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ABSTRACT

The overall aim of this work is to gain insight into the
physiological role of brown adipose tissue (BAT) thermogenesis in
thermoregulation; to that end, the studiés reported here comprise
an investigation, in the rat, of both the neural control of
interscapular brown fat and the daily pattern of BAT temperature
change in the rat. 1In the first experiment, an acute stimulation
paradigm was employed in combination with moveable electrodes, in
order to precisely map the ventromedial hypothalamus (VMH) for
sites which elicit stimulation-induced increases in BAT
thermogenesis. Of roughly 30 stimulated sites in the VMH region,
20% gave rise to a BAT response; temperature rises ranged from
0.6 to 4.6°C, and returned to baseline in approximately an hour.
It is speculated that the observed variability in BAT response to
VMH signals may be due either to regicnalized input from
adjoining nuclei, or to differing thresholds of activation for
various elements of the nucleus.

In the course of this first study, stimulation of a number of
extra-VMH sites was observed to evoke a rapid drop in BAT
temperature, a response which has not been well-characterized.
Therefore, in the second study, structures outside the VMH were
systematically evaluated, using moveable electrodes, for sites
associated with a BAT temperature decrease. About 70% of
electrode tracks located in the ventral lateral thalamic nucleus
(VLT) and the zona incerta (ZI) displayed sites which elicited
repeatable drops in BAT temperature. The typical profile showed

a temperature drop of approximately 0.5°C, and took about 30 min
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to return to baseliné; in addition, most VLT sites showed a small
drop in core temperature. To investigate mechanisms underlying
the BAT temperature drops, effective sites in a subset of animals
were restimulated after systemic injection of the p-adrenoceptor
blocker propranclol or the a-blocker phentolamine. As expected,
application of the P-blocker did not prevent the temp.rature
drop, but the a-blocker appeared to severely diminish the
response in the three cases examined. This finding, while not
yet definitive, is compatible with the notion that a sympathetic
vasoconstrictive mechanism underlies the BAT temperature drops.

The observation of bidirectional changes in BAT baseline
temperature, combined with reports that BAT heat production
contributes to core temperature {eg. Closa et al, 1993; Foster &
Frydman, 1978) led to the hypothesis that brown fat displays a
circadian profile of heat production similar to that of core. To
investigate the daily pattern of BAT temperature changes, radio-
frequency disc transmitters (Mini-Mitter Co., Inc.) were
implanted beneath the interscapular BAT deposit, and temperatures
were recorded throughout the 24 h cycle of equal light/dark
periods, for up to six days. The data were analyzed using
spectral analytic methods to examine underlying cycles. The
circadian component was then statistically subtracted from the
temperature pattern ("deseasoning") and the data reanalyzed in
order to determine if any ultradian cycles were present; this
second procedure reduces interference from harmonic frequencies, -

As expected, all data show a circadian cycle; the analysis

confirms the strong visual impression given by the temperature
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profiles of an elevated nocturnal baseline. However, the
presence of ultradian rhythms is less clear; spectral analysis
suggests that the 8h and 4h cycles are most consistent, and the
4h cycle may be the stronger as it persists in the analysis of
the deseascned data.

Three subjects also had a second transmitter placed in the
intraperitoneal cavity in order to collect simultaneous core and
BAT temperature. The temperature profiles we observe appear to
be highly correlated; both the BAT and core patterns are
characterized by an elevated nocturnal baseline, peaks and
valleys throughout the 24h, and an anticipatory rise in
temperature that appears about three hours before light offset.
This latter feature, along with the persistence of the BAT
nocturnal rise even in the 24h lights-on condition, suggests that
BAT temperature rhythm is driven by an endogenous pacemaker,
similar to the regulation of core temperature.

The cross correlational analysis indicates first, that the
precise relationship between the two profiles is highly variable,
both within and between rats; second, the predominant uhderlying
ultradian cycle for both appearé to range from 3 to 4 h, as
corroborated by the results of spectral analyses; third, it
appears that the correlation between BAT and core is generally
higher at night than during the day; and fourth, in many cases
there is a suggestion that the BAT temperature profile leads that
of core by 10 to 30 minutes. Thus, the results of the third
experiment provide strong evidence that brown fat heat production

contributes to core temperature warming patterns.
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INTRODUCTION

The study of brown fat has a rich, engrossing history. It
was first thought to be thymus tissue, and was next billed as the
"hibernating gland". The earliest written reference to brown fat
is generally attributed to Gessner in 1551 (Smith, 1963),
although detailed attempts to describe the microscopic anatomy
began much later, at the end of the 19th century. Researchers
speculated on numerous possible functions for the gland, from a
reserve supply of energy to an internal source of water and
endocrine hormones {(from Johansson, 1958). 1In 1961, R, E. Smith
published an abstract stating that brown fat excised from cold-
acclimatized rats displays an elevated in vitro respiration rate
compared to that of tissue from control animals; this metabolic
change allows five times the heat production of normal tissue.

It is this unique facultative thermogenic response, in
combination with the fundamental regulatory role of the
sympathetic nervous system in BAT metabolism, that places brown
fat research squarely at the crossroads of two major
investigative fields: thermoregulation and energy regulation.

The work described here is intended to contribute to our current
understanding of both the neural control of BAT thermogenesis and

the physiological role of brown fat heat production.

General Background: Brown fat differs from white fat in
distribution, biochemistry, and function, and has thus far been
positively identified only in mammals (Trayhurn, 1993). BAT is

found in discrete axillary, intercostal, subscapular, and



interscapular regions in the rat, as well as along major
abdominal blood vessels (see Himms-Hééen, 1985). The
interscapular brown fat deposit is the most accessible, and is
therefore most often used in studies of BAT functioning. Mammals
vary in their distribution and percentage of BAT, but the tissue
is generally most active in neonates, and the amount declines
with maturity; BAT thermogenic activity in rat pups, for example,
appears to peak at 3 to 4 days post-natal {Sundin & Cannon,

1980) . ' Brown adipose tissue comprises 1 to 5% of total body fat
in rats, depending on feeding conditions and ambient temperature
(from Arbuthnott, 1989). Active intra-abdominal deposits have
been found imbedded within the white adipose tissue of human
"adults ({see Lean, 1989), although the role of BAT in human energy
regulation remains unclear.

The characteristic colour of brown fat comes from both the
heavj vascularization and the dénsity of mitochondria within
individual cells. The level of blood flow through BAT shows a
much wider range that of white fat and is correlated with the
thermogenic state of the tissue (Foster and Frydman, 1979; Glick
et al, 1984; Benzi & Girardier, 1986; Laury et al, 1987). The
inner mitochondrial membranes of BAT contain a unique protein
known as thermogenin or uncoupling protein (UCP). The UCP is
almost solely respongible for the BAT heat production elicited by
sympathetic stimulation of the tissue; this is accomplished by
allowing protons pumped out of the mitochondria via the electron
transport system to leak back through the UCP, instead of

returning through the usual ATP-generating channels that define

P
7
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the final step of oxidative phosphorylation. This mechanism will

be described in more detail in section 3.

Role of the SNS: Reports of altered metabolism in denervated
brown fat pads for both normal and food deprived animals (egq.
Hausberger, 1934 as cited in Smith and Roberts, 1964; Sidman et
al, 1962) provided the earliest evidence of BAT autonomic
innervation, along with the results of histological and
biochemical examinations of the tissue for noradrenaline (NE)
content (e.g. Wirsen, 1964). Correll (1963) suggested that the
SNS exerts an influence on adipose tissue, based on his
observation that in-vitro electrical stimulation of BAT causes
the release of free fatty acids into the medium. A major finding
was reported by Hull and Segall (1965) who demonstrated that a
biphasic temperature response was elicited from rabbit brown fat
following direct in vivo cervical nerve stimulation; they also
observed that denervation caused depletion of fat content in the
tissue. Finally, Seydoux and coworkers (1977), in another
important advance, recorded increased NAD(P)H [nicotinamide
adenine dinucleotide (phosphate)] levels in BAT when the
intercostal nerves were electrically stimulated in vitro,
indicating an increased capacity to oxidize substrates. They
further noted elevated levels of 0, consumption in the tissue.

Pagé and Babineau (1950, as cited in Johansgog: 1958) were
among the first to suggest that the function ofﬁﬁiown fat is
realized through cold exposure. While an increase in lipid

turnover was known to be a pivotal metabolic change underlying



the general cold-induced sympathetic response (Steiner & Cahill,
1964), the direct link between cold stimulation, sympathetic
response, and brown fat thermogenesis was only fully elaborated
when Smith and Roberts (1964) discussed how the relatively small
amount of heat generated by BAT might make a significant
contribution to total body thermoregulation.

They argued that the heat from BAT must somehow be directed
to a small isolated heat sink. Latex-injected rats were
dissected in order to study details of the regional vascular
supply, and the authors subsequently described the large venous
drainage from the interscapular BAT deposits, known as Sulzers
vein. This efferent venous flow from BAT supplies warmed blood
directly to the heart, but also acts to heat proximal afferent
arterial blood by the method of counter current heat exchange,
therefore in turn bathing the thoracic and cervical spinal cord
wifh the :érmed arterial blood. Later research demonstrated that
brown fat is able to respond to direct, graded stimulation of the
nerves with corresponding changes in the magnitude of temperature
change, which suggests that increasing degrees of cold exposure
may elicit greater heat production in brown fat tissue (Flaim et
al, 1976). This facultative heat production induced in BAT by

cold-exposure is termed non-shivering thermogenesis.

Characteristics of BAT Innervation: The innervation of the
interscapular BAT deposit has been studied using light, electron,
and fluorescence microscopy. Each of the two symmetric fat pads

are supplied by five intercostal nerves that originate from the
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thoracic and cervical ganglia; an additional single bundle enters
along the thoracodorsal artery. Flaim et al (1976) observed that
the intercbstal nerve bundles vary in size and myelination, and
Foster et al (1982b) further demonstrated that the exact
innervation pattern for each bundle differs across individual
rats. The functional cross innervation between the two BAT lobes
appears to be negligible {Foster et al, 1982a).

These five nerves supply both the fat cells and the vascular
system of the deposit, and terminate in the skin and white
adipose tissue surrounding the interscapular BAT area (Foster et
al, 1982b). Therefore, the bundles likely contain afferent as
well as efferent fibres. Indeed, capsaicin denervation, and
immunohistochemical studies indicate that nerves on the vessels
contain the typical sensory neurotransmitters substance P and
calcitonin gene-related peptide (CGRP) (Nnodim et al, 1988:
Himms-Hagen et al, 1990). These sensory nerves may serve to
regulate blood flow and trophic processes, through neuropeptide
release and possible communication between the sensory fibres and
the sympathetic ganglia (Himms-Hagen, 1990}.

There are also distinct nerve types within the class of
efferent fibres from the intercostal bundies. The fibres that
terminate on vessels contain neuropeptide Y co-localized with NE,
while those terminating on fat cells express only NE (Cannon et
al, 1986; Nnodim et al, 1988); it is assumed that this
distinction means that the two fibre tyﬂuilhave different
origins, but thus far, little is known. In addition, Engel et al

(1992) showed that there are functional differeﬁces between the



fibres terminating on the vessels and those terminating in the
skin.

The sympathetic control of BAT non-shivering thermogenesis
was confirmed by studies that described altered levels of NE
after starvation and cold exposure (i.e. Schénbaum et al, 1966;
Cottle et al, 1967; Steiner et al, 1970). Cold exposure induces
a specific sequence of events in brown fat tissue now
attributable to chronic NE stimulation. The acute thermogenic
response, that is, the events surrounding the activation of the
UCP, occurs within minutes of stimulation, as does the increase
in blood flow and mRNA for UCP (Desautels and Himms-Hagen, 1979;
Rial and Nicholls, 1984; Ricquier et al, 1986); the latter
reaches a maximum in 6 to 24 h, followed by elevated rates of UCP
synthesis (Peachey et al, 1988). There is also an increase in
lipoprotein lipase at the outer cellular membrane, as well as in
cellular thyroxine 5'deiodinase (Carneheim et al, 1984; Kopeékey
et al, 1986). Finally, the tissue displays both hypertrophy and
hyperplasia, reflecting an increase in fuel availability and in
the growth of preadipocytes and endothelial cells for capillary

beds, respectively.

Adrenoceptors Subtypes: The use of a wide range of
adrenoceptor antagonists and agonists in vitro stimulation
studies has demonstrated that NE interacts with B,, B, and also &,
receptors during stimulation of brown fat cells (Fain et al,
1984; see Fain and Garcia-Sainz, 1983; Horowitz & Hamilton, 1984;

Mohell et al, 1987:; Rothwell, 1990);. The @,~adrenoceptor

t



stimulation is shown to have a potentiating effect on P-induced
thermogenesis (Ma & Foster, 1984; Thurlby, 1985), but the

«, stimulation acts through a different mechanism than the

B receptors do; instead of stimulating the adenylate-cyclase
mediated uncoupling system, the &, stimulation alters some aspect
of the ATP-ase controlled electron flow of the BAT cell (see
Himms-Hagen, 1990). This cooperativity between & and P receptor
subtypes contrasts with the agonistic interaction observed in
white adipose cells (for review of subtypes, see Lafontan &
Berlan, 1993).

There is now evidence that BAT receptors in fact show the
strongest affinity for atypical, or P,, agonists (Arch et al,
1984); the B, receptors may mediate both the cellular events of
the thermogenic response, and the blood flowwincreases (Takahashi
et al, 1992). It also appears that this receptor subtype does
not elicit the increased blood pressure, or tachycardia seen with
other sympathomimetigs {Holloway et al, 1991; Jecquier et al,
1992). Hence, B, agégists represent the newest generation of

thermogenic anti-obesity drugs.

Effects of Surgical Denervation: Steiner et al (1970)
investigated the role of the SNS in vivo by denervating one of
the two interscapular BAT lobes; they found that denervation
impaired but did not prevent cold responses. A similar delayed
but not abolished elevation of protein and GDP-binding was
reported by Park and Himms-Hagen (1988b) and Desautels et al
(1986) , while Rothwell and Stock (1984) found .that denervation



completely prevented hypertrophy due to cold. The results of
denervation studies with animals maintained at room temperature
or higher generally show no loss of protein, but increased
triglyceride content and decreased GDP-binding (Rothwell & Stock,
1984; Desautels et al, 1986; Minokoshi et al, 1986a).

The effects of denervation of interscapular BAT can be
summarized as follows (see Himms-Hagen, 1990 or 1991, for further
elaboration) : apﬁroximately 90% reduction in NE content,
abolition of the cold-induced increase in blood flow, and
reduction of cold-induced increases in protein, UCP, GDP binding,
various lipogenic/lipolytic enzymes, and thyroxine 5'-deiodinase
activity. It appears that in order for these reductions to
occur, denervation must be performed on animals that are cold-
exposed prior to surgery, although even room temperature may be
low enough to enhance BAT activity to the necessary level.
Thyroxine 5'deiodinase activity, believed to amplify the gene
expression of UCP, is the event most critically dependent on
direct sympathetic input. It decreases within hours of
denervation and, unlike tpe drop in UCP and protein, the decrease
‘is not prevented by chronic NE infusion. Finally, the denervated
deposit typically appears pale, due to the loss of mitochondria,
‘and the wetﬁweight may increase as lipolytic stimulation to the
tissue is diminished. ’

Surgical denervation studies report a contradictory range of
effects on blood flow. The cold-induced increase in blood flow
is abolished, but the effect on basal blood flow appears to

depend very much on the method used, unlike the effect on other



aspects of BAT metabolism. Whether the rats are conscious or
unconscious is important, as is the type of anesthetic, and the
temperature at which core is maintained (Himms-Hagen, 1990;.
Thornhill and Halvorson (1993) found that denervation prevented
VMH-stimulated blood flow as well as BAT temperature increases,
consistent with the view that tissue blood volume and adipocyte
activity are jointly controlled by the CNS.

Sympathectomy does not prevent the lipolytic, nor
GDP-binding response of the BAT deposit to NE iafusion (Rothwell
& Stock, 1984; Laury et al, 1987) which indicates the retention
of brown fat cellular characteristics; it is possible that
humoral factors such as epinephrine or glucagon contribute to the
partial maintenance of the cold response after denervation. 1In
fact, Steiner and coworkers (1970) postulated that the primary
neural influence is exerted on blood flow through the tissue,
rather than on cellular metabolism. While this idea is now known
to be inaccurate (Foster & Frydman, 1979; Nicholls and Locke,
1984), neurally mediated blood volume redistribution does play a

critical role in the BAT thermogenic response.

Characteristics of Vascularization: The presence of blood
flow is one of the reasons that the in vivo cold stimulated
activity of BAT is greater than in vitro NE-induced response
(Kikuchi et al, 1992). Foster and Frydman (1979) are responsible
for the sophisticated study that affirmed the role of BAT heat
production in cold-exposed rats. The maximum possible

contribution of a tissue to heat production is set by both its
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blood flow and the individual O, consumption of the tissue. The
researchers used radioactive microspheres to measure changes in
blood flow distribution in conscious animals, and demonstrated
that BAT is by far the dominant anatomical site of increased heat
production in cold-exposed, warm-acclimatized rats. The cold-
exposed animals showed 25% higher VO, and 24-fold increase in
blood flow to BAT than did control subjects, compared to a
threefold increase in the heart and no change to the
hepatosplanchnic region.

This enormous increase in blood flow can be related to the
vascular characteriétics of the interscapular BAT deposit.
Numerous arteriovenous anastomoses (AVA) appear as direct shunts
between arterioles and venules, and thus can act to short circuit
the blood flow through the BAT capillaries. Assuming that the
SNS fibres can regulate the vasomotor tone of the anastomoses
seperately from that of the vessels in the BAT deposits, then
constriction of the AVA would result in increased blood flow
through the BAT capillary bed, while dilation of the AVA would
allow a large percentage of blood flow to bypass the capillary
bed and thus lessen the oxygen and fuel supply to the thermogenic
rf&t cells.

Sympathetic control of BAT blood flow is not completely
undeistood. Whilg activation of BAT metabolism, whether by NE
infusion, CNS stiﬁﬁlation, or direct nerve stimulation, clearly
causes an increase in blood flow, this is believed to be
secondéry to the effect of NE. In fact, adrenergic stimulation

induces vasoconstriction initially, as demonstrated by Flaim et
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al (1977) who sought to evaluate the precise mechanisms
underlying the observed biphasic temperature response of BAT to
VMH stimulation. They applied the non-specific a-receptor
blockers phentolomine and phenoxybenzamine, as well as the «-
adrenergic agonist pheﬁylephrine, and concluded that activation
of a-receptors causes vasoconstriction of the arteries and
capillaries, thereby giving rise to the initial dip in BAT
temperaturé.

This reduction in BAT blood flow may be counteracted by the
tissue in several ways. First, the vasoconstrictive effect
itself may function to increase blood flow by constriction of the
potential blood reservoir in the AVAs; second, the thermogenic
response of brown fat to NE may induce the release of a separate
vasodilator, possibly from mast cells found in BAT deposits
{Desautels et al, 1994). Adenosine, histamine, the sensory
peptide CGRP, and nitric oxide have all been suggested as
candidates (Szillat & Bukowiecki, 1983; Desautels et al, 1994;
Uchida et al, 1994}, while proposed triggering mechanisms include
changes in the level of intracellular PO,, and the buildup of
byproducts of thermogenic metabolism (Foster & Depocas, 1980;
Himms-Hagen, 1991). This process is an example of the acute
control of local blood flow that can occur in any tissue when
metabolic rate increases (Guyton, 1991).

