-
exposure and acclimation. Biochem. J. 252, 843-849.

MOORE, S. AND SteIN, W. H. (1948). Photometric ninhydrin method
for use in the chromatography of amino acids. J. biol. Chem. 176,
367-388.

PacGEs, T., FERNANDEZ-LOPEZ, J. A., ADAN, C., GAMEZ, A., VISCOR,
G. AND PaLAcios, L. (1993). A method for sampling representative
muscular venous blood during exercise in rats. Lab. Animals 27,
171-175.

PooLE, D. C., GAESSER, G. A., HocaN, M. C., KNiGHT, D. R. AND
WAGNER, P. D. (1992). Pulmonary and leg Vo, during submaximal
exercise: implications for muscular efficiency. J. appl. Physiol. 72,
805-810.

Pricg, T. B., RotHmAN, D. L., Avison, M. J., BuonAaMICO, P. AND
SHULMAN, R. G. (1991). 13C-NMR measurements of muscle
glycogen during low-intensity exercise. J. appl. Physiol. 70,
1836-1844.

RIERA, M., SANCHEZ, J., RAmMA, R. AND PaLAcios, L. (1990).
Changes in haemoglobin oxygen &ffinity in ethanol-treated rats.
Influence of intraerythrocytic phosphates. Gen. Pharmac. 21,
290-293.

RupermMAN, N. B. (1975). Muscle amino acid metabolism and
glyconeogenesis. A. Rev. Med. 26, 245-248.

SERAFINI, M. T. AND ALEMANY, M. (1987). A micromethod for the
enzymatic estimation of the degree of ramification of glycogen. J.
biochem. biophys. Meth. 15, 33-39.

SEVERINGHAUS, J. W., STuprEL, M. AND BRADLEY, A. F. (1956).
Accuracy of blood pH and Pco, determinations. J. appl. Physiol.
9, 189-196.

SoLey, M. AND ALEMANY, M. (1980). A rapid method for the
estimation of amino acid concentration in liver tissue. J. biochem.
biophys. Meth. 2, 207-211.

TRINDER, P. (1969). Determination of glucose in blood using glucose
oxidase with an alternative oxygen acceptor. Annls clin. Biochem.
6, 24-27.

VALLERAND, A. L. AND JAcoBs, |. (1989). Rates of energy substrates
utilization during human cold exposure. Eur. J. appl. Physiol. 58,
873-878.

YAHATA, T. AND KUROSHIMA, A. (1988). Metabolic cold acclimation
after repetitive intermittent cold exposurein rat. Jap. J. Physiol. 39,
215-228.