Finally, Engel et al (1992) suggest that the SNS fibres
terminating in the skin are regulated separately from the fibres
terminating at the vessels, despite the fact that there is no

clear pattern of origin from the five ‘intercostal nerves entering
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the interscapular BAT deposit. The authors dissected branches at
each location, and recorded firing rate as a strong cold stimulus
was applied to the abdomen of the anaesthetized rats; they found
that stimulation increased the activity of the nerve branches to
the skin, while it suppressed firing rate in branches to BAT
itself. This arrangement could facilitate increased blood flow
during thermogenesis both by preventing flow to surrounding skin,
and dilating brown fat vessels.

In conclusion, the regulation of brown fat by direct
sympatheiic innervation contrasts the mainly humoral regulation
of white adipose tissue. White fat is regulateg by humoral
catecholamines released from the adrenal medullé and also by
insulin and glucocorticoids, with direct sympathetic stimulation
thought to play a lesser role as the adrenergic innervation of
white fat is thought to be limitéd to blood vessels (see Lafontan
& Berlan, 1993). While brown fat contains specific ihsulin and
thyroxine receptors, these humoral agents are considered to be
permissive or modulating factors, in contrast to the primary

regulatory role of sympathetic innervation.

Brown fat and Hypothalamic control: The SNS has long been
implicated in the mechanisms of glucose metabolism (Cannon et al,
1924), but evidence of a specific role for the VMH in the control
of metabolism appeared more recently. It stemmed from the
results of lesion studies ({Marshall et al, 1955) and reports of
changes in VMH neuronal activity in response to different blood

glucose levels (Anand et al, 1964). Direct stimulation of the
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VMH is linked to both accelerated hepatic glycogenolysis (Shimazu
& Amakawa, 1968) and a rapid rise in plasma glucose (Frohman and
Bernardis, 1971)

This work led Shimazu and coworkers to examine hypothalamic
control of lipid metabolism. They demonstrated increased plasma
glycerol in rabbits after electrical stimulation of the VMH
(Kumon et al, 1976); the lack of a parallel increase in plasma
free fatty acids was attributed to accelerated oxidation in the
fat cell. This finding was contrasted with the lack of lipolytic
response after lateral hypothalamic stimulation.

The first study directly linking BAT metabolism to VMH
stimulation also came from Shimazu's laboratory (Shimazu and
Takahashi, 1980). The researchers reported the rate of fatty
acid synthesis by measuring incorporation of labelled water into
fatty acids in vivo. Acute electrical stimulation of the VMH was
shown to enhance fatty acid synthesis preferentially in
interscapular BAT over white adipose tissue; this change occurred
in diabetic rats*;é well, demonstrating that the mechanism does
not require insulin mediétion. When taken with the previous
paper, the results suggest that the rates of both lipolysis and
1ipogénesis are accelerated by VMH stimulation, which agrees with
previous observations of a cold-induced increase in BAT lipid
turnover (Steiner & Cahill, 1964; Himms-Hagen, 1965) .

Subsequent stimulation studies elaborated the nature of VMH
regulation of brown fat. Stimulation of the VMH significantly
increases regional blood flow to BAT, less so to the adrenal

glands and.diaphragm, with no change in blood flow to the liver
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(Iwai et al, 1987). Increased NE turnover is also noted (Saito
et al, 1989a), which is impaired by denervation (Minokoshi et al,
1986b). Perkins et al (1981) observed an increase in
interscapular BAT temperature with VMH stimulation that could be
blocked by administration of a p-antagonist. Intrahypothalamic
administration of glucose also increases BAT activity (Sakaguchi
& Bray, 1987) while intrahypothalamic 2-deoxy-glucose
administration, which creates a condition of cellular glucose
deprivation, has been shown to have the opposite effect, that of
a decrease in BAT activity (Arase et al, 1987}.

Evidence of a specific link between the VMH and BAT was
further provided by VMH-lesion studies. Seydoux et al (1981)
found a decrease in brown fat DNA concentration three days after
lesioning the nucleus, and they also used direct ﬁerve
stimulation techniques in lesioned animals to demonstrate a
diminished capacity for the production of reduced equivalents
from fatty acid oxidation. These effects were attributed to a
chronic lack of neural activation. The researchers also showed
that this defective response can be reversed with cold-exposure
or food restriction (Seydoux et al, 1982). Niijima et al {(1984)
reported a reduction in the spontanédus activity level of BAT
sympathetic fibres after VMH lesions, supporting the notion of
tonic CNS input in brown fat.

There is a wide range in reported BAT response to VMH
destruction; while many studies observed reduced basal metabolic
levels (eg. Hogan et al, 1982; Luboshitsky et al, 1983; Saito et

al, 1985; Fukushima et al, 1987), others found normal thermogenic
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activity (Hogan et al, 1982; Vander Tuig et al, 1985).

Variability in the size of the VMH lesions may contribute to the
conflicting results (Preston et al, 1989). However, reports of
both an unaltered cold-induced response and impaired diet-induced
activity are consistent (Hogan et al, 1982; Rohner-Jeanrenaud et
al, 1983; Vander Tuig et al, 1985).

This pattern suggests that the VMH-BAT pathway is responsible
for diet-induced BAT activity but not for the maintenance of
cold-induced thermogenesis. It has therefore been hypothesised
that attenuation of the diet-induced BAT response underlies the
obesity associated with VMH lesions, as well as the obesity of
other conditions (Rothwell and Stock, 1981; Himms-Hagen, 1989Db).
But despite the number of studies that show a correlation between
impaired BAT activity and obesity, or between BAT activity and
enhanced energy expenditure, the extent of brown fat contribution
to the development of obesity remains equivocal.

Thus emerges a role for brown fat as a discrete region of
excess energy expenditure, in which the facultative thermogenic
response can be driven either through energy regulation or
thermoreqgulation (Himms-Hagen, 1989a). The dual contributions of
BAT, to temperature regulation and to weight gain, will both be
addressed in this introduction, but the methods of evaluating BAT
thermogenic activity must first be described to facilitate

interpretation of the central papers.

Assessment of BAT activity: The basis of heat production in

NE-stimulated BAT cells lies at the mitochongrial membrane level,
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in the uncoupling of the oxzidative-phosphorylation chain by the
uncoupling protein. Heat is routinely released in conjunction
with complete substrate oxidation in all cells, but the overall
rate of oxidation, and thus heat release, is normally limited by
the rate at which ADP becomes available for the final step of
proton-translocating ATP-synthetase. However, when the UCP of
brown fat mitochondria is turned on, the proton flow through the
ATP-synthetase channel is prevented by a short-circuit,
eliminating the role of ADP as an intracellular control of fuel
oxidation. The activity of the electron transport chain then
accelerates, in turn increasing heat release. The following is a
summary of the five sequential events leading to BAT facultative
thermogenesis (from Himms-Hagen, 1990):

1) Sympathetic nerve endings release NE which acts on
p-receptors found in the BAT cell membrane.

2) Adenylate cyclase is activated, causing intraéellular levels
of cAMP and other second messengers to rise.

3) Hormone-sensitive triacylglycerol lipase is activated,
resulting in an increase in intracellular fatty acid levels.

4) Fatty acids serve two roles: first, as the primary fuel for
the electron transport system and second, as a signal to turn
on the UCP in a manner not yet understood.

5) UCP acts to dissipate the protoh gradient created by the
electron transport chain through translocation of protons
back into the mitochondria, thereby uncoupling the
respiratory chain from ATP production. This removes the

limiting factor on the rate of the electron transport system,
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in turn sending more of the abundant fatty acids through the
oxidation process to supply fuel and therefore increasing
heat release.

The BAT uncoupling mechanism depends on the presence of UCP,
which is unique to this tissue (Cannon et al, 1982). The protein
is a recently evolved member of the family of mitochondrial
carrier proteins; it consists of a single polypeptide chain with
six hydrophobic transmembrane &-helices (see Trayhurn, 1993).
Among the earliest papers documenting its existence are Nicholls,
1976 and Ricquier & Kader, 1976 (for review of background studies
see Flatmark and Pedersen, 1975). UCP was first isolated
completely by Lin & Klingenberg (1980), then cloned in 1985 (eg.
Bouillaud et al, 1985). The complete sequence of both hamster
and rat UCP is known; the proteins are similar but not identical
(Himms-Hagen, 1990).

Uncoupling protein is activated by fatty acids and inhibited
by purine nucleotide binding; however, very little is known about
the mechanisms behind fatty acid activation, as the in-vitro
changes in secondary structure can thus far only be induced by
nucleotide binding, specifically GDP. The C-terminal region of
the UCP, which is located on the cytosolic side, is known to
contain a nucleotide binding site and possibly also the
reqgulatory site. It appears that proton translocation involves a
distinct site, perhaps close to the N-terminal end (see Klaus et
al, 1990)

Additional effector mechanisms, beyond acute activation of

UCP, can contribute to the BAT response. For example, short-term
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heat stress provokes a decrease in the content of cytochrome b,
in turn reducing the oxidation rates to required levels {(Gaikwad
et al, 1990). Brown fat contains a lysosomal proteolytic pathway
that requlates the rapid protein loss and reduced thermogenesis
resulting from a 24h fast (Desautels et al, 1990). The
regulation of several physiologically distinct stores of UCP also
influences the amount of the protein present; the UCP
incorporated in the inner mitochondrial wall is the most stable
form (Puigserver et al, 1992). Finally, within hours of cold
exposure or NE injection, there is a strong increase in UCP mRNA
levels that is critical to the chronic cold response {Trayhurn &
Nichols, 1986). |

GDP-binding iéwburrently considered the most accurate
indicator of the activity of the proton conductance pathway, and
thus of the current thermogenic activity level of the tissue
(Trayhurn & Milner, 1989), although recently it has been
suggested that GDP-binding may not be a true quantitative measure
since there is no evidence of close stoichiometry between
mitochondrial proton conductance and GDP-binding (Goubern et al,
1991). Levels can increase as quickly as 20 minutes after cold
exposure in rats (Swick & Swick, 1986) and are also affected b}&
NE infusions, warm exposure after cold-acclimation, and arousal
from hibernation (eg. Rothwell and Stock, 1981; Nedergaard and
Cannon, 1984; Peachey et al, 1988). Binding levels appear to be
correlated with the rapid unmasking of high-affinity binding
sites in the UCP (termed B, in Scatchard analysis) rather than

changes in binding affinity (K,in Scatchard analysis) or
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increases in absolute concentration of UCP (Trayhurn et al, 1987;
Peachey et al, 1988; Park and Himms-Hagen, 1988b).

Total UCP concentration, in contrast, indicates the
thermogenic capacity of the tissue, while the presence of UCP is
the definitive criterion of functional krown adipose tissue
(Prayhurn, 1989); a very rapid, and sensitive immunoassay was
developea from antisera to the isolated protein (eg. Lean et al,
1983). Because several hours are required to elicit an increase
in UCP mRNA, the measurement of this substrate is most useful in
identifying the factors regulating the activity of the UCP,
while the total DNA or protein content can provide an index of
major change in the state of the tissue (Trayhurn, 1989).

Other measures of BAT activity include BAT sympathetic nerve
firing rates, NE turnover, NADPH production, and lipid turnover.
Under different conditions, these acute snapshot indices can be
dissociated from each other or from the thermogenic activity that
they are believed to measure (eg. Luboshitsky et al, 1983;
Henningfield and Swick, 1987; Minokoshi et al, 1988; Ma & Foster,
1989; Sakaguchi et al, 1989). Therefore, they may not be able to
reveal actual heat production pattérns as well as does the more
time-consuming chronic method of direct measurement of brown fat
0, consumption (Foster & Frydman, 1979).

Measurement of in vivo BAT temperature change is also direct {eg.
Perkins et al, 1981), but anesthetic effects may act as a
confound (Shimizu & Saito, 1991). Whole body O, consumption
jevels have been used to indicate BAT activity (Rothwell & Stock,

1984; Morimoto et al, 1986), but the method is indirect. Wet
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weight is perhaps the least desirable measure, as there is no
evidence of a consistent relatidﬁship to BAT activity level (from

Himms~Hagen, 1990; Trayhurn, 1989) .,

BAT and Mammalian Energetics:

i) Diet-induced Thermogenesis

Rothwell and Stock followed up an earlier suggestion that
brown fat could be largely responsible for the phenomenon of
diet-induced thermogenesis (Himms-Hagen & Desautels, 1978; Himms-
Hagen, 1979) with a study on the metabolic changes tc BAT in
cafeteria-fed rats (Rothwell & Stock, 1979). They speéulated
that the disproportionately low weight gain per gram of food
eaten in the voluntarily hyperphagic rats was due to an increase
in the facultative thermogenesis of BAT, as the animals
maintained on this diet presented evidence of both increased
brown fat activity (interscapular skin temperature and NE-
stimulated lipolysis) and increased NE-induced 0, consumption.

The term diet-induced thermogenesis refers to the facultative

portion of meal-related energy expenditure (also known as the
specific dynamic action of food). This contrasts with the
thermic effect of food, which describes the obligatory heat
production due to the digestion, absorption, and metabolic
‘'processing of fuel. These two food-related components represent
one portion of total daily thermogenesis; the obligatory
metabolic heat released as an inefficient by-product of all
cellular processes makes up a second portion; and finally, the

facultative heat production of both shivering and non-shivering



thermogenesis, and of voluntary movement, represents the
remainder. Obligatory heat production and heat loss are
regulated by thermal demands, but the facultative components
appear to be subject to additional regulation by food intake and
subsequent energy balance (see Himms-Hagen, 1989a and Gordon,
1990 for reviews).

Rothwell and Stock outlined the similarities between cold-
and diet-induced thermogenesis (1980) by comparing metabolic
indices of animals that had been either cafeteria fed or exposed
to cold. Resting V0, was elevated in both conditions, and during
cold exposure, cafeteria animals maintained higher rectal
temperatures with less shivering than did control animals.
Propranolol abolished these changes, which suggests that the
facultative increase in heat production in both the overfeeding
and cold conditions is sympathetically mediated. Subsequent
résearch has examined the effect of several feeding conditions, on
BAT activity, from single meals (eg. Glick et al, 1981, 1983,
1984) to fasting (eg. Desautels, 1985; Champigny et al{ 1990).
Almost all studies report evidence of various propranolol-
inhibitable increases in BAT metabolism associated with food
intake, including BAT protein content and activity of respiratory
enzymes (Brooks et al, 1980; Tulp et al, 1982), GDP-binding
(Nedergaard & Cannon, 1984; Yoshida et al 1987), NE-turnover
levels, {Young et al, 1982), activity of BAT sympathetic nerves
(Niijima, 1986) and the thermogenic response to NE infusion
(Rothwell & Stock, 1979).

Research on two other animal models of obesity, experimental
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and genetic, has confirmed the occurrence of obesity-related
defects in basal BAT metabolism (eg. Seydoux et al, 1981;
Triandafillou & Himms-Hagen, 1983; Rohner-Jeanrenaud et al, 1983;
Holt & York, 1989). A number of studies have since attempted to
determine, by careful design or manipulation, the contribution of
BAT to the development of obesity. For example, brown fat
activity, as assessed by GDP-binding, was found to be defective
in 2 day old genetically obese (fa/fa) rats, well before the
onset of visible obesity (Bazin et al, 1984), but Blouquit et al
(1992) observed that defective BAT and obesity appeared
concurrently.

Kaul et al (1990) raised fa/fa rats in thermoneutral
conditions to eliminate a possible role for defective BAT
thermogenesis, and found the onset of obesity delayed but not
ultimately prevented. Puigserver et al (1992) reported evidence
that BAT is functionally altered by the obese condition; however,
Levin and coworkers conducted a series of studies on susceptible
and resistant rats (e.g. Levin at al, 1983, 1984, 1989), and
concluded that altered energy expenditure appears to be a resu;ta‘
rather than a cause of the obesity. Cheng et al (1990) found |
that obesity prone and resistant animals displayed similar VO,
levels, but the resistant group had a significantly lower
respiratory quotient that indicated more fat oxidation; thus, it
was concluded that resistant animals compensated for increased
fat intake by adjusting the profile of substrate types being
oxidized, rather than adjusting energy expenditure through BAT.

Foster's laboratory (1988) performed a critical experimental



step by quantifying BAT blood flow and arterio-venous O,
differences in response to cafeteria feeding. Their obese rats
displayed the typical characteristics of diet-induced
thermogenesis, but did not exhibit greater BAT O, consumption
than control rats. These results contradict the theory that BAT
is the main source of diet-induced thermogenesis, and the
researchers suggest that the liver makes the major contribution.
However, our current understanding of BAT blood flow regulation
is poor, as the reports of dissimilar effects of denervation
testify. Since it is possible that a cold-induced axon reflex
through the sensory nerves is necessary to invoke increased blood
flow, Himms~Hagen (1990) has suggested that this mechanism might
lie behind the failure to observe either blood flow or O,
consumption differences with cafeteria-fed rats.

Other researchers have reported a failure to find a change in
0, consumption with cafeteria diets (Tulp et al, 1982; Armitage
et al, 1983); measurement issues related to energy expenditure
(Hervey and Tobin (1983) and confounds due to variability in diet
composition (Moore, 1987) have been cited as explanations for the
lack of findings. Finally, as Himms-Hagen (1990) has stated, the
differing effects of standard room temperature and a
thermoneutral environment on BAT activity are a critical and
often neglected factor.

The effects of complete removal of BAT on energy expenditure
and obesity have been difficult to test, whether surgical or
chemical methods are employed {eg. Desautel: and Dulos, 1991;

Rothwell and Stock, 1992). However, a recent paper (Lowell et
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al, 1993) reports the creation of novel lines of transgenic mice
with markedly decreased UCP levels; the mice consistently develop
obesity in the absence of hyperphagia, which fits with the idea
of a critical role for brown fat in the development of obesity.

In summary, the phenomenon of sympathetically mediated diet-
induced thermogenesis, which manifests‘as a greater than expected
energy expenditure during overfeeding, has been repeatedly
confirmed. The weight of researdh findings strongly suggests a
role for BAT in the phenomena of diet-induced thermogenesis, but

conclusive evidence is still lacking.

ii) BAT and Thermoregulation

Non-shivering thermoregulation was initially considered to
play a quantitatively important role only in hibernating animals,
neonates, and cold-exposed animals. However, it now appears that
BAT heat production contributes to daily thermoregulation in
animals living below thermoneutrality (eg. Brown et al, 1991;
Closa et al, 1992), in addition to its facultative role in diet-
induced thermogenesis. The circadian regulation of core
temperature represents a pivotal issue in the thermoregulatory
field, and current research is seeking to define the rol% of BAT
in this daily pattern.

The following sections provide a background on both
circadian rhythms in general and the specific regulation of core
temperature. Circadian rhythms are defined and CNS control areas
are discussed, as are the primary entrainment cues: light and

food intake. A brief description of the thermoregulatory aspects
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of core temperature and the relationship between core temperature
and activity patterns is provided. Finally, there is a
discussion of what is known about the mechanisms underlying the
circadian rhythm of core temperature, particularly as it relates

to brown fat.

Definition of Circadian Cycles: Core temperature and activity
levels are the two physiological functions most commonly used to
study circadian rhythms. Both oscillate from generally high
values in the awake phase, to low values during sleep, and both
persist despite isolation from external time cues. Any proceés
that repeats once every 24 h is referred to as daily or
nyctohemeral, while a 24 h rhythm that is endogenously generated,
such as body temperature or activity level, is further termed
circadian (Refinetti & Menaker, 1991). Rats are a nocturnal
species, and therefore the active phase occurs during the dark
period.

Circadian rhythms are defined by their 24 h period, as well
as by amplitude and mean value (termed "mesor”)}. In rats, core
temperature ranges from approximate values of 37.3°C during the
day to 38.1°C at night (Gordon, 1990}. When the rhythm is free-
running, that is in the absence of any lighting schedule or other
time cues, the core temperature period is slightly greater than
24 h. However, the period will entrain precisely to any
light:dark schedule that cycles at approximately 24h, plus or
minus several hours; this moulding of the shape of the rhythm by

an external cue is known as entrainment, and will be addressed
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later (see page 27}.

The free-running period length of core temperature, as for
other endogenous cycles, is genetically determined by a CNS
pacemaker; thus far, the suprachiasmatic nucleus (SCN) of the
hypothalamus is the only region confirmed to function as a
circadian oscillator. The key identification studies (from
Mistlberger, 1994) come out of the ablation and stimulation work,

and the results of unit recordings.

CNS Pacemakers: Ablation of the SCN results in the
disruption of circadian core temperature cycles in both constant
light and normal light:dark cycles (eg. Moore & Eichler, 1972;
Rusak, 1977), and SCN transplant studies demonstrate the opposite
process, that is the resumption of cycles of specific
periodicity. Multiple and single unit recordings from the SCN
reveal circadian variation, and fihally, there is a clear phase-~
shifting effect of both chemical and electrical stimulation of
the SCN, similar to the effect of a pulse of light in the dark
period.

However, there is evidence of a second pacemaker outside of
the SCN. It is known that not all physiological rhythms are
controlled by the nucleus; heart rate and follicular development,
for example, are regulated by pacemakers with distinct
periodicities (Refinnetti & Menaker, 1991). Further, it has been
reported that the circadian rhythm of core temperature can
persist despite SCN ablation {eg. Fuller et al, 1981:_Satinoff &

Prosser, 1988). However, this finding may be due simply to
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incomplete destruction of the SCN (Eastman et al, 1984; Ruis et
al, 1987; Honma et al, 1988). Finally, both core temﬁérature and
activity can be affected by an apparent second pacemaker that
responds to a cyclic regime of restricted food intake, rather
than to photic cues. These studies report that rats display
anticipatory behaviour or temperature increase when food
availability is restricted to the same daily interval (Bolles et
al, 1969; Krieger, 1970; Borer & Clover, 1993). The behaviour
disappears within a few days of the resumption of ad-1lib feeding,
but will reappear without further cues of interval feeding if
complete food deprivation is later impésed; this has been
observed even with delays of several months of ad-lib feeding

(Miétlberger, 1994).

Cues for Circadian Cycles: Both light/dark cycles and
restricted food intake are entrainers, or "zeitgebers", that act
through neural pacemakers to determine circadian cycles. These
two entrainers must be distinguished from other events, such as
muscular exertion, sleep habits, food intake schedules, and
environmental disruptions (eg. animal care procedures), which are
termed "masking agents". While both masking agents and
zeitgebers can influence endogenous circadian rhythms, masking is
distinguished by the acute, irregular changes that it imposes, in
contrast to the rhythm-inducing effect of zeitgebers (for review,
see Johnson, 1992; Rietveld et al, 1993). For example, locomotor
activity acts as a masking agent because it induces a rise in

core temperature regardless of the circadian schedule. As well,

@ ;.\
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changes in various hormone levels follow food intake; lipogenic
enzymes, blood glucose, insulin, and cholesterol all display an
apparent circadian cycle, but if food intake is distributed
evenly throughout the 24 h period, the rhythms disappear and are
therefore considered as simple metabolic responses to food (Cohn
& Joseph, 1967; Saito et al, 1989).

Human studies use a "constant routine" protocol to reduce the
masking effects of both internal and external cues, but it is
still difficult to isolate the purely endogenous component of the
oscillatory system from the environmental feedback that acts to
modify it (Reitveld et al, 1993). This notion is illustrated in
the dilemma of whether to accept the masking effects of sleep
periods on observed rhythms, or to impose the masking effect of
sleep deprivation. In the case of animal research, the aim is to
eliminate light entrainment through constant lighting conditions
and to reduce external timing cues through white noise and

physical isolation.

Core Temperature Regulation: A number of prominent
chg:acteristics of core temperature rhythm should be mentioned.
Fi;ét, only those zeitgebers or cues that fall within range of
thé endogenous period are able to entrain it; thus, light/dark
cycles, for exanple, musf range from approximately 21 to 27 hours
in order to influence core. Second, despite its endogenous
nature, core temperature rhythm has been shown to disintegrate
over weeks or months in constant light, as do other circadian

processes. It is speculated that in the absence of a zeitgeber
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to act as a "primer", the component oscillators of the circadian
pacemaker drift apart (Refinetti & Menaker, 1991). Third,
additional cycles, termed ultradian, can be seen within the 24 h
period. Rats show core temperature ultradian cycles from 2-8 h
(Stupfel & Pervely, 1990; Closa et al, 1993) but these may not be
requlated by the circadian oscillators, since they persist after
SCN lesions (Fastman & Rechtschaffen, 1983). Finally, the
absolute temperature values are regulated by the preoptic
hypothalamic area and not the SCN.‘ Lesions of the SCN disrupt
solely the period, while preoptic lesions cause an increase in

the mean and the amplitude size but no change in rhythmicity.

Relationship between Core Temperature and Activity: Because
locomotor activity and core temperature vary together, it is
probable either that one is simply a comnsequence of the other, or
else that both are controlled by the same timing mechanism;
evidence points to the latter explanation (Refinetti & Menaker,
1991), for the following reasons. Core temperature usually
precedes, or is phase-advanced relative to activity, such that
temperature begins to rise before the active phase begins (eq.
Smolander et al, 1993). Second, while core temperature always
correlates with activity, its baseline values are higher at night
regardless of activity level (Honma & Hiroshige, 1978; Refinetti,
1994); also, the correlation between the two rhythms are shown to
be higher at night (De Castro, 1978). Third, under constant
lighting conditions, the circadian cycle of wake/sleep can be

shown to disintegrate earlier than that of temperature (Eastman &
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Rechtschaffen, 1983). Perhaps the strongest evidence comes from
human studies showing that inactive volunteers still display
circadian temperature changes (see Refinetti & Menaker, 1991).
Overall, research indicate that while activity level can
influence, or mask, circadian temperature rhythm, the core
temperature cycle cannot be considered a mere consequence of the

activity cycle.

Photic vs. Non-Photic Pacemakers: This conclusion, in
concert with the results of SCN ablation studies, has led to
several hypotheses concerning the organization of CNS
oscillators. There may be one CNS oscillator with separate
pathways, or several distinct centres, or a hierarchy of multiple
oscillators. It is known that SCN neuronal activity will not
entrain to restricted feeding schedules, as it will to light/dark
cycles, suggesting the existence of a physically separate
pacemaker (see Mistlberger, 1994). The results of SCN lesion
studies likewise support this hypothesis, as light/dark entrained
cycles disappear with SCN destruction, while thdse induced by
restricted feeding persist (Krieger & Hauser, 1977; Stephan,
1986) .

The current thinking is that there is at least one non-SCN
pacemaker, and the distinguishing characteristic is the response
to non-photic input; this contrasts the earlier‘view that SCN and
non-SCN oscillators were distinguished by virtue of which rhythm
they regulated, either temperature or activity. Examples of non-

photic input or cues include daily exposure to restricted food
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intake, restricted novel wheel running, or methamphetamine
administration (Hiroshige et al, 1991; Mrosovsky & Janik, 1993).
Thus, most work now focuses on revealing the strength of coupling
between different pacemakers, and between each pacemaker and each

type of physiological rhythm.

Relationship between Core Temparature and Thermoregulation:
The final issue that will be addressed here is the
thermoregulatory mechanisms underlying the circadian rhythm of
core temperature. Initial rat studies assessed the impact of
both heat-generating activities and low ambient temperatures on
thermoregulatory responses to dark and light, and the data are
consistent with the interpretation that core temperature values
are constrained tp’a lower baseline in the day (De Castro, 1978;
Refinnetti & Menaker, 1991); it is sugested that this apparent
change in set point is independent of behavioural
thermoregulatory mechanisms, in view of the fact that rats sleep
more during the light hours, and therefore make less use of the
most effective heat loss mechanism of saliva spreading.

It is not clear whether a circadian variation in
thermoregulatory set point is necessary to account for the two
different temperature baselines seen in light and dark periods.
If the circadian changes in the levels of heat loss can occur
without a permissive change in thgrmoregulatory set-poiht, then
it should follow that the thermoregulatory mechanisms will oppose
the changes. This logic provides a behavioural tool for

investigation, as rats should then prefer the ambient temperature
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which will help compensate for the change in heat loss. To date,
however, the results of numerous studies strongly conflict with
each other, such that there is no clear answer. Perhaps the most
concrete summary statement is simply a cautionary note, that the
concept of set point in mammalian thermoregulation is more
complex than the engineering term from which it was borrouwed, as
a biological set point is influenced by far more factors, both

external and internal (Krauchi & Wirz-Justice, 1994).

Circadian Regulation of Core Temperature and BAT: When
ambient temperature is stable, any changes in core temperature
are the simple result of differences between total metabolic heat
production and subsequent heat loss. Thus, periodic variations
in heat production and heat loss are thought to underlie the
circadian rhythm of body temperature; it is hypothesised that
heat loss plays the major role, and that the daily rhythm of heat
production is simply a correlate of the activity/feeding rhythm
(see Krauchi & Wirz-Justice; 1994; Refinnetti & Menaker, 1991}.
This area of investigation is most relevant to the thesis, and
will therefore be addressed in detail.

Metabolic heat production is usually measured by indirect
calorimetry (O, consumption is converted to joules/min). In an
equilibrium state, heat loss must be equal to heat production and
. so the terms are sometimes interchanged; but typically the
measurement of heat output through direct heat calorimetry is
referred to as heat loss, rather than heat production, since

changes in core temperature are observed and thus equilibrium is
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disturbed.

As described earlief; heat production in rats occurs through
both obligatory processes, such as thermic effects of food and of
cellular activity, and through facultative events, such as BAT
thermogenesis and movement. Heat loss occurs primarily by
convection and radiation through the skin, and thus core
temperature changes are due mainly to variation in distal blood
flow. In rats, the tail, feet, and distal portions of the limbs
are well vascularized with arterial anastomoses (Gordon, 1991).

Fuller et al (1985) examined the circadian rhythms of 0,
consumption, body temperature, and heat loss. If metabolic heat
production were the sole driving force in the nightly increase in
CT, then 0, consumption should show a strongly circadian pattern.
The averaged pattern was weakly circadian, but the pattern
between individuals was highly variable and in fact was clearly
not circadian in some cases. Rather, it appeared that heat loss,
as measured through various distal temperature changes, showed a
strong circadian rhythm.

Further work from Shido and coworkers (1286) have shown thaé‘
the nightly increase in core temperature in rats may be the
results of a nightly change in the slope between body temperature
and heat loss response; this suggests both that the nightly
temperature increase is a regulated change and that a nightly
alteration in the heat loss effectors is involved. Shido (1987)
also showed that there is a nightly increase in the threshold
body temperature required to evoke tail vasodilation. 'The

flatter slope describing heat loss response at night is believed
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to reflect primarily a higher underlying vasomotor skin tone;
thus, the circadian rhythm of the autonomic nervous system may be
a major factor underlying the circadian changes in body
temperature.

in fact, a significant circadian rhythm has been
demonstrated for distal skin temperature, and thus distal blood
flow, in humans (Krauchi & Wirz-Justice, 1994). The pattern is
found to be phase advanced by 25-100 min with respect to body
temperature, which implies active regulation of core by distal
heat loss. Distal sites such as the hands and feet are known to
be rich in arteriovenous anastomoses; these can be constricted by
the autonomic system to cause passive blood flow elevation to
proximal areas, and thus regulate CT.

Direct measurement of distal blood flow by laser-doppler
flowmetry confirms the presence of a circadian rhythm in humans,
and further demonstrates that the distal temperature pattern
precedes the core pattern, in this case by about 240 minutes or
4 h {Smolander et al, 1993); the two patterns thus appear to be
roughly the reverse of each other. The authors hypothesize that
the distal circulation reflects a circadian rhythm of
catecholamines; it is likely that passive vasodilation of
arteriovenous anastamoses is responsible for the nightly increase
in distal blood flow (when autonomic tone is low in humans) and
this would correlate witﬁtthe nightly decrease in plasma NE and

epinephrine.
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Circadian Rhythm of BAT and Core Temperatures: A similar

role for hemodynamic changes in the circadian rhythm of core
temperature has been found in rats (Gomez-Sierra et al, 1993y,
although ultradian cycles also appear to contribute to the
pattern. The patterns of aortic core temperature and of heat
output were analyzed, and both showed a circadian pattern, as
well as ultradian cycles of 8, 5, 4 and 2 h. However, the
different ultradian cycles varied in the strength of their
influence on the shape of each of the two patterns. For example,
the 2 h rhythm was found to play only a minor role in core
temperature, but appears instead as an important component of
heat output, and possibly of autonomic tone. There was a 30 min
delay in the daily heat output pattern compared to that of aortic
core temperature; the authors suggest that aortic temperature
reflects core (essentially organ) heat generation, and that this
is later released with 30 min delay.

Another study by the same group (Closa at al, 1993) found
strong agreement between BAT and core temperature patterns,
although this conclusion was based on a simple sign test.
Analysis of BAT blood flow specifically during the warming
portions of the 2 h cycles in core temperature found a 200%
increase in blood flow over basal levels, which suggests a‘role
for BAT in temperature'regulation. |

In an extension of this idea, Himms-Hagen (1995) has proposed
a critical role for BAT in both the initiation, and termination
of periodic meal eating; the mechanism is based on the presence

of regular, ultradian drops in core femperature which are
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postulated to trigger BAT thermogenesis. The consequent enhanced
consumption of glucose by the tissue causes an acute drop in
blood glucose, which in turn represents the signal for food
consumption. The enhanced BAT heat production may also
contribute to satiation, by increasing body temperature to the
threshold value associated with the termination of eating.

Given these research pursuits, it is clear that the daily
pattern of brown fat heat production may have powerful

implications for a number of metabolic processes.
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OBJECTIVES

Brown fat thermogenesis is believed to exert a strong
influence on two energy regulation systems, thermal homeostasis
and intake/expenditure. Examination of the neural circuitry that
regulates BAT activity, and the innervation and vasculature of
the tissue forms the backbone of investigation into BAT
functioning, in concert with studies on the thermogenic response
to cold and diet. Although the significance of brown fat
metabolism is at present better understood in terms of
thermoregulation than diet, the precise nature of BAT
contribution to daily core temperature rhythm is not well
researched. Given that the overall aim of the thesis is to
enhance understanding of the physiological role of BAT heat
production in thermal processes, the obgectives of the three
individual experiments were twofold: the first two studies
addressed the neural control of acute changes in BAT temperature,
while the third evaluated the daily pattern of BAT temperature
changes.

One of the primary routes of investigation into the neural
control of BAT tissue involves the assessment of tissue response
after stimulation of the hypothalamus and other CNS regioms.

The results of such studies have led to general agreement that
the VMH is the main site of BAT thermogenic control (Shimazu and
Takahashi, 1980; Seydoux et al, 1981; Perkins et al, 1981; Iwai
et al, 1987), but the complexity of afferent and efferent VMH
connections demands further delineation of the effective areas

within the nucleus. As the findings thus far on the nature of
!



37
sites within the VMH are conflicting (Perkins et al, 1981:;
Freeman & Wellman, 1987; Holt et al, 1987; Hugie et al, 1992,
the purpose of the first study was to explore the VMH area for
brown fat responses with more precision than have previous
studies. To achieve that, we used moveable electrodes
(Miliaressis & Gratton, 1981) to finely map the location of sites
which evoke a BAT temperature increase.

A presentation of the pattern of effective sites represents
one step towards the characterization of the neural substrate
underlying BAT regulation, along with studies that investigate
whether the tissue response involves activation of cell bodies
that originate in the VMH or fibres of passage through the
nucleus (Amir, 1990), assess the relationship between stimulation
parameters and magnitude of response (Flaim et al, 1976;
Thornhill & Halvorson, 1992; Woods and Stock, 1994), or provide a
neurcanatomical description of hypothalamic pathways (eg. Luiten
et al, 1987; Amir et al, 1989; Mitsushimi et al, 1994).

In the course of this study we discovered extra-VMH sites
that induced an acute drop in BAT temperature, a finding which
nas received little attention in the literature. Thus, in the
second study, we evaluated structures that evoked a drop in BAT
temperature and investigated possible circulatory mechanisms
underlying the temperature decrease through the application of
adrenoceptor blockers.

A physiological context is necessary in order to learn the
significance of sites that induce abrupt drops in BAT

temperature. The research suggests that decreased sympathetic
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input mediates other reported drops, whether due to signals from
baroreceptors (Shibata, 1982), or thermoreceptors {Hinckel et al,
1983), or CNS infusions of neuropeptide Y (Szreder et al, 1994).
In one study, the drop in BAT temperature was accompanied by
additional thermoregulatory changes, and similarly, we report
that a drop in core temperature paralleled the induced brown fat
response. This finding, when considered with studies
demonstrating BAT thermogenesis in response to cold stimulation
(eg. Foster & Frydﬁan, 1978; York et al, 1985; Ricquier et al,
1986), led to the supposition that there are daily oscillations
in BAT hegt output, presumably driven by cycles in sympathetic
input.

In view of the well-documented presence of circadian and
ultradian oscillations in core temperature (see Gordon, 1991),
and the demonstration in the first study that increases in BAT
temperature can influence core temperature, the objective of the
third study was to investigate the diurnal pattern of BAT
temperature change as a potential contributor to core temperature
patterns (Closa et al, 1993). Rats were implanted with radio-
frequency transmitters to first, det::..ine if there was a
circadian rhythm underlying daily ﬁAirtemperature changes and
second, to investigate the presence of any consistent ultradian
rhythms.' iq;a subset of subjects, intraperitoneal temperatures
were simultaneously monitored in order to explore the

relationship between BAT and core temperature patterns.
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EXPERIMENT 1

Regulation of feeding behaviour, metabolic rates, and body
temperature have all been linked to the hypothalamus; the VMH in
particular may be involved in each of these areas of energy
regulation through its control of BAT thermogenesis. The results
of stimulation and lesion studies have confirmed the role of the
VMH in the sympathetic control of brown fat metabolism (eg.
Shimazu and Takahashi, 1980; Seydoux et al 1981; Hogan et al,
1982; Iwai et al, 1987). In order to further investigate the
contribution of this BAT-VMH connection to the altered energy
regulation associated with diet-induced thermogenesis, éothwell &
Stock (Perkins et al, 1981) stimulated the VMH in anaesthetized
rats, and directly recorded temperature changes in interscapular
BAT. This simple design has the advantage of measuring acute,
continuous BAT response within the animal; the report was among
the first to confirm both a functional connectivity between the
VMH and BAT andlthe inability of the lateral hypothalamus to
elicit a BAT response, which were initially demonstrated by
Shimazu & Takahashi in 1980.

The design was later employed to investigate the contribution
of other CNS regions to BAT regulation; however, there have been
conflicting results with regards to the response of BAT to VMH
stimulation. For example,'Freéman & Wellman (1987) observed
little change in BAT temperature following electrical stimulation
of the VMH, reporting an average rise of 0.25°C across animals
compared to the 0.8°C value reported by Perkins et al (188l1). 1In
contrast, Holt et al (1987) and Thornhill and Halvorson (1990)
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did observe increases in BAT temperature as a consequence of VMH
stimulation, which grew progressively larger with increasing
current (Holt et al, 1987).

The discrepancy surrounding the precise role of the VMH in
regulating BAT activity is illustrated in the finding of Hogan
and coworkers (1982); only VMH lesions which had invaded the
paraventricular nucleus were effective in decreasing BAT
activity. Thornhill suggests that cold acclimation, age, and
strain differences can account for some conflicting results
(Thornhill and Halvorson, 1990; Hugie et al, 1992).

Effective sites have also been found in the preoptic anterior
and posterior hypothalamic areas, and the paraventricular
nucleus, while the dorsomedial hypothalamus has been reported as
both effective and ineffective in eliciting BAT response (Perkiﬁs
et al, 1981; Holt et al, 1987; Freeman & Wellman, 1987; Amir,
1990) . |

By adapting the stimulation paradigm to include moveable
electrodes, we sought to finely map the region within the VMH
nucleus which affect brown fat thermogenesis. The small
controlled changes in electrode position coupled with low
currents permits a degree of anatomical resolution that is not

possible with fixed electrodes in different animals.

METHOD

Seventeen male hooded rats (Charles River, Quebec), weighing
305 to 400 g at the time of surgery, were housed individually at
19~23°C and placeg:Bn'a 12 hour light/12 hour dark cycle with

Ly
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lights on at 0600 h. Chip bedding was used in the clear plastic
cages, and standard lab chow and water were freely available.
Surgeries were always begun between 0800 and 1000 h, and
conducted at housing temperature range.

The animals were anaesthetized with sodium pentabarbitol
(Somnotol, 65 mg/kg, i.p.) and rompun (Xylazine, 3mg/kg, i.m.).
They were supplemented roughly every 1.5 h with 20 mg/kg i.p. of
Somnotol, or exposed to the inhalanp,anesthetic methoxyflurane

“(Metofane), in order to maintain deép anesthesia throughout the
stimulation session; if the sessions were longer than about five
hours, a second injection of rhompun was given. We have found
this regime sufficient to support stable respiration and muscle
atonus. Core temperatures were monitored with a rectal
thermometer, and ranged from 34.5 to 37°C, values comparable to
those reported elsewhere for anaesthetized rats'(Réfinetti &
Carlisle, 1988). A thermocouple thermoprobe 1H£rvard Scientific
Ltd) was placed between the pad of the shoulder muscle and the
interscapular BAT deposit to monitor BAT temperature.

Using standard stereotaxic procedures, a single moveable
nonrotating electrode (Kinetrods Reg'd) aimed at the VMH wés
implanted in each rat; the flat-skull coordinates, based on the
Paxinos and Watson (1986) atlas, were as follows: 1.2 - 2.8 mm
posterior to bregma, 1.5 mm lateral to the midsagittal suture,
and 7.5 - 8.5 mm below dura. The electrodes were manufactured
from short lengths of stainless steel wiﬁe, 250 p in diameter,
and insulated with Formvar to their semi-spherical polished tips.

Four to ten sites, spaced 160 p apart, were stimulated per
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animal. A manipulator calibrated in 80 p steps was used to
advance the electrode. We did not begin stimulation sessions
until BAT temperature was stable for fifteen minutes; stability
was defined as fluctuations no larger than 0.1°C, based on
observation of BAT temperatures in non-implanted anaesthetised
animals.

The 500 ms stimulation trains comprised 25 x 300 pA square
wave cathodal pulses of 100 ps duration, and were delivered for
trials of 60 s. The total charge was therefore equal to 1.5
pcoulombs., Stimulation was pfovided by constant-current
stimulators {Mundl, 1980} and in-house manufactured pulse
generators; between pulses, the electrode was grounded through a
low resistance path to prevent charge accumulation at the tip.
The stimulation parameters were constantly monitored on an
oscilloscope by reading the voltage drop across a 1 KQ precision
resistor in series with the rat.

Brown fat temperature was monitored continuously from the
initial delivery of stimulation through any subsequent rise and
return toward baseline levels, until the value had either
achieved pre-stimulation status, or remained stable (+0.1°C) for
20 to 30 minutes; this procedure was followed even if the
temperature had not returned to baseline values. We defined a
temperature rise as a change of at least 0.3°C; this criterion
was based on prior cbservation of BAT temperature changes‘in
anaesthetized animals. Stimulation sessions lasted-from 3 to 7
h, and if prolonged, rats were given subcutaneous injections of

Ringers solution to prevent dehydration. If no temperature
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change was observed for 10 minutes following stimulation, that
site was considered ineffective, the electrode lowered 0.16 mm to
the next site, and the stimulation trial repeated.

In approximately a third of the animals with electrode
placements effective in eliciting an increase in BAT temperature,
the stimulation trials were repeated in order to confirm the
effectiveness of the site. Following the second trial, the
electrode was lowered and the standard procedure described
earlier applied. If BAT temperature did not change at any of the
sites sampled, that animal was injected i.p. with NE, and BAT and
core temperature monitored. This procedure was followed to
ensure that BAT was functional and that the probe was properly
placed; thus, if BAT temperature failed to rise at this point,
the animal was removed from the study.

At the end of all stimulation trials, each rat wasfinjected
i.p. with a lethal dose of sodium pentobarbitol and perfused with
buffered formalin. The brains were frozen, sectioned at, 40 p, |

and stained with cresyl violet to reveal cell nuclei.

RESULTS

Of the seventeen implanted electrodes, seven penetrated the
VMH, three were located immediately adjacent to it (rats 323,
337, 390) and seven were located within 2 mm of the VMH, in
surrounding nuclei. Figure 1 details the histologically eerified
locations of all electrode placements; filled circles represent
_those sites which were effective in stimulating a brown fat

temperature rise ("active" sites), while either blank circles or



44
Figure Caption
Figure 1: Tracings from the atlas plates (Paxinos and Watson,
1986) that best correspond to sections judged to contain the
electrode tips. The seventeen electrode placements are
indicated by either a series of circles, or a straight line.
The former refers to those electrode tracks for which the tip
was clearly identified, while the lines are used in the case of
tracks where the tip appeared to penetrate the base of the
brain and therefore the position had to be estimated. The
active sites, those for which a BAT response was observed after
stimulation, are illustrated with a filled circle; these
represent both confirmed and estimated positions. Inactive
sites are indicated either by the unfilled circles, or straight
lines. The numbers on the sections refer to the
anteroposterior level (mm dis?ance behind bregma); subjects are
identified on the right of eaéh section, those with medial

- placements listed first.
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straight lines represent sites where no BAT response was recorded
after stimulation. Note that in the case of the electrode track
associated with rat 294 the dorsal sites were located distal to
the VMH, while more ventral ones penetrated the nucleus.

Of the ten series of sites that either penetrated or were
proximal to the VMH, six yielded at least one site each that
induced an increase in BAT temperature; in one series (rat 263),
there were two adjacent active sites. In contrast, only three of
the seven series of sites located distal to the nucleus yielded
an active site, and in fact two of these were found in one
region, the dorsal medial hypothalamus. Exact sites could not be
determined in the case of six electrode tracks, shown as a line
in Figure 1, because the tips had penetrated the base of the
brain. The position of any active sites from these electrode
penetrations was estimated from the number of sité'stimulated,
and the relative position of the active site in the series (eg.
first of six sites). It is also important to note that in no
instance could the unvarnished portionléf the electrode  tip have
conmpletely emerged from the brain tissue into fluid, because the
large drop in resistance would have shown up on the oscilloscope

as a striking change in the shape of the stimulating pulse.

Effective Sites in the VMH: Five of the six individual
effective sites found in the VMﬁ (rats 292, 323, 263, 379) wvere
clustered at the mid-anterior lével. According to the Paxinos &
Watson atlas (1986), these sites are roughly 2.3 and 2.8 mm

behind bregma, at a level just caudal to the initial appearance
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of the zona incerta.

In one of the these tracks (rat 263) there were two non-
consecutive effective sites, the second and sixth of eight.
Although the electrode tip of this track penetrated the base of
the brain, the responses were presumably due to activation of the
VMH and not cerebrospinal -fluid, otherwise sites subsequent to
the sixth one would have shown a temperature response as well.
Furthermore, resistance levels appeared to be stable for all
eight stimulation trials.

The active site of track 292 was verified to be at the dorsal
border of the mid—anterior'iegion: however, stimulation of what
appeared to be the same area in another rat (391} did not alter
BAT temperatures. Finally, one active VMH site (397) was
posterior to the others, 3.3 mm behind bregma (Paxinos & Watson,

1986) .

Non-VME sites: Outside the VMH, three of seven tracks showed
sites that gave rise to a BAT temperature increase; two tracks
were found in the dorsomedial nucleus (394, 29%4), and the third a
little more lateral in the perifornical nucleus (388). Note that
two other tracks, 389 and 390, also penetrated the dorsomedial
hypothalamus, but were not effective in producing stimulation-
induced change in BAT temperature. The remaining two tracks,
which were located dorsal to the VMH (339, 353), showed no active
sites, but several of the sites in 353 gave rise to striking
increases in core temperature with no co:responding change in BAT

temperature.
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Temperature Profiles: The typical stimulation-induced
pattern showed BAT temperature rising from 0.6 to 4.6°C above
baseline, and taking from 1 to 2 hours to return. In contrast,
the two active sites in track 263 and the single site in 379
yvielded a different profile, with a return to baseline values
within 30 minutes, and a maximum rise of 0.6°C; Figure 2
illustrates the difference between the two observed patterns.
Unlike previous reports of BAT temperature change (e.g. Perkins

et al, 1981), we saw no evidence of biphasic patterns,

DISCUSSION

The results indicate that the VMH nucleus does give rise to
BAT thermogenesis when electrically stimulated, particularly in
the mid-anterior regions; this is consistent with the view that
the VMH is involved in the central control of BAT. However, this
is the first study to stimulate in multiple sites within one
animal, and the finding of a number of non-active VMH sites
suggests that not all regions of the nucleus participate in the
regulation of BAT heat production. Other work from this
laboratory corroborates this conclusion; Stenger & Bielajew,
(1992) found that only one of 13 VMH sites elicited a BAT
temperature increase. The results of this study piovide a
commentary on the importance of electrode type in mapping
studies: the authors used fixed electrodes due to the nature of
the study, and like Freeman & Wellman (1987), might well have

concluded that the VMH plays little role in BAT thermogenesis,
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Figure Caption
Figure 2: BAn illustration of two BAT responses that were
elicited by stimulation of two different hypothalamic sites.
The filled symbols in the profiles refer to BAT temperature,
while the unfilled ones represent core temperature changes.
The arrow indicates the point at which the one minute
stimulation trial wés administered.

The abbreviated temperature profile (263) corresponds to a
stimulation site at the mid-anterior VMH, laterally positioned,
and estimated to be near the ventral border; it was the sixth
stimulated site, and the second active site in the track. The
enhanced temperature rise (294) corresponds to an active site
in the dorsomedial hypothalamus; it was the second of eight

tested sites.
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Issues Related to Acute Electrical Stimulation: The
experimental design used here, that of acute stimulation of
anaesthetized rats, is a well-established paradigm in brown fat
research but is encumbered by several contentious issues.
Perhaps the most problematic is the influence of the anaesthetic
on normal BAT functioning. As has been noted (Himms-Hagen,
1991), anaesthetics may cause core temperature to fall, and thus
secondarily invoke BAT thermogenesis, unless the anaesthetic
directly suppresses physiological BAT responses (eg. Shimizu &
Saito, 1991). |

It may not be necessary that the paradigm strictly reflect
physiological conditions in order to provide information; the
stimulation procedure can clearly reveal distinctive effective
regions in the neural tissue, particularly when results from a
number of studies are assessed. However, the resultant pattern
may be incomplete if brown fat thermogenesis is inhibited.
Examining the BAT response in conscious animals represents one
alternative, but the VMH also activates a number of additional
metabolic changes, such as increased blood glucose, that may in
turn affect the BAT response (Himms-Hagen, 1990}.

Another concern is the degree of current spread from the
electrode tip. Ranck (1975) has reviewed the literature on
current intensity and effective excitation, and shown that the
radius of excitation, as a function of current expressed in
logarithm units, is a straight line with a slope of 0.5. Using
his chart, and correcting for pulse duration, we estimate that a

300 pA current of’}OO psec duration will have a radius of
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excitation of 300 p for neurons with conduction velocities*f
greater than 10 m/sec. Since it is likely that the neurénsiof
interest in this report conduct more slowly, probably in the 2 -5
m/sec range, the radius of excitation is in fact expected to be
less, and thus appears to be in line with the 0.16 mm moves that
were used with the moveable electrodes. In other words, the
effective stimulation fields associated with adjacent sites here
likely had little overlap.

Finally, theré is'the issue of the stimulation parameter
values. Our frequency was similar to that used in other studles,
but the current value was three times that reported by Freeman &
Wellman (1986), and six times that used by Perkins et al, 1981.
In contrast, the pulse duration that we employed was one fifth |
that used by either group; our preference is to use shorter pulse
durations in order to avoid the possibility of repetitive firing
induced by prolonged depolarization (see Matthews, 1977).

Consequently, in order to compare our level of stimulation
with others, we calculated the total charge delivered with each
trial, the product of frequency x current x duration. We
obtained a value of 1.5 pcoloumbs, which is equivalent to the
smallest chérge values used in other studies (Perkins et al,
1981; Freeman & Wellman, 1987; Halvorson et al, 1990).
Parenthetically, the wide range in the values of the reported
parameters suggests that little attention has begn paid, in the

past, to the impact of each stimulation parameter.
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Heterogenous VMH Substrates: The observation of both
effective and ineffective sites in the VMH, along with the
differences in BAT temperature profiles, suggests that VMH
elements are functionally heterogeneous. It appears that both
medial and lateral aspects of the nucleus can activate BAT, in
contrast to previous reports which have implicated the lateral
areas as either the most sensitive or even the only active areas
(Perkins et al, 1981; Freeman & Wellman, 1987). The finding that
" there are active sites in the mid-VMH at different ventral planes
further -suggests that functional regions regulating BAT activity
may be confined to discrete areas, and duplicated within the
nucleus.

The observation of differing temperature profiles may be
interpreted in several ways. The reported range in core
temperatures suggests that various degrees of thermoregulatory
responses were invoked in the anaesthetized animals; thus, a BAT
thermogenic response may have indirectly been invoked. However,
BAT temperature was observed to be stable prior to every
stimulation trial, and the changes in the tissue temperature all
occurred immediately after stimulation. Further, there was no
experimental irregularity to account for the different profiles,
as ambient temperature and stabilization times were similar;
most importantly, initial body temperature was not correlated
with subsequent BAT response (see Figure 2 for an illustration).

The metabolic response of brown fat has been assessed through
BAT norepinephrine turnover (eg. Young et al, 1982), sympathetic

nerve activity (Egawa et al, 1991), as well as the levels of




54
either mitochondrial GDP-binding (Billington et al, 1991) or

uncoupling protein mRNA (Champigny & Ricquier, 1990). There are
specific advantages and disadvantages associated with each index;
here we measured changes in BAT heat production directly with a
thermocouple thermoprobe, emulating a number of other researchers
(eg. Hinckel et al, 1983; Freeman and Wellman, 1987; Woods and
Stock, 1994). Although the values of brown fat temperature
changes may not be tiéhtly correlated with absolute levels of BAT
thermogenic response, due partially to the confound of local
blood flow, this paradigm, which was first applied to the study
of brown fat by Perkins et al (1981), has the important advantage

over biochemical measurements that it reveals real-time temporal -

patterns in acute BAT response to stimulation.

et
I

. A N N
“:..Given that the variety of temperature profiles obtained in

this study reflect differing signals from the VMH, it suggests
the notion of a heterogenous range of VMH mechanisms for brown
fat activation. In line with this idea, neurally-induced
lipogenesis and hypertrophy of BAT can be dissociated from BAT
thermogenesis, implying that several different neural mechanisms
may requlate BAT activity (Glick, 1984; Himms-Hagen, 1983). It
would be interesting to pursue this investigation by determining
if those VMH sites associated with no increase in BAT temperature
were instead activating brown fat in a different way, one that
might be biochemically detectable. Finally, the role of
stimulation parameters is also relevant in'the cases of the non-
responsive sites; similar to most other papers, we used only one

level of stimulation, which was in the general range of
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previously reported levels. Although it is likely misleading to
define a CNS region in absolute terms without assessing the
effect of several stimulation parameteres, such a systematic

experimental design represents an entirely new and rich

direction, and is beyond the focus of this work.

Range of VMH Signals: This apparent heterogeneity of VMH
effects can be further seen with cold, electrical or dietary
stimulation, as eacﬁ may give rise to different combinations of
peripheral and brown fat responses. Electrical stimulation of
the VMH invokes sympathetic reactions similar to those elicited
by cold stress, including increased blood glucose levels,
increased cardiac output, and BAT thermogenesis (Frohman, 1980;
Shimazu, 1981; Foster & Frydman, 1979; Morimoto et al, 1986). 1In
contrast, glucose injections directly into the VMH are followed
by BAT thermogenic activity, but the peripheral metabolic
responses are opposite to those seen with cold and electrical
stimulation (Frohman, 1980; Sakaguchi & Bray, 1987; Sakaguchi &
Yamazaki, 1988). Finally, the effect of VMH stimulation by
2-deoxy-glucose is different again; peripheral responses are
similar to those of cold stress, but the decreased binding of GDP
to interscapular BAT mitochondria suggests reduced thermogenesis
(Le Magnen, 1985; Storlien et al, 1985; Arase et al, 1987).

This variety in the pattern of peripheral response to VMH
signals,. possibly modulated by humoral factors, illustrates the
range of VMH signals which is necessary to elicit adaptive

metabolic responses in the face of diverse energy demands. The
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diversity in signal types is also reflected in the complexity of
the anatomical organization of the nucleus; H® leucine injections
into the VMH have been used to trace fibre bundles to their major
descending target, the periaquaductal grey area. From there,
substantial projections can be detected to centres in the
brainstem and spinal cord that regulate the autonomic system,
namely the ventromedial reticular formation for the sympathetic
system, and the nucleus ambiguus for the parasympathetic one (see
Luiten et al, 1986 for review). The fact that the hypothalamic
region in general is known to exert its influence through both
the motor and neuroendocrine systems further supports the
presence of a potentially vast range of signals from the VMH, as
does the position of the nucleus as a centre of integration.

The intrahypothalamic connections of the VMH are also of
interest here. We report, as do Freeman & Wellman (1986), a
substantial contribution to BAT thermogenesis from the medial
dorsal hypothalamus. Indeed, the reciprocal connections between
that nucleus and the VMH perhaps represent the most significant
intrahypothalamic pathway for the VMH, in conspicuous contrast to

the regions of the lateral and the paraventricular hypothalamus.

Conclusion: A number of mechanisms might underlie both the
observed mosaic of effective and ineffective sites in the VMH,
and the apparent variation in signals that can be generated by
the nucleus. For example, we hypothesised that VMH activity may
be regulated by input from adjoining nuclei, particularly the

temperature-sensitive preoptic and anterior hypothalamic areas,
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since it has been shown that both stimulation and cooling of the
areas evoke BAT responses (Nakayami et al, 1981; Hugie et al,
1992). The application of an anaesthetic to the VMH appears to
interrupt the BAT response, as has been reported for a number of
other areas, including the SCN (Amir et al, 1989). The acute
stimulation paradigm could be exploited to investigate the neural
circuitry behind this apparent relay; for example, it would be
interesting to evaluate the effect of VMH destruction on the
influence of effective sites outside the nucleus. Assessment of
the extent of changes in functional connectivity would enrich the
current anatomical descriptions of VMH pathways.

The results of a pilot study from this laboratory which
showed that a doubling of the stimulation frequency caused
previously non-responsive sites to elicit BAT activity suggest a
complementary mechanism, one that involves a change in the
critical threshold required to activate the neuronal substrate.
This idea has been proposed by Preston et al (1988), who were
seeking an explanation for observed BAT responses to a strong
cold stimuli following VMH destruction. Thus, systematic
‘ﬁi%erétion of the stimulation parameters could assist in
identifjing these neuronal properties,iés well as potentially
opening the doors to physical characterization of the VMH neurons
through the application of parametric techniques (Gallistel et
al, 1981).

Very recently, several groups have explored this avenue and
report the change in brown fat temperature response to alteration

in the values of the stimulation parameters. Woods and Stock
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{1994) applied low intensity, long duration pulses to the VMH,
and elicited a sustained drop in BAT temperature; they suggested |
that the low level stimulation was dissociating the thermogenic
response of the parenchyma from the reported vascular changes.
Another group (Dib et al, 1994) .scaled frequency, intensity and
intertrain interval. The authors report a monotonic
relationship, in that the magnitude of the BAT temperature

response grew with increasing levels of stimulation.
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EXPERIMENT 2

Brown fat thermogenesis was first reported as a response to
cold exposure (eg. Foster & Frydman, 1979), and subsequent
stimulation studies indicated that the VMH is the primary CNS
control region for brown fat activation (Shimazu and Takahashi,
1980). Effective sites have since been located in a number of
other CNS regions, including the preqptic-and dorsomedial
hypothalamus, the paraventricular nucleus, and the SCN.

Increases in BAT activity have also been attributed to
overfeeding on cafeteria diets (Rothwell & Stock, 1879), low
protein or high fat diets (Glick et al, 1981l; Gong et al, 1890y,
and cooling of the temperature-sensitive preoptic hypothalamus
(Imai-Matsumura & Nakayama, 19&§F76r cutaneous thermal receptors
(Kurosawa, 1991). The fact tha£"ﬁAT thermogenesis appears to be
activated by a variety of manipulations suggests that BAT
metabolism is regulated in relation to both thermal and energy
balance (Himms-Hagen, 1989).

The results of the first experiment clearly support the idea
that stimulation-induced BAT thermogenesis can influence core
temperature, but in the course of this work, we observed a small
number of sites in extra-VMH regions that were associated with
a drop in brown fat temperature. This BAT response does not
appear to be well characterized, either in terms of CNS control
areas, or underlying mechanisms. The purpose of this study was
to precisely map the sites which elict abrupt decreases in BAT
temperature; to that end, moveable electrodes were aimed at the

ventral lateral thalamic nucleus (VLT) and the zona incerta (ZI.
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METHOD

Fifty five male hooded rats of the Long-Evans strain (Charles
River, Quebec), weighing 305 to 420 g at the time of surgery,
were housed individually at 20-23°C and placed on a 12 hour
light/12 hour dark cycle with light onset at 0700 h. Standard
lab chow and water‘were’fieely available. Surgeries were always
begun between 0800 and 1000 h, and conducted at housing
temperature range.

Both the surgical and stimulation procedures were identical
to those of Experiment 1, with the following modifications:

1) Core temperature was monitored and held at 36.6 - 37.0°C by
means of a homeothermic blanket unit (Harvard Scientific Ltd.).-:
In some cases where a BAT drop response was elicited, core
temperature was observed to drop below this level by

0.1 to 0.3°C. We defined a temperature drop as a change of at
least -0.2°C. |

2) Moveable electrodes (Kinetrods, Reg'd) were aimed at either
the ZI or the VLT in each rat. The flat-skull coordinates for
the 2I were as follows: 2.12 - 3.3 posterior to kregma, 1.5 mm
lateral to the mid-saggital suture, and about 7.5 mm below the
dura; those for the VLT placement were: 1.8 - 2.8 mm posterior to
bregma, 1.5 mm lateral to the midline, and 4.5 - 6.5 mm below the
dura (based on the atlas of Paxinos and Watson, 1986)

3) In some animals {for 73 sites of 401), brown fat temperature
values were precisely recorded for a 10 minute period prior to
stimulation, in order to detect fluctuations in BAT temperature

unrelated to the stimulation.
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4) In a subset of the 26 VLT rats, effective sites were
re-stimulated after the temperature returned to baseline levels,
to determine if the drop in BAT temperature was reproducible. Of
these animals, seven were treated to an additional procedure in
which the site associated with a temperature drop was stimulated
three times in total: a second time to replicate the temperature
effect, and a third time to observe the BAT response following an
injection of either propranolol (a p-noradrenergic blocker, 20
mg/kg i.p.) or phentolamine (an a-adrenergic blocker, 10mg/kg
i.p.);.the injections were given 15 min. prior to stimulation.
The blockers were used to assess whether the SNS is involved in
the mechanism of the BAT temperature drop. No further sites were
tested in an animal after application of the blocker.

Sacrifice and histology procedures were identical to those of

Experiment 1.

RESULTS

of the 55 implanted electrodes, 23 either penetrated the ZI
or were immediately proximal to it,'26 were in the VLT area, and
finally six tracks were found in separate structures more than
0.5 mm distant from either the ZI or the VLT. The plates in
Figure 3 detail the histologically verified locations of the VLT
electrode placements, with the most rostral sites on the left.
The sites effective in eliciting a stimilation-induced drop in
BAT temperature are noted as either an open circle or diamond;
the diamonds distinguish those which showed a second temperature

drop after restimulation of the site, while the circles indicate




Figure Caption

Figure 3. Tracings of atlas plates {adapted from
Neurographics, 1993) that best correspond to those sections
showing the location of the electrode tips aimed for the VLT.
From left to right, the plates lie in a rostral to caudal
"arrangement, and the numbers on the plates identify the
anteroposterior level (coordinates from Paxinos and Watson,
1986); where two plates depict the same level, they are placed
in parallel and the coordinates appear on the second or
rightmost plate. The numbers below the plates list the
identity of the rat associated with each electrode track in
that plate; the top number corresponds to the track closest to
the midline placement, and so on to the final number in a given
column which labels the most lateral track on that plate.

The sites effective in producing a BAT temperature decrease
are represented by a diamond of a circle, while the lines
indicate sequential sites within one electrode descent which
were ineffective. The diamonds denote either those effective
sites which showed a second temperature drop when the site was
restimulated, or those sites (n = 7) for which restimulation
was not attempted. In contrast, the circles identify those
effective sites which did not show a repeat temperature drop
when restimulated. The asterisk next to 500 refers to the one
track shown in the. figure that is labelled as a 21 site, thus
indicating the location of the only positive site observed in

the ZI region which is not directly in the band of the nucleus.
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those that did not. The lines note those sequential sites
associated with either no change or a rise in BAT temperature.

The ZI electrode placements are not illustrated, as all of
the sites that were effective, except for one (see Figure 3, rat
500) were found directly in, or bordering on, the band of the
nucleus. Seven additional rats, with electrodes implanted in the
region of the medial preoptic area, displayed only the more
typical stimulation-induced rise in BAT temperature (Holt etral,
1987; Bmir & Schiavetto, 1990; Kelly & Bielajew, 1991); their
data are not included in this experiment.

In all rats, a core temperature of 36.6 - 37.0°C was obtained
within the first 15 min. of surgery, and did not exceed this
range unless a change in BAT temperature was recorded. Of the 56
out of 401 individual sites that evoked brown fat temperature
drops (see summary in Table 1), the corresponding core
‘temperature fell in 22 instances, with the decreases ranging from
0.1 to 0.5°C; most of these (n = 18) occurred in animals with
electrodes aimed at the VLT area. Although the use of the
blanket did not always prevent the core temperature drops, it is

likely that it acted to reduce them.

Prestimulation Controls: In order to establish that the BAT
temperature changes which we defined as drops indeed represent an
active response to stimulation, in contrast to the smaller
changes at sites labelled "ineffective", we used the non-specific
temperature variations of the prestimulation control trials as a
comparison. Table 1 lists the sites associated with tﬁmperature
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changes from baseline, ranging from 0.0°C to -0.2 or +0.2°C or
greater, for both stimulated and prestimulated control trials

Of the 73 prestimulated trials, 92% showed either no change N
or a 0.1°C change during the ten minute prestimulation period,
while only 4.1% showed a change of -0.2°C; the fact-that the
~0.2°C changes are much less frequent suggests that they comprise
a distinct category from the other changes. This pattern is
clearly mirrored in the stimulation findings, where temperature
drops of 0.2°C make up only 6.5% of the trials, compared to 72.5%
for 0.0°C or 0.1°C temperature changes (ie. ineffective sites).

This consistent result argues for our use of a -0.2°C change
as the criterion for defining a temperature drop; Woods & Stock
(1984) in fact report a mean of -0.2°C for stimulated BAT
temperature drops. In addition, all four of those prestimulation
trials in our study which displayed a -0.2°C or -0.3°C change also
showed a large drop when the sites were subsequently stimulated;
this is further evidence that the -0.2°C drops represent induced
changes, in both the stimulated and unstimulated trials. We
suspect that the 0.2°C drops in the prestimulation trials were
evoked by mechanical pressure as the electrode tip was lowered
into the effective area. Finally, it is important to note that
of the 26 stimulated sites which elicted —0.2°C'gpanges (see
Table 1), ten were immediately above or below siteéhwhich yielded

larger drops (see Figure 3 for the VLT examples).

Stimulation in tho\region of the 2I (23 rats): In 15 of the

subjects, the electrode tracks penetrated the band of the ZI
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nucleus. Nine of these tradks gave rise to individual sites
which caused a stimulation-induced dropuin baseline BAT
temperature, with roughly the same proportion of effective to
ineffective descents located in the anterior and posterior areas;
the remaining six tracks that penetrated the ZI did not induce
any change in BAT temperature.

In one subject, 477, a drop was observed in four consecutive
sites; these temperature profiles are illustrated in Figure 4.
The other eight descents with positive sites displayed a variety
of patterns, from only a single effective site, to either
consecutive or non-consecutive effective sites. All tracks
included a number of stimulated sites both above and below the
nucleus at various lateral-medial positions.

The typical BAT temperature profile showed a drop that ranged
from 0.2 to 0.8°C, and lasted 20 to 50 minutes, with no
corresponding change in core temperature. All BAT temperature
profiles returned to baseline, or within 0.1°C of it. In the
case of three of the positive sites, however, core temperature
did fall, beginning about six minutes post stimulation and
recovering later than BAT temperature. - The magnitude of change
was always less than that of BAT. “

Finally, there were eight electrode tracks that did not
penetrate the ZI, but had tips located adjacent to the nucleus,”
within 0.5 mm; one of these, rat 500, displayed anqeffective site
anterior and midline to the ZI (see Figure 3)?f¢

In summary, six of ten anterior 2I tracks, three of five

posterior 21 descents, and one of eight descents just proximal to
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Figure Caption
Figure 4. The graph shows the temperature profiles obtained
from stimulation of four consecutive sites located in the
anterior 2I (rat 477); stimulation was begun at time 0 on the
abscissa. The number next to each profile indicates the site
that was stimulated: second, third, fourth or fifth of the six
stimulated sites in the track. The electrode was lowered, and
each new site stimulated, only after BAT temperature had
remained steady for 20 min. Core temperature remained at

36.6 °C throughout the procedure.
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the structure each yielded at least one site which induced a BAT

temperature decrease.

Stimulation in the region of the VLT (26 rats): Of the 26
electrode tracks in this area, 21 displayed one or more effective
sites (see Figure 3; 32 positive sites in total). There appears
to be no particular pattern to the location of the observed
effective sites in this region. The profiles of elicited BAT
temperature changes were similar to those observed during
stimulation of the ZI; the drops ranges from 0.2 to 0.9°C.
However, core temperature was observed to decrease in more cases
than in the ZI stimulated rats, and faster, as illustrated in
Figure 5, taking roughly ten minutes to begin to level out. 1In
contrast, the rare drops in core temperature that were observed
with ZI stimulation took up to 20 to 30 minutes to reach nadir.

A group of rats with VLT area implants (766, 767, 779; plus
763, septal area) were given an i.p. injection of the
B-adrenergic blocker propranolol 15 minutes prior to
restimulation, while three other (851, 875, 899) were injected
with phentolamine, a non-specific &-adrenergic blocker. In the
first group, the BAT temperature drop persisted despite the
presence of the P-blocker, although the drops did begin later,
more than six minutes post-stimulation instead of two, with a
maxiﬁum change of only 0.3°C. In the subset injected with the
®-blocker, one animal showed no drop on restimulation,: while in
two, a temperature drop of 0.1°C was observed. A second

restimulation ten minutes later yielded identical resuits.
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Figure Caption

Figure 5. The graph depicts the temperature profile obtained
from stimulation of the eleventh site in electrode descent 872;
stimulation was beqgun at time 0 on the graph. Core temperature
is indicated by the upper dotted line, and BAT temperature by
the solid line. Note the rapid descent of core temperature
within the first ten minutes, in contrast to the slower core
temperature fall that we observed with stimulation of effective

z1 sites.
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Stimulation of other regions (6 rats): Six tracks were found
to be in nuclei distinct from, and more than 0.5 mm distant from
either the 2I or the VLT; two of these (761, 763) yielded
effective sites. The first was located anterior and lateral to
the 2ZI in the substantia innominata, while the second was
anterior and dorsal in the septofimbrial nuclei. Again, the
temperature profiles were similar to those associated with the ZI
or the MDT. The remaining four tracks were located in the
hippocampal area, and in regions rostral to the ZI (roughly 1 mm

posterior to bregma).

DISCUSSION

| The results indicate that electrical stimulation of
structures in the CNS can elicit two contrasting types of BAT
temperature change; in agreement with previous studies,
temperature rises were observed for some sites in the ﬁPO area
and elsewhere (Holt et al, 1987; Rothwell, 1989; Amir &
Schiavetto, 1990; Kelly & Bielajew, 1991), while the temperature
drops appeared to be confined to the ZI and VLT regions.
Increases in BAT temperature rises were also noted after
stimulation of various individual sites Surrounding the ZI and
the VLT (see Table 1); this additional rich source of data on the
neural circuitry regulating the brown fat response will be
addressed in a separate manuscript. |

In this study, 21 of 26 descents in the region of the VLT,

and nine of 15 descents that penetrated the band of the ZI

yielded sites effective in eliciting BAT temperature drops. In
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contrast, there were only three effective sites of a total of 13
tracks in areas surrounding these nuclei. In fact, if the two
other regions that we previously mapped -~ the VMH and the medial
preoptic area - are included, then this value falls to three

effective sites in 37 electrode tracks (Kelly & Bielajew, 1991).

Characteristics of the BAT Temperature Decreases: The stable
BAT temperatures recorded over the 73 ten-minute monitoring
periods clearly show that there is little spurious or non-
specific variation, indicating that the temperature changes we
observed in this study are indeed induced by the electrical
stimulation (see Table 1). The fact that the temperature drops
always occurred within six minutes of stimulation also serves to
correlate the temperature changes with CNS activity.

However, in 16 of the 24 effective VLT sites which were
restimulated, the BAT temperature drop did not reoccur (0.0°C,
n=10; -0.1°C, n = 6); in the remaining eight, the second
temperature drop was weaker than the first. Figure 3 shows the
location of both the sites that gave rise to a drop following
repeated stimulation (diamonds), and those that did not
{circles).

The non-repeat temperature drops were associated with
identical placements to those which could be re-elicited, and
also showed similar temperature profiles. The failure of the
second stimulation to reproduce the temperature drop may, in some
cases, be related to the same factors that caused stimulation of

consecutive effective sites in rat 477 to elicit temperature
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drops of decreasing magnitude; possibly some aspect of the BAT
response, whether peripheral or central, is not fully recovered
before the second stimulation. Finally, it is possible that
stimulation of general thermal circuits itself may interfere with
the reappearance of the BAT temperature drop. However, this
hypothesis remains speculative as it appears that no
restimulation of effective sites was attempted in any other |
studies where BAT temperature drops were elicited with additional
thermal responses (Hinckel et al, 1983; Szreder er al, 1994).

The use of the homeothe:mic blanket to maintain the rats’
core temperature at the daytime average of 37°C minimizes any
interference due to feedback cycles between core and BAT
temperature, although it appeafed that the blanket was unable to
respond quickly enough in some cases to completely prevent the
induced core temperature change. The effect of the stimulation
on core could not be properly evaluated due to the presence of
the blarnket; the most effective method would be to stimulate an
awake animal. In those cases where we did observe a small
decrease in core temperature, it always followed the drop in BAT
temperature. This delay is interpreted as evidence of a direct
experimental effect on BAT, thus making it unlikely that BAT
temperature is dropping merely as a result of core changes (Imai-

Matsumura & Nakayama, 1986; Amir, 1990; k.ly & Bielajew, 1991).

CNS Regions that Regulate BAT Temperature Drops: From a total
401 individual stimulated sites in the present mapping study (193

VLT, 173 2I and 35 other), we report only three outside of either
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the VLT or ZI area that were effective in producing a BAT
temperature decrease. Even allowing for histological
inaccuracies, the regions controlling the BAT temperature drops
appear to be fairly specific. 1In the case of the 21, twenty of
the 21 individual sites which evoked a decrease in BAT
temperature were all found in the band of the nucleus, whereas
there was only one temperature drop recorded from the 145 sites
surrounding it (see Figure 3). However, these results do not
allow us to distinguish whether activation of cell bodies or
fibres of passage are responsible for the BAT temperature drops.

While the ZI has not previously been shown to have a
functional connection with brown fat temperature changes, several
lines of evidence suggest a possible link between the ZI and the
regulation of metabolism. Efferent projections from the ZI to
the DMH have been demonstrated (Ricardo, 1981), and, in turn, we
report that stimulation of the DMH elicits a BAT response, as do
others (Freeman & Wellman, 1987). The ZI may also send
information indirectly to the autonomic nervous system via
projections to structures such as the periaquaductal gray and the
reticular formation (Ricardo, 1981). Finally, the ZI nucleus has
been implicated in both the glucoprivic and lipoprivic feeding
response, based on.the findings of various lesion studies (Walsh
& Grossman, 1975; Tepper & Kanarek, 1984; Calingasan & Ritter,
1992). ’

The primary function of the VLT is to relay non-specific
sensory information to the cortex, and there is apparently ne -,

prominent role for any of the diverse thalamic structures in the
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regulation of appetite or body weight. There is evidence,
however, that the thalamus participates in thermoregulation
(Schénbaum & Lomax, 1990), though it is not considered part of
the classic thermal circuit (the spinal cord, lower brainstem,
and hypothalamus). Previous reports of BAT temperature drops as
part of the thermoregulatory response to brainstem stimulation
(Hinckel et al, 1983) fit with the observations reported here;
furthermore, we found that many of the VLT stimulations evoked a
faster drop in core temperature than ZI ones, and only in the
case of VLT sites were BAT temperature drops as small as -0.2°C
accompanied by core temperature decreases. These results suggest
that VLT stimulation has a direct effect on core temperature, in
addition to its effect on brown fat; an assessment of the range
of possible thermic responses to VLT stimulation, beyond BAT
‘temperature drops, would be revealing.

Examination of this thermosensitive neuronal circuit does
suggest a potential physiological basis for abrupt BAT
temperature drops. The cold-sensitive units within the VMH have
been shown to respond to both preoptic hypothalamic and
peripheral cooling (Nakayami et al, 1981), and are essentially
the same neurons which are facilitated by glucose (Imai-Matsumara
& Nakayami, 1981). These characteristics suggest a neuronal
mechanism for BAT thermogenesis induced by preoptic area and/or
ambient cooling, as well as a means for thermal signals to
influence the control of feeding. It would be interesting to
- determine if the warm-sensitive cells of the VMH or the preoptic

area are then involved in the control of BAT température drops,
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perhaps by experimental inhibition of either nucleus during

induction of the temperature drops.

Role of SNS in Control of BAT Temperature Drops: Unlike a
number of earlier papers that report decreases in BAT activity
due to simple reversal of experimentally-induced excitation (eq.
Niijima et al, 1984), we observed BAT temperature drops fromﬁ
baseline tht were directly related to CNS stimulation. Such
short-term, stimulation-induced drops in BAT temperature have
been previously reported in the context of thermoregulatory
investigations; one study found that stimulation of the nucleus
raphe magnus in awake animals caused a marked decrease in brown
fat heat production, as well as attenuating other thermic
responses (Hinckel et al, 1983). The temperature drops were
attributed to stimulation of warm responsive units in the
thermoregulatory circuit.

Intracerebroventricular injections of both neuropeptide Y
(Szreder et al, 1994} and insulin (Holt & York, 1989), chemical
stimulation of localized regions within the dorsal medial
hypothalamus (Yoshimatsu et al, 1993), as well as inductions of
elevated blood pressure {Shibata, 1982) have all been shown to
cause immediate transient reductions in baseline BAT activity,
and it is suggested that this response is due to suppression of
sympathetic nervous activity. Calasso et al (1993) report
interscapular BAT temperature drops during desynchronized sleep,
which they attribute to both decreased sympathetic input, and to

an increased flow of cooled blood through the BAT deposit.



Finally, Woods and Stock (1994} fcund that very low-level
stimulation of the VMH elicited acute BAT temperature drops that
persisted until the stimulation was switched off. At that point,
BAT temperature abruptly rose and surpassed the initial baseline
level. The authors suggest that lipolysis, which provides fuel
for heat generation, is in fact stimulated during the drop phase
of BAT response, but an inhibitory response specific to the low-
level stimulation prevents the cells from utilizing the fatty
acids until the stimulation is turned off.

Overall, the range of BAT temperature values observed in
other studies is similar to ours, from the typical drop of 0.2°C
reported by Woods & Stock (1994) to the -1.0°C change seen by
Hinckel et al (1983). It appears that acute BAT temperature
drops are likely due to one, or a combination of, four
mechanisms: 1) decreased firing rate of intercostal nerves,
thereby suppressing sympathetic inputi 2) constriction of BAT
blood vessels due to @-stimulation (Flaim et al, 1977; Foster,
1985); 3) redirection of blood through arteriovenous
anastomoses, preventing enough oxygen from reaching the cells to
allow the thermogenic response, despite iipolysis (Himms-Hagen,
personal communication; Nnodim & Levef, 1988; Woods and Stock,
1994) and 4) cooling of blood entering the BAT deposit, due to
such factors as an induced thermodilatory effect in the tail
(Calasso et al, 1993).

The first step is to determine whether SNS activiﬁy regulates
decreases in brown fat temperature as it does the production of

heat (eg. Seydoux et al, 1977). Thus, a subset of four animals
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were injected with the f-blocker propranclol prior to
stimulation, and as expected, the presence of the P-blocker did
not interfere with the induced drcps. However, earlier studies
of the biphasic BAT temperature response to VMH stimulation
implicate e-adrenergic-induced vasoconstriction as the cause of
the initial temperature drop (=g. Flaim et al, 1977; Perkins et
al, 1981); we investigated this possibility by restimulating the
site after qystemic applicatioh of phentolamine, a non-specific
e-blocker.

Intraperitoneal injections of phentolamine have been shown to
lower body temperature in awake animals {eg. Kent et al, 1990);
however, our anesthetized, warmed animals showed no BAT or core
temperature change due solely to injection of phentolamine. The
severely attenuated drop which was obServed after restimulation
in the presence of the &-blocker is difficult to interpret, for
several reasons.

The sample size is small, but was restricted due to the
difficulty in finding sites which yielded a temperature drop of
-0.2°C or greater on restimulation. Thus, the problem was that
restimulation itself did not consistently give rise to a second
temperature drop, and further, almost all second drops were of
lesser magnitude than the initial one. It could be significant
that a weak decrease persisted in two cases of stimulation after
phentalomine application; this finding is compatible with a
prominent, but possibly not exclusive, role for k-induced
vasoconstriction in the regulation of BAT temperature drops.

The severe attentuation of the drops is a concern. Due to the
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problems getting repeat BAT responses, no sites were formally
tested for the ability to induce a response on a third
restimulation; however, the consistent size of the attenuated
responses, along with the fact that a fourth stimulation in the
presence of the klocker induced an identical attentuated
response, suggests that the change in BAT temperature response
was due to the application of the blocker rather than to simple
tolerance. In order to further examine the participation of the
SNS in the control of BAT temperature drops, it would be useful
both to record the firing rate of BAT sympathetic nerves when
brown fat temperature decreases are evoked, and to directly
examine the changes in blood flow.

Interestingly, during two of the three trials with the
a-blocker, core temperature dropped by 0.2°C after restimulation,
regardless of the size of the BAT temperature drop; this further
supports the idea that VLT stimulation, possibly unlike ZI
stimulation, has a direct, distinct effect on both core and BAT

temperature.

Conclusion: Taken together, the observation of induced
bidirectional changes in brown fat temperature from these first
two studies led us to speculate on the possibility of a circadian
profile for BAT thermogenesis. Indeed, diurnal variations in BAT
sympathetic firing rate have been reported (Sakaguchi et al,
1988), as well as circadian changes in brown fat GDP-binding
(Redlin et al, 1992). It is important to determine if these

varied levels of BAT metabolism in fact reflect a cyclic pattern
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in BAT heat production, as the daily pattern of brown fat
thermogenic activity could reveal significant interactions of BAT
temperature with feeding, or with core temperature, and thus
¢stablish a possible role for short-term BAT temperature
Jdecreases in metabolic regulation.

In summary, this study demonstrates that an abrupt,
transitory drop in brown fat temperature can be induced by
electrical stimulation of central structures. We observed
decreases in BAT temperature following stimulation primarily of
sites in the 2ZI and the VLT areas. An injection of Pp-adrenergic
blocker did not prevent the BAT temperature drop; however, the
response to the g-adrenergic blocker was inconclusive, with two
of the three cases associated with an attenuated temperature

decrease.
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EXPERIMENT 3

In the previous two experiments, we reported the induction of
abrupt drops in BAT temperéture after stimulation of either the
%21 or the VLT, in addition to the classic thermogenic response of
the tissue to VMH stimulation. It was speculated that if such
opposing events are represented in the daily temperature profile
of brown fat, then the pattern would resemble the peaks and
troughs displayed by core temperature profiles. Through the
circadian patterns, the relationship between the two temperature
series could be assessed in order to provide information about
the contribution of BAT heat production to core values. However,
the evidence regarding a possible circadian profile of brown fat
heat production is contradictory.

Recent studies report the presence of a circadian rhythm in
BAT metabolism, but several different indices of BAT activity
were used and the results are not in agreement. Brown fat levels
of the sympathetic transmitter NE are higher in the evening
compared to morning values (Davidovich & Petrovic, 1981) but the
levels of GDP-binding, as well as the basal firing rate of the
sympathetic nerves innervating BAT, have been reported to appear
at a maximum in the illumination period (Rothwell et al, 1983;
Sakaguchi et al, 1988). Others, however, have observed no
systematic change in GDP-binding levels (Park and Himms-Hagen,
1988a). In addition, it has been proposed that the rising levels
of corticosterone seen at the end of the dark phase act to
inhibit BAT activity, with the opposite pattern prevailing at the

end of the light phase. This hypothesis is in line with the idea
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that brown fat thermogenesis is activated at night, coincident
with a number of ingestion and energy deposition processes (Le
Magnen, 1985; Bray, 1994G) .

However, the indicators of BAT metabolic activity -
NE turnover, GDP-binding, SNS firing rate, concentration of
uncoupling protein, lipid turnover - can apparently be
dissociated from each other or from actual heat production or BAT
0, consumption {eg Luboshitzky et al, 1983; Sakaguchi et al,
1988; Ma & Foster, 1989); thus, it is not known whether reported
diurnal changes in fact reflect the presence of a cyclic pattern
in BAT thermogenesis. So this study was designed to directly
evamine the daily profile of brown fat heat production using

radio-frequency transmitters.

GENERAL METHOD

Male Sprague Dawley rats (Charles River, Quebec) were housed
in&iﬁidually, undér identical conditions to those described in
the previous study. In addition, all rats from which core
tempesrature data were to be collected were continuously exposed
to the sound of clicks from a CB receiver in order to acclimatize
them to the noise.

Rats weighed from 300 to 395 g at the time of surgery. The
animals were anaesthetized either with an injection of sodium
pentobarbital (Somnotol, 65 mg/kg, i.p.) and rompun (Xylazine,
3mg/kg, i.m.), or by exposure to araded concentrations of
fluothane {(Halothane) gas and oxyéen through a nose cone.

Surgeries lasted no longer than one hour; if supplemental
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anaesthesia was necessary, the inhalant methoxyflurane (Metofane)
was used, rather than the barbituate, in order to lessen the
disruptive effect of the longer-acting injectable anaesthetic on

the circadian rhythns.

BAT Temperature Profiles: surgical procedure and. data
collection

An XM-FH disc radio-frequency transmitter (Mini-Mitter Co.,
Inc.) was implanted beneath the interscapular BAT deposit in each
of ten rats. The wax-coated transmitters are about 1.5 cm in
diameter, weigh 5 g each, and are shaped like flat discs. Lach
transmitter was sterilized in a solution of Benzadine, and all
instruments and gauze were sterilized in an autoclave. The
shoulder muscle and the BAT deposit of the anaesthetized rat were
exposed by cutting and pulling back the skin of the interscapular
area, and gently teasing the tissue apart with forceps to clear a
quarter-sized opening (see Figure 6 for illustration).

The transmitter was held in place beneath the brown fat in
one of two ways. In most animals (up to and including rat 881),
the transmitter was glued directly to the shoulder muscle; in
others, it was glued to a small piece of sterilized surgical
teflon, and the teflon tag then sewn at two ends to the muscle.
In both procedures, the brown fat deposit lay on top of the
transmitter once it was in place. The wound was closed up, and
the animals were allowed a minimum of five days to recover from
the procedure.

The surgical aftercare routine varied. For all rats numbered



Figure Caption

Figure 6: TwoO different
interscapular brown fat,
depicted in this figure;
Clipart. Each flat disc

rats; it was bonded into
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implantation sites - beneath

and inside the abdominal cavity - are
the rat drawing is courtesy of Corel
transmitter was implanted into ten

place below the BAT deposit in one of

two ways, either glued directly to the shoulder muscle (rats

700, 757, 745, 771, 799,

of surgical teflon which

819, 881), or glued first to a piece

was then sewn to the muscle (rats 890,

897 and 903). The transmitter output was collected by a

receiver placed under the cage, and then sent to an automated

system. The second transmitter, which was implanted in four of

the ten animals, was placed loosely in the intraperitoneal

cavity in order to record core abdominal temperature. The data

was collected via a VCR and then manually recorded off the

tape. All transmitters were purchased from Mini-Mitter Co.,

Inc.
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819 and below, post-surgical care was identical to routinz care,
while all animals after 819 received acetomenophen in the
drinking water (flavoured liquid Tylenol; 160 mg/ml; 1 ml
Tylenol/100 ml water) for three days to minimize pain and
encourage weight gain. The final set of animals {numbered 881
and above) received a three day regime of both acetamenophen and
enrofloxin {Baytril; 5mg/kg/day) in the drinking water, in order
to assist weight gain and to prevent swelling due to foreign body
reaction. Any animal that showed signs of swelling, lbw weight
gain, lethargy or fever was excluded from the study (10 of 22
rats).

Once the animal showed a weight gain for three consecutive
days, data collection began. Receivers were placed under the
cages, and the automated system recorded BAT temperature every
30, 60, or 90 sec throughout the 24 h cycle, for up to eight
consecutive days. Cages were cleaned, and the rats weighed,
between 0900 and 1100 hours on every second or third day.

At the end of the data collection period, each rat was
injected i.p. with a lethal dose of sodium pentabarbitcl. We
verified that the BAT deposits had physically adhered to the
transmitters in each animal. Some subjects were removed from the
study at this point due to swelling which had not been detected
earlier, or the appearance of thickened tissue envelopes
surrounding the transmitters.

To ensure accuracy, the output of the transmitters was
manually calibrated with temperature change using a water bath,

both before and after the data collection.
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Interscapular brown fat samples were removed from four
animals at sacrifice, in order to determine the level of NE found
in intact tissue. Brown fat tissue was removed quickly in
subdued lighting to minimize catecholamine degradation due to
light exposure. The samples were frozen on dry ice and stored in
a -80°C freezer. To prepare for analysis, the thawed samples
were added to 1 ml of a 4% perchloric acid sclution which also
contained 0.5 mg/ml EDTA and 0.05 mg/ml sodium bisulphate; the
mixture was homogenized with a micro ultrasonic cell disruptor.
To perform the acid extract of the NE, 10 mg of alumina and
400 pl of tris/EDTA (pH 8.5) were added, as well as 40 pl of DHBA
as an internal standard. Tubes were shaken for 20 minutes,
centrifuged, and the supernatant aspirated.

The remaining alumina pellet was washed three times with 0.2%
tris/EDTA {(pH 8.1), and then a low pH solution of acetic acid/10%
sodium bisulphite was added to elute the NE from the pellet. The
pellet was shaken and centrifuged; 20 pl of the resultant
supernatant was used for the electrochemical HPLC detection, and
the remainder was frozen in case of future need. All
supernatants were diluted 100-fold; the control samples required
further dilution to bring the NE content down to measurable
levels. A Waters 460 electrochemical detector was used; the
stationary phase is a Cl8 hydrocarbon chain bonded to a 5 pl
silica particles, while the mobile phase is a mixture of water,
methanol, and buffer salts. Results were recorded in
ng NE/g BAT tissue.

A time-series analysis, also called Fourier frequency
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analysis or spectral decomposition, was performed to determine
the length of any repeating cycles within the temperature

profiles.

Specific Groups or Subsets

i) Simultaneous Core and BAT Temperature:
surgical procedure and data collection

The first part of the surgical procedure was identical to
that described above, with one additional step; a second
transmitter was placed loosely in the abdominal cavity after
closure of the BAT area incision. The muscle and skin were sewn
with absorbable suture. The wax coated transmitters - crystal
controlled TM-discs froem Mini~Mitter, Inc. - are cylindrical in
shape, about 3 cm long, 1.5 cm in diameter, and weigh 15 g. Each
transmitter was sterilized in a solution of benzadine before
implantation.

The same range of post-surgical care routines was applied as
described earlier, but the animals generally took three days to
begin gaining weight rather than the two days typical of animals
that received a single transmitter. No swelling or
discolouration of the abdominal incision was observed in any
animal. |

The receiver was placed beneath the cage as before for BAT
température collection, and the additional core temperature data
were collected by a VCR. A hand-held, partially disabled CB
receiver ("walkie-talkie", Model CH3, Mini-Mitter Co., Inc.) was
placed near the cage, and a microphone next to the receiver

picked up the audible clicks. The microphone output was fed into
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a tapedeck, and the subsequent signal into a VCR, which allowed
continuous collection periods of up to eight hours before a tape
change was required. The temperature data were later taken
directly off the VHS tapes by hand; the time duration required
for 20 clicks was recorded at each 10 min. interval, and
temperature increases were represented by proportional decreases

in time/20 clicks.

ii) Temperature Profiles from Sympathectomized Rats:
surgical procedure and data collection

Bll procedures were identical to those initially described,
except that the BAT deposit was surgically denervated before the
transmitter was glued or sewn in place. A T-shaped incision was
made, and the two flaps of skin held back with clips while the
brown fat lobes were gently lifted up to expose the intercostal
nerve bundles. The four most anterior nerves were severed, and a
2-3 mm piece removed to prevent regrowth. The fifth nerve was
left intact, as it is believed to play little role in BAT
innervation (eg. Foster et al, 1982b; Himms-Hagen et al, 1990}.
The transmitter was then placed beneath the brown fat, and the
rest of the procedure carried out. For both denervated animals,
the transmitter was glued to a teflon tag, and the tag sewn to
the shoulder muscle.

When the animals were sacrificed, the BAT deposit was quickly
removed and placed on dry ice for storage in a -80°C freezer,
taking care to minimize exposure to light. The samples were

later analyzed by HPLC methods to determine NE levels; the
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procedure is described on page 89.

iii) Temperature Profile from Interscapular area with
BAT Removed: surgical procedure and data
collection
In these animals, the additional step occurred before the
placement of the BAT transmitter. The shoulder muscle was
exposed and all visible brown fat removed, taking care to leave
as much white adipose tissue as possible to ensure consistent

tissue influences on the transmitter output. The rest of the

surgical and data collection procedures were the same as above.

Methodological Controls

iv) Room Temperature Profiles

In order to monitor room temperature fluctuations, a second
receiver collected ambient temperature for two days during the
study. An XM-FH transmitter was placed on the second receiver,

and temperature readings collected by an automated system.

v) BAT Temperature Profile following NE Injection

Two rats from the main study, and therefore with XM-FH disc
transmitters implanted beneath the BAT deposit, were exposed to
an additional acute procedure after the data collection was
completed, and just prior to sacrifice. Each rat received an
injection of Somnotol (65 mg/kg; i.p.); once a sufficient level
of anaesthesia was achieved, the rats were placed on the surface
of a receiver, and a homeothermic blanket used to monitor and

maintain core temperature. An i.p. injection of NE was given,
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and the temperature output of the BAT transmitter was recorded.
The recording took approximately 15 minutes, after which the
animals were given a lethal injection of Somnotol. The
transmitters were retrieved, and the calibration verified, as in

the initial procedure.

vi) Compariscn of Transmitter output to Thermocouple
Thermoprobe output

Two additional rats, not part of the main study, were subject
to the acute stimulation procedure described in Experiments 1 and
2, with the modification that an XM-FH transmitter was placed
beneath their BAT deposit, along with the thermocouple
thermoprobe. Each anaesthetized rat was placed directly on the
flat receiver, with the homeothermic warming blanket between the
rat and the plastic surface to maintain core temperature at about
37°C. Successive VMH or ZI sites were stimulated with a moveable
electrode until a BAT temperature change was induced; the output
of both the thermoprobe and the transmitter were read

simultaneously throughout the procedure.

RESULTS AND DISCUSSION
Part A: Interpretation of Temperature Profiles
EXAMINATION OF GENERAL FEATURES:
In this study, the BAT temperature data were collected from a
total of ten animals: eight with intact tissue, one with the
tissue denervated, and one with the BAT deposit removed. Four of

these subjects also contributed simultaneous core and BAT
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temperature data, and in two cases the room temperature was
monitored during the same period in which the BAT data were
collected. In total, 41 x 24h periods of brown fat temperature
readings were recorded, and 8 x 24h and 4 x 12h periods of core
temperature.

The upper graph of Figure 7 shows one example of temperature
data collected in 30 minute intervals over 4 days (rat 743); the
black bars indicate the daily 18:00 to 06:00h lights out period.
Each half hour observation is based on the average of the
readings from a six minute span, three minutes on either side of
the time point. Data were in fact collected at intervals as
frequent as 30 seconds, but averaging the observations across the
entire half hour interval is not recommended because smoothing
obscures the original shape of the temperature prefile and the
information contained in it (A. Dabrowski, personal
communication).

The most prominent characteristic of the graph is the
elevated nocturnal baseline that defines the circadian rhythm of
BAT temperature; the daytime temperature mean is 35.810.2°C, and
the night mean 37.6:0.3°c. Numerous peaks and valleys throughout
the 24 h periods are also visible, and these continuous
oscillations are superimposed on the primary pattern, the
nocturnal elevation. The nightly cycles appear to be of larger
amplitude than those of the daytime.

The third major feature of the BAT temperature profile is the
apparent difference between those slopes that appear at light

onset, and the ones at light offset. In three of four instances,
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Figure Caption
Figure 7: The upper graph shows the raw BAT temperature
profile recorded from one rat for four consecutive days (745).
The black bars denote the 12h dark periods (18:00 to 06:30 h
daily). The values on the graph represent half hour intervals;
these were determined by averaging the readings from the six
minute period surrounding every half-hour time point, three
minutes either side. The arrows point to the temperature rises
that occurred during activity around animal care procedures.
These "outlier" values were replaced with averaged estimates
for the purposes of spectral analysis; the lower graph

illustrates the same profile with the modified values.
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the temperature rise at light offset occurs in a jagged, gradual
pattern, and contrasts the abrupt drop that is observed at all
four points of light onset. There the values appear to fall
directly from a maximum late in the dark period to an immediate
trough at lights-on. The use of abrupt lighting transitions,
rather than the gradual dimming and brightening of natural
settings, likely plays a role in the shape of the temperature
pattern; it appears that the animals' behaviour reflects the
lighting scﬁedule in that they exhibit sharp changes in activity
level at both light switches, although the slopes of the
temperature profiles correspond to this behavioural profile only
at light onset, not offset.

Finally, note the narrow temperature peaks indicated by the
arrows; the rises are coincident with documented activity in the
room due to animal care. These systematic outlier values were
replaced with the mean of the six surrounding values for purposes
of the spectral analysis, in order to avoid any distortion in the
results.

The three major characteristics - nocturnal elevation, 24h
peaks and troughs, and the contrasting slopes at light switch
points - are evident in all temperature profiles from intact
animals; the profiles are presented in Column A of Figure 8. The
individual patterns of daily temperature changes for
interscapular brown fat show an overall range of 34.0 to 38.2°C;
the mean of the collapsed daytime values is 35.940.02, compared
to 37.0+0.02 for the dark period (based on 768 values for each

period).
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Figure Caption
Figure 8: Column A depicts the BAT temperature profiles for
six different rats; some series are longer than the 4 days
shown, and those data were included in the spectral analysis.
The black bars denote the 12h dark periods (18:00 to 06:00h
daily). The values on the graph represent averaged readings
from half hour intervals. Peaks due to animal care are
visible, but were modified for the spectral analysis.

Column B shows the spectral density graphs that resulted
from the Fourier analysis of each temperature series; each
periodgram is placed opposite the temperature series on which
it is based. The periodgrams indicate the frequency of any
repeating cycles which might underlie the temperature profile.

Each series was trimmed, before analysis, to represent
precisely a set of 24 h periods, or 48 observations (1 each
half hour); therefore, the circadian frequency, for example, is

1/48, or 0.021.
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The overall mean, also termed the mesor, of the BAT
temperature rhythm is 36.4+0.02; this value is 1.5°C lower than
that reported by Closa et al (1993). In that study, daily BAT
temperature changes were measured with thermoprobes sewn in place
and attached to Harvard jackets. The simplest explanation for
the difference in the baseline values is the smaller size of a
thermoprobe, which allows it to be completely covered by the BAT
deposit and thus limits other tissue influences on the output.
In contrast, the transmitter used here protrudes from the BAT
deposit. We did directly compare thermoprobe readings with the
simultaneous transmitter readings within subjects; the results
are discussed later, in the section on methodological factors

that influence transmitter output.

Presence of Anticipatory Rise in BAT Temperature: The three
predominant characteristics of the BAT temperature profile are
similar to those reported in core temperature studies, in both
rats and monkeys (see Fuller et al, 1985; Refinetti & Menaker,
1991; Zerath et al, 1994). Gordon (1991) describes the several
distinct phases of core temperature patterns in the rat: a stable
daytime mean, a rising phase that begins approximately two hours
before lights out, a stable and elevated nocturnal mean, and
finally, a phase in which the temperature drops abruptly and
shows a narrow trough before levelling out to daytime values.
This results in a consistent saw-tooth shape, which can also be
seen here in the BAT temperature patterns: é gradual rise at

light offset with an abrupt drop at lights on. Exzamination of
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the individual graphs in Figure 8, and the one that displays the
hourly means computed from all of the data (Figure 9), indicates
that the BAT temperature rise begins roughly three hours before
light offset, between 15:00 and 16:00h.

Interestingly, the sawtooth pattern that results from this
anticipatory rise is most obvious in the temperature profile from
rat 890 (see Figure 10}. 'Here the transmitter was implanted by
bonding it to teflon first, instead of directly to the shoulder
muscle, and the consequent isolation from the muscle appears to
have accentuated the gradual daytime temperature rise. While the
daytime oscillations are still present in the temperature profile
of rat 890, the pattern is altered. 1In the previous graphs of
data from the intact animals, the peaks and troughs appear to be
cycling through a stable baseline value, until about 15:00h when
the baseline slopes upward; however, in the graph of 890, the
baseline begins to slope upward immediately after light onset.
Perhaps the lower temperature of muscle (Closa et al, 1933) acts
to dampen the transmitter output in the intact animals during the
day, and thereby prevents the expression of any temperature
increase until later in the day.

The graph of the averaged data (Figure 9) also reveals an
early morning dip in temperature values that may be a robust
feature of the individual temperature series. We speculate that
this dip may be related to a consistent change in the oscillation
pattern of each profile, whereby a downward slope appears in the
baseline value of the ultradian peaks and troughs; in contrast,

the baseline temperature value of individual profiles appears to
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Figure Caption
Figure 9: This curve depicts the averaged BAT temperature
profile that was obtained by collapsing half hour observations
across eight rats; a total of 36 x 24 h periods were pooled.
The SEM's were no larger than 0.1°C. The daily 12h dark period
runs from 18:00 to 06:00h.
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Figure Caption
Figure 10: The upper graph shows the BAT temperature profile
recorded from one rat (890) for four consecutive days; in this
case, the transmitter was glued to a piece of surgical teflon
before placement under the BAT deposit, unlike the procedure
which generated the earlier seven graphs (see Methods section).
The black bars denote the daily 12h dark periods (18:00 to
06:30h) .

The lower graph illustrates the spectral density graph that
results from the Fourier analysis of the upper temperature

series.



39.0
Rat #890
~38.0
O
2]
2
3 37.0}+
o
()
£
36.0
2
'._
<
@ 350}
S — e I
16:30 4:30 16:30 4:30 16:30 4:30 16:30 4.30
Time of Day '
4
3+ Rat #890
= 6 x 24h
‘@
G
o 2
©
alpled
]
o 1
)
c
|
(4]
| 1 1 1 | 1 | 1

-1 i
o 005 01 0.5 02 025 03 035 04 045 05
Frequency




107
slope upwards before midnight or so. However, the obvious
variability in the duration and the period of the ultradian
cycles, both within and between rats, must also contribute to the
wide shape of the dip in the averaged waveform.

To further investigate both the profile characteristics and
the underlying causes, the optimal procedure would be to collect
simultaneous individual recordings of both BAT temperature
patterns and those of a potential factor, such as food intake or
plasma/CNS NE levels. The averaged data, by contrast, are less
applicable here, and instead are important because the shape of
the resulting profile (eg. Figure 9) represents the "circadian
waveform" of the collapsed data; therefore, it can be used to
mathematically subtract the circadian component from a

temperature series.

METHEODOLOGICAL FACTORS THAT INFLUENCE TRANSMITTER OUTPUT

As a consequence of the blacement of the disc-shaped
transmitter in the interscapular area, the temperature readings
in this study may represent the combined influence of several
tissue types and physiological processes. First, approximately
one third of the transmitter protruded rostrally from the
overlying BAT deposit, and therefore contacted the subcutaneous
white fat. Second, in the case of four rats (700-881), the
transmitter was bonded directly to the shoulder muscle; however,
in the remaining three (rats 890, 897, 903), the transmitter was
bonded to a piece of teflon first, and in that way isolated from

muscle temperature. Third, it is known that brown fat activity
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is sensitive to ambient temperature; given that the transmitter
is not in a deep body position, it is important to ensure that
temperature patterns are not due simply to room temperature

changes.

Resulte of Thermoprobe Comparison: AS Figure 11 shows, the
BAT transmitter readings are consistently almost exactly
1.0°C lower than the thermoprobe values throughout the recording
period. This sytematic difference is most likely due to the
additional input to the larger transmitter from cooler tissues in
the interscapular region, and clearly contributes to the
consistently higher BAT temperature values reported by Closa et
al (1992; 1993) that were discussed earlier.

In addition, response time is slower in the case of the
transmitter, although the magnitude of changes in the recorded
temperature patterns are identical. The delay is particularly
evident during calibration of the transmitter, when the
temperature of a water bath rises by 1°C in 15 seconds; the
transmitter takes approximately 60 seconds longer to register a
stable temperature than the thermoprobe when the instruments are
calibrated simultaneously. However, it is important to note that
temperature changes do not occur that quickly in normal
physiological settings.

Overall, the transmitter appears sufficiently accurate to
reliably record BAT temperature changes, particularly as any
observation reported here has been averaged over a six minute

span of readings. Finally, the thrust of this work is to examine



Figure Caption

Figure 11: The graph depicts a comparison of the temperature
readings from a thermocouple thermoprobe and XM-FH disc
transmitter; the temperature profile represents the response of
interscapular BAT to CNS stimulation. The stimulation was
given at time 0, and the baseline values collected for five
minutes prior to stimulation. Temperature values were
monitored for 40 min, that is until baseline was reestablished.
The thermoprobe readings of core temperature were displayed
continuously on an LED output, and the transmitter readings
shown every 3 seconds on a computer screen. Values were

recorded whenever a change was noted.
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BAT temperature profiles, hence relative changes, which appear to

be faithfully recorded, are more important than absolute values.

NE Injection Control: Figure 12 illustrates one example of
the BAT transmitter output in response to an injection of NE (rat.
796) : BAT temperature values increased by 1°C in ten minutes,
while core values started to rise some three to five minutes
after BAT values had begun to change. A second animal showed an
identical response. These results are very similar to those
obtained when the BAT response to NE injection is measured with
thermoprobes, as reported in the previous section, thus
conforming that the disc transmitters do index BAT thermogenic
activity. In our set-up, and indeed in all BAT studies where the
recording instrument is anchored on muscle, the temperature
signal can be influenced by muscle. However, skeletal muscle is
not considered a significant site of sympathetically mediated
thermogenesis (Dulloo et al, 1988; Thurlby & Ellis, 1986).

In total, the two procedures described above provide evidence
that increases in BAT thermogenic activity and blood flow are
reflected in the temperatures recorded by the XM-FH disc

transmitters.

Room Temperature Controls: Figure 13 shows the BAT
temperature pattern obtained in two different rats (819, 890)
during which period room temperature was simultaneously
monitored. The transmitter output shows no obvious relationship

to ambient temperature; there are neither parallel shifts, nor an
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Figure Caption
Figure 12: The two profiles compare the temperature changes of
the interscapular BAT area to that of core body temperature in
response to systemic NE administration (4 mg/kg i.p.). Brown
fat temperature was measured by a disc transmitter (Mini-
Mitter, Co., Inc.) and core temperature by a rectal
thermoprobe. The injection was given at time 0 on the

abscissa.
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Figure Caption

Figure 13: The graphs depict the BAT temperature profiles of
two different rats against the corresponding room temperature
record from the data collection period. In the case of 819,
upper graph, temperatures were monitored for 21 h; for 890,
lower graph, data were collected for 72 h. The BAT temperature
values represent half hour intervals, averaged across the six

minute period surrounding each 30 min. time point.
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acute cold-induced response in BAT. In the upper gtaph, room
temperature is very steady at 21.2 ts 21.7°C, while it ranges
from about 21.5 to 22.5°C in the lower example, but neither graph
suggests that BAT temperature values respond to room temperature

changes.

Conclusion from Results of Methodological Controls: The
comparison between the thermoprobe output and that of the
transmitter demonstrates that the two are highly correlated,
although there is potential for as much as 2 three minute lag
between temperature change and transmitter output if the chapge
is large and rapid. 1In view of the fact that much of the
analysis uses observations averaged across six minutes, this
aspect should have a negligible effect on the results.
Norepinephrine injections show that the transmitter does respond
to changes in the heat output of interscapular BAT, and the room
temperature data indicate that the ambient temperature does not
significantly contribute to the changes in transmitter output.
Finally, when each transmitter was removed, it was observed that
the brown fat deposits had adhered to its surface. Together
these results constitute strong evidence that the transmitter
output is primarily influenced by temperature changes in the

brown fat tissue.

SOURCE OF HEAT OUTPUT PATTERN
Beyond the methodological issues, however, is the more

challenging question of the underlying cause of the changes in
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BAT temperature. Temperature values represent the net gain or
loss of heat from a region; in this study, the transmitter output
is clearly responsive to heat production by brown fat, but is
also inevitably influenced by other tissues, such as white fat,

and by the range of circulatory factors.

Circulatory Factors: The BAT vasculature comprises vessels,
capillaries, arterioles, and AVAs (Flaim.et al, 1976; Nnodim &
Lever, 1988; Norman et al, 1988). Although regulation of the
sympathetic vasoconstriction of this vasculature is not
completely understood, there is evidence, in some stimulation
situations, for separate CNS regulation of the various components
{eg. Engel et al, 1992; Woods and Stock, 1994). Chemical |
vasodilators may further regulate the arterioles or AVAs, through
possible axon reflexes, or simply by nerve terminals that can act
as both afferent and efferent fibres (see Lisney & Bharali,
1989). For example, the heat released by thermogenesis maQ act
on nerve terminals, and cause them to release substances which
act on veséels to induce further dilatation; this in turn allows
more fuel and oxygen for thermogenesis, and removes metabolic
waste products.

As described earlier, distal vasomotor tone is regulated
cyclically by the thermoregulatory system in order to modulate
core temperature; however, this circulatory aspect should not
affect our transmitter output because, first, the transmitter is
isolated from skin circulation by the WAT deposit above it, and

second, the interscapular skin can be considered a proxzimal area

)
V
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and the temperature patterns of proxzimal skin regions are
distinct from those of distal areas. Proximal temperature
patterns have been reported to be similar to those of core, but
either slightly phase delayed (Fuller et al, 1985) or phase
advanced (Krauchi & Wirz-Justice, 1994). This is in contrast to
distal areas which are commonly obsefved to be phase advanced,
and show a mirror image waveform (Smolander et al, 1993; Krauchi
& Wirz-Justice, 1994). |

When all known BAT control mechanisms are considered, itris
highly unlikely for an increase in BAT blood flow to occur
without concurrent thermogenesis, thus allowing the conclusion
that any recorded rise in transmiter temperature can be related
to a genuine BAT temperature rise. The exception may be those
increases related to increased cardiac output (Yahata et al,
1983; Thornhill & Halvorson, 1993), but it appears that such
events do not cause either an increase or decrease in temperature
recordings from the interscapular BAT area.

However, while studies on anaesthetized rats allow direct
measurement of both temperature and blood flow in various
stimulation situations, the results may have limited relevance
for understanding physiological changes in conscious animals,f;;
The most problematic factor in the interpretation of transmiffer
output is the possibility that the transmitter may not show a
rise in temperature even when thermogenesis is occurring, because
the heat produced isrbeing removed too fast by the blood flow
(Benzi et al, 1988; Himms-Hagen, 1991; Closa et al, 1993). This

discrepency is most likely to occur at the start or the cessation



119

of a particular stimulated thermogenic response. However, even
though BAT temperature readings can not be strictly correlated
with thermogenic activity, it has been demonstrated in this study
that when enough heat is released by BAT, the transmitter does
reflect that change, owing both to its position, and the speed
and accuracy of the response.

In our study, these issues were addressed by means of two
manipulations. The BAT deposit was removed in one case, with the
white fat left as intact as possible in order to ensure that any
sympathetic influence on WAT remained unchanged. The output was
compared to that of normal conditions, where brown fat tissue is
in contact with the surface of the transmitter. In the second
manipulation, the interscapular BAT deposit was denervated to
determine the role of sympathetic input on the temperature

patterns recorded by the transmitter.

Excised BAT: The data from the animal that had the BAT
deposit removed prior to transmitter placement are a vivid
demonstration that brown fat heat output plays a somewhat subtle
role in transmitter output. Indeed, at first glance, the brown
fat temperature pattern in Figure 14 ({(upper graph) is very
similar to that of the intact subjects. There is an elevated
nocturnal baseline, with continuous peaks and valleys
superimposed on the circadian rhythm. What distinguishes this
pattern from the ones that were described earlier is the absence
of a clear, consistent sawtooth pattern. Instead of the gradual,

jagged slope observed at light offset in the intact animals,
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Figure Caption
Figure 14: The upper graph illustrates the temperature profile
obtained from a rat which had all visible interscapular brown
fat removed before the transmitter was bonded in position
beneath the remaining white fat. The black bars denote the 12h
dark periods.

The lower graph show the results of spectral analysis
performed on the above temperature series; the-abscissa
indicates the Fourier fregquencies examined in the analysis,

while the ordinate shows the power of each observed spectral

peak.
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there is an abrupt, sheer rise, soO that the slopes at both light
changes are similar. This contrasts most strikingly with that of
rat 890 (see Figure 10), where the BAT temperature rises steadily
from the time of light onset and thus prevents the appearance of

any stable daylight baseline. In both of these animals, 890 and

903, the transmitter was first glued to a piece of surgical
teflon and then implanted, so that it was isolated from the
effects of muscle activity. As a result, the temperature pattern
in the subject with BAT deposit excised is an appropriate
comparison for distinguishing between BAT input and that of other
tissues.

The mean BAT temperature for rat 903, 37.1%£0.06°C, is higher
than that of the intact animals, 36.4+0.02°C. Since both sets of
values displayed similar maximums, the disparity in means appears
to be a direct function of the observed minimum values; the
lowest reading in rat 903 is 35.8°C, while that of the intact
group is 35.1°C. As a result, the daytime pattern also appears
to be different than that of the intact animals, with fewer
ultradian oscillations, and a smaller amplitude to the cycles.
The effect of disturbance due to animal care can be seen only in
first lights-on peried.

As there was no apparent behavioural difference between the
animal with BAT excised and the intact ones, either in activity
jevel or food intake, the flattened daytime series in the non-BAT
subject suggests that the typical daytime pattern of transmitter
output in intact animals is indeed related to heat released by

brown fat. In contrast, the persistence of the general shape of
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nightly ultradian cycles suggests that they are due to factors
other than BAT heat; these could include motor activity, WAT
circulation, or general changes to proximal body temperature in
response to inner core changes. It is also possible that
residual BAT tissue, not visible during extraction, contributed
to the observed pattern.

Considering that the temperature profile of a transmitter
sitting loosely in the interscapular area displays a similar,
clearly circadian pattern to rat 903 (data not shown), the
results from the animal with the BAT deposit removed are
consistent with expectations, and agree with the finding that
BAT heat production preceding the dark phase contributes to
nocturnal core temperature; the remaining inner body BAT deposits
continue to contribute heat to the core, and in fact, are likely
more important for that purpose due to their mass and position
(Himms-Hagen, 1976; Matthias et al, 1994). Further data
collection is needed to confirm this finding; to our knowledge,
this important control condition has not been evaluated in any

other study of chronic BAT temperature.

Denervated BAT: In contrast to the removal of the BAT
deposit, the surgical denervation of BAT does appear to evoke a
striking alteration of the daily temperature profiles, as Figure
15 illustrates. We can report on only one animal, however, as
the denervation procedure, perhaps in combination with pressure
from the transmitter, apparently produced irritation of the skin

surrounding the implant site. The animals scratched the area,
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Figure Caption
Figure 15: The upper graph shows the BAT temperature profile
recorded from a rat which had undergone surgical denervation of
the interscapular deposit immediately before the transmitter
was bonded in place. The black bars denote the daily 12h dark
periods (18:00 to 06:30 h), and the values on the graph
represent half hour intervals.

The lower graph shows the results of the spectral analysis
of the above series; the abscissa indicates the Fourier
frequencies which result from the analysis, while the power or
relative magnitude of the spectral peak at each frequency is

depicted as height on the ordinate.
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and thereby induced swelling; it is likely that there was no
cutaneous feedback to inhibit the scratching behaviour since
nerves to the skin were severed with the denervation (Foster et
al, 1982b; Engel et al, 1992).

The BAT tissue was assayed for NE levels using HPLC analysis,
as was the tissue of several other denervated and control
animals. The results are summarized in Table 2, and confirm that
the denervation procedure was successful. Both the control and
denervated levels are in line with previous reported values
(Foster et al, 1982a and b; Minokoshi et al, 19806) .

The primary difference in the temperature pattern from the
denervated animal is that any existing nocturnal.elevation of
temperature is obscured by both large amplitude ultradian cycles,
and the sustained periods of elevated temperature in the daylight
hours. Values appear to lack typical daytime or nighttime
restrictions; note the peak of 38.0°C in the daytime, and one of
36.0°C at night. Neither pattern seems to be the result of
spurious values, as similar ones precede and follow the peaks.
Room temperature was between 21.3 and 21.9°C during collection
period.

The characteristic jagged, gradual rise at lights-out and the
steep drop at lights-on are reversed in several instances, and
therefore appear to be inconsistent. The transmitter was bonded
to teflon, similar to both animals 890 and the one with the BAT
deposit removed, 903, but the denervated animal showed the lowest
temperature values. Similar to the outcome of all implantations

where the denervation procedure was performed, the rat discussed



Table 2: Norepinephrine levels of
brown fat tissue: control and denervated

RAT ID# ng NE/g TISSUE MEAN + SEM
Control

#890 851.5

#900 1206.0

#902 560.5

#903 870.0

872.0+ 132.0 ng/g

Sympathectomized

#897 5.3
#898 3.6
14.5+ 10.9 ng/g
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here did scratch the shoulder area; the data collection periecd
was kept short, and because no swelling was observed when the
transmitter was removed, the data were retained.

It is difficult to interpret the role of the SNS in the BAT
temperature profiles from the large amplitude swings of the
denervated animal, other than noting the fact that denervation
did substantially alter the transmitter output. It is possible
‘ that the scratching itself influenced the temperature profile

even in the absence of a swelling reaction.

CONCLUSION: TEMPERATURE PROFILES

In summary, two essential and substantive questions are
addressed in this section: what do the temperature patterns of
interscapular BAT look like and what do they represent.
Methodological studies confirm that the transmitter output is
responsive to BAT changes and that it accurately mirrors the
output of a thermoprobe. Room temperature is shown not to be a
significant contributing factor, and finally, in all cases, the
transmitter is in physical contact with the BAT deposit.

The primary contributing factors to the transmitter output
are considered to be one, the level of BAT thermogenesis, and
two, the félated increases in blood flow. Any changes in the
circulation of the surrounding WAT due to sympathetic regulation
(Youngstrom & Bartness, 1995) may also play a role in the
transmitter signal, as may the general temperature changes that a
proximal body area is likely to exhibit as a straightforward

consequence of changes to deep body temperature. Muscle
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temperature is not likely to make a strong contribution to the
temperature oscillations, as it is reported to be lower than that
of BAT throughout the 24 h (Closa et al, 1993}).

The most significant finding from the profiles of the
temperature data is the presence of an anticipatory rise in BAT
temperature prior to light offset. The data from intact animals
all show the distinctive sawtooth profile, but this shape is
demonstrated most clearly in the case of rat 890 (see Figure 10)
where the transmitter was isolated from the muscle by a piece of
teflon. The ultradian peaks and troughs are still visible, but
they oscillate through a mean value that steadily increases from
the point of light onset, in contrast to the apparently stable
baseline observed in the other profiles.

While almost all tissues in the body demonstrate a circadian
temperature pattern {eg. Fuller at al, 1985; Closa et al, 1993),
the precise values and shape of the profiles vary systematically,
as do their phase relationships to core temperature. The
temperatﬁre profiles of various tissues can also be categorized
by the presence or absence of anticipatory rises prior to light
offset; the appearance of a rise prior to light offset is
indicative of endogenous control of coré temperature by a
pacemaker, and refutes the notion that nocturnal rises are merely
responses to cyclic environmental conditions or to muscle
movement. Thus, the significance of anticipatory rises in BAT
temperature is that they may contribute to the cyclic elevation

in core temperature.
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Thermal Reqgulation and BAT: The precise mechanisms
underlying the nightly rise in core temperature in rats are not
known, although it has been demonstrated that the change is not
simply a consequence of motor activity {(Honma & Hiroshige, 1978;
Refinetti, 1994). Brown and coworkers (1991) suggest that the
nightly supplementary heat in rats maintained at room temperature
may be due to muscle tone from the huddled postures that the
animals are observed to adopt. Closa directly addresses the role
of brown fat in altering core temperature, by demonstrating that
BAT blood flow increases during the warming portions of the peaks
and troughs visible in core temperature profiles (Closa et al,
1993), Core temperature has been shown to be influenced by BAT
heat production, in studies of both CNS-stimulation induced and
cold-induced thermogenesis, and in both anaesthetized and
conscious animals {eg. Foster & Frydman, 1979; Amir et al, 1989;
Fyda et al, 1991). Taken together with the evidence for thermal
regulation of BAT thermogenesis, and the finding of anticipatory
increases in the BAT profiles, these results argue for a role for
BAT in the nocturnal increases in core temperature.

Our temperature profiles, along with those of Closa's group
(1992; 1993) support the hypothesis that BAT_thermogenesis is
more active at night. This is in line with the assoclated
nocturnal elevation of both food intake and sympathetically
mediated O, consumption (Le Magnen, 1985). However, studies of
the daily changes in BAT activity have reported conflicting
results (eg. Rothwell et al, 1983; sakaguchi et al, 1988). Some

of the discrepancy in the literature is the result of the various
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measures used to assess sympathetic activity (Sakaguchi et al,
1988). The measurement of the SNS firing rate, for example,
considers only input to brown fat tissue, not output; plasma NE
is known to be a poor index of sympathetic activity due, first,
to the large number of factors that affecting the spillover of NE
from cleft to bloodstream and, second, to the variable
contribution of the adrenal gland to plasma NE (Fillenz, 1990).

Finally, regulation of the sympathetic system is clearly
complex and highly differentiated among tissues, soO that the
various branches may show different levels of excitation
simultaneously. For example, the mass discharge of SNS output
associated with the emergency flight or fight reaction leaves
certain targets untouched (Guyton, 1991). And as discussed in
the first study, the tissues that respond to VMH stimulation may
display a variety of response patterns (eg. Shiﬁazu, 1981;
Morimoto et al, 1986; Arase et al, 1987; Kelly & Bielajew, 1391).

Our study, which directly measured brown fat temperature
changes, supports the hypothesis that BAT heat production is
increased at night, and also demonstrates that the temperature
increase anticipates light offset. This pattern provides
additional evidence that the transmitter output is not a simple
reflection of heat from motor output or core temperature changes,
but, more significantly, it suggests that BAT thermogenesis is
driven by an endogencus pacemaker, similar to core temperature,
motor activity lgvel, and other processes. In order to further
explore the hypothesis that BAT heat production cycles underlie

those of core temperature, whether circadian or ultradian, a .
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a description of the pericdicities in BAT temperature pattern is

required.

part B: Fourier Analysis of BAT Temperature Rhythms
STATISTICAL BACKGROUND

The following section presents a brief description of the
basic principles underlying spectral analysis; discussions of the
various strengths and weaknesses of this technique appear in each
section as the results are presented. This summary is drawn from
a number of sources {Bloomfield, 1976; Kendall, 1976; Chatfield,
1980; Fuller, 1976; Dowse & Ringo, 1989; Diggle, 1990;
Christensen, 1991) which should be consulted for more detailed
information.

Time series spectral analysis, or Fourier transformation,
represents the mathematical equivalent of separating light into
its component colours by a prism, hence the name. The procedure
decomposes a series of events (eg. hourly temperature data) into
its underlying cycles, which are based on sine and cosine
waveforms. The analysis was designed for a specific type of
series, and the main characteristic is that the series presents a
stochastic, rather than deterministic process. Thus each
sequential observation is viewed as a random variable whose value
is selected according to a Gaussian normal probability
distribution; in other words, the series could be described by
specifying the joint probability distribution associated with
each observation. In spectral analysis, the series is

characterised by its mean and covariance. This leads to the



mathematical requirement that the mean and covariance remain
stationary. For this to be true, they must not increase oOr
decrease in the long run; however, short series of biological
data tend to violate this requirement due to individual
variability, and the it appears that spectral analysis can
accommodate a moderate.level of non-stationarity (Ortega et al,
1994) .

Economic analysis is done largely in the more intuitive
domain of time, rather than through frequencies. The time domain
generally uses an autocorrelation method to decompose the data,
whereby the series is correlated with itself after offsetting by
specific lags; this allows an analysis of the underlying cycles,
and thus the development of a specific model to forecast future
patterns. Spectral analysis seeks to deﬁcribe similar data, but
does it in. terms of underlying frequencies, or periods, instead
of comparing the observations at offset time 1, and 2 and so om.
While the information is mathematically equivalent, the two types
of analyses bring out different features of a series; for
example, spectral analysis is most often used to search for
hidden periodicities when there are no expectations about
underlying cycles. Spectral analysis has been likened to moving
a radio dial and noting where the signal to noise ratio is the
strongest (Kendall, 1976).

Just as the sums of squares represent a measure of the
variability in ANOVA, so the variability of a time series is
decomposed into cosine functions representing each possible

period length (or frequency). The frequencies examined are




133
limited to whole numbers: the first is 1 cycle per total number
of observations, the second is 2 cycles per total number of
observations, and so on. These cycles are termed "Fourier
frequencies", and they appear on the abscissa of the periodgram
produced by spectral analysis ({see Figure 8, column B for
examples) .

The shortest possible cycle in every series is described by
the final Fourier frequency of 0.5 - for example, 24 cycles/48
observation, 72 cycles/144 observations, and so on. This is
illustrated by the periodgrams in Figure 8, as all of those
series are based on either 2 x 48 observations, 4 X 48, or else b
x 48. Thus, the final Fourier frequency on the x-axis of these
periodgrams is, respectively, 48/96, 96/142, and 144/268.

The ordinate of the periodgram displays the value of the term
"X," for each Fourier frequency, or cycle. This term describes
the amplitude and the phase of the cosine function, although the
terms are then rewritten using the cosine law in order to involve
sinewaves as well. Each ordinate term X; is defined by the

following formula

X = 2 {(TXrcos (_2[k )t}? + {(IX;sin(_ 2]k )t}
n n

)1l

which uses the original observations to denote the "power" or
importance of each Fourier frequency in the overall pattern.
Thus, each frequency on the abscissa is represented as power oOr
height on the ordinate (See Figure 9 for examples}.

The BAT circadian cycle (1 cycle/24 h, or 1 cycle/48

observations, etc) is visually obvious due to the consistently
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elevated baseline of the dark period temperatures; however, the
ultradian rhythms tend to be more difficult to see, for a number
of reasons. First, it is likely that several different ultradian
frequencies of varying strength make up the final waveform, and
the eye is unable to separate these. Second, biological time
series data are well known to contain a high level of noise
(Mercer, 1965; Dowse & Ringo, 1989; Diggle, 1990} due to short-
term imprecision in the regulation of metabolic processes, as
well as in recording procedures. Thus, spectral analysis is
useful a procedure to uncover "hidden" ultradian periodicities
{(Dowse & Ringo, 1989). The presence of infradian cycles, which
repeat less than once per day, is also possible but there is
little evidence for endogenous cycles longer than a day, except
for seasonal changes related to changing levels of light

(Saunders, 1977}.

RESULTS OF FOURIER ANALYSIS

Fourier analysis was performed on all ten of the BAT
temperature series described in the previous section. Recall
that sharp, narrow temperature peaks o.. rred during documented
animal care periods; these were replécéd with interpolated values
only for those series based on six days, as preliminary analysis
indicated thétﬁthe presence of the peaks did not change the
results in shorter series. There is no satisfactory method of
dealing with outliers in time series analysis, but because they
can have a tremendous distorting effect on the results, the

replacement of the outliers with values closer to the mesor of
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the series is suggested (SPSS, Inc., 1990; Christensen, 1991;
Refinetti, 1992). The ideal solution is simply not to have any
outliers (A. Dabrowksi, personal communication); for example,
housing which can be maintained with only weekly cleaning may be
used (eg. Wollnick et al, 1987).

The lower panel of Figure 10 shows an example of a
periodgram, based on six days of observations (rat 890). The
largest spike can be seen at a frequency of 0.02; which
corresponds to 1 cycle/48 observations, or 1 cycle per 24h. The
results of all spectral analyses can be seen next to the
corresponding temperature profiles, both in Column B of Figure 8
and in the lower panels of Figures 14 and 15. All periodgrams
are based.on 30 minute intervals; values were obtained by
averaging the readings from the six minute period surrounding
each half hour time point. Smoothing, or windowing, was then
applied to each spectral graph in order to assist in
distinguishing peaks from noise in the periodgram spectrum

(Chatfield, 1980; SPSS, Inc., 1990; Refinetti, 1993} .

Smoothing: The process of smoothing a periodgram means that
the terms comprising the ordinate values for each Fourier
frequency on the abscissa are averaged with one or more values on
either side. This procedure causes the peaks in the transformed
periodgram to appear broader and more blunt than those of the
original; the larger the span across which the original values
are averaged, the more rounded the spectral peaks become.

Smoothing eliminates small, spurious peaks by reducing noise;
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it does this at some cost to resolution of exact peak position,
but the ability to detect cycles, or sensitivity, is unaltered
(Chatfield, 1980; SPSS, Inc, 1990; Refinetti, 1993). The aim in
applying the procedure is to find the span that prevents the
appearance of double peaks, without smoothing the periodgram so
much that no peaks are visible (Bloomfield, 1976). In this
study, a window of span size 9 was typically applied, because
;arger spans tended to obliterate all peaks except the circadian
one. Therefore, those peaks remaining after "windowing" were

counted as representing a cycle.

Circadian Cycles: A summary of the spectral peaks observed in
each analysis (Figures 8, 10, 14 and 15) is presented ianable 3;
note that the dotted line separates those animals that had the
BAT transmitter implanted with a teflon tag (890, 897, 903) from
those that had the transmitter bonded directly to the muscle.

The pattern of each series, except for the one that represents
the denervated animal {(897), was dominated by the spectral peak
at the circadian frequency of 0.02, as was anticipated from
visual inspection of the profiles of the individual temperature
series. One series displayed a less distinct, but still strong,
circadian spike; this was the short series associated with

rat 757 that had only 2 x 24h periods of data collection. The
total number of Fourier frequencies in the periodgram is, of
course, less in the abbreviated series, and consequently the
peaks show leakage, or less resolution, between the frequencies,

as compared to periodgrams generated from 4, or 6, x 48
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observations (Mercer, 1965; Diggle, 1990). However, the

underlying circadian cycle remains strong, as evidenced by the
distance of the peak above baseline noise levels.

In the case of the data from the denervated rat, 897 (Figure
15), the circadian pattern is harder to visualize in the
temperature graphs as it is overwhelmed by the large amplitude
ultradian swings. Further, while the largest spike on the
spectral periodgram appears to be circadian, it is actually
located at a frequency of 0.31 instead of the circadian frequency
of 0.21. This represents a cycle of 16h, making the denervated
series the only one to show any deviation from a strictly

circadian pattern. The significance of this, if any, is unknown.

Ultradian Cycles: The summary presented in Table 3 also
indicates the ultradian cycles that were visible in the ten
periodgrams. It can be seen that no single ultradian cycle
length is pervasive across the series, although it should be
noted that, in any case, the results from the longer time series
are more reliable. Only the long series from rat 881 failed to
show a peak at any ultradian frequency, and there are no
behavioural or environmental observations to account for this.
Given the appearance of continuous peaks and troughs superimposed
on all temperature profiles, we had expected to see evidence of
short, high frequency cycles in the analysis of the data from _
intact animals, similar to those reported by Closa after analysis
of core temperature data (Gomez-Sierra et al, 1993). However,

only the periodgram of the denervated animal showed statistical
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evidence of such a cycle.

The findings from the two animals in which brown fat was
either denervated or extracted are presented first, followed by a
discussion of a number of subtle aspects of the analysis which
will facilitate interpretation of the results from the intact

animals.

Denervated rat: The periodgram of the data from the
denervated rat is the only one to show a cycle smaller than 4h,
despite numerous reports of 60 to 120 minute ultradian cycles in
other systems (Hildebrandt, 1988; Stupfel & Pavely, 1990; Gomez-
Sierra et al, 1993). The most obvious difference between the
profiles generated from the denervated rat and the intact animals
is the large amplitude of the ultradian oscillations in the
former; a single cycle swings from 35 to 38°C in the denerﬁated
animal, in strong contrast to the 0.3°C range from peak to trough
in the intact subjects (for comparison, see Figure 8, Column A
vs. Figure 15).

It is possible that a large amplitude is required in order
for the ultradian oscillations to appear as a formal cycle in
mathematical analysis, especially in light of the clearly
overwhelming influence of the circadian cycle in the intact
animals. Alternatively, the amplitude of the cycles may play no
role at all, and instead, there is simply too much variation in
the oscillations of each temperature profile to allow spectral
analysis to discern them, unlike the situation with the

denarvated animal.
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Brown Fat Excision: The findings from the animal with the
BAT deposit removed indicate no loss of the circadian cycle, as
corroborated by visual inspection of the temperature graph.
There are no peaks present at any ultradian frequencies in the
periodgram (Figure 14, lower panel). However, the apparent
absence of ultradian cycles may be misleading because 1) the
series is short and 2) there are periodgrams based on data from
intact animals which also lack ultradian peaks. Given that the
only visible change in the temperature graph from this animal was
the loss of the gradual temperature climb prior to lights-out,

the spectral results were within expectations.

ISSUES IN SPECTRAL ANALYSIS

The suitability of spectral methods for statistical
evaluation appears to be a point of debate (Diggle, 1990;
Enright, 1990; Dowse & Ringo, 1991), but in studies where the
thrust of the design is to determine if circadian cycles have
been eliminated by a particular manipulation, the apparent
absence of the circadian peak in the periodgram can be
statistically confirmed by chi~square analysis {Sokolove &
Bushell, 1978; Mitsushimi et al, 19%4). 1In this case, because we
are investigating trends in ultradian periodicities, and because
series of varied lengths are being compared, statistical tests
are inappropriate.

“f-Chi-square analysis could be applied to the data associated

““4ith the denervated rat, but the series is too short (Sokolove &

Bushell, 1978; Diggle, 1990) for the procedure to be meaningful.
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Furthermore, since the predominant cycle is not circadian, it
would be important to collect more data to ensure that the result
was not specious. Fisher's test for hidden periodicities
(Brockwell & Davis, 1987) has been suggested as a measure of
whether the periodgram contains a value substanitally larger than
the average value (ie. white noise):; however, again the teest
requires a minimum data set, and further, the computer program
used for the entire analysis (SPSS Inc., personal communication)
is unable to perform this test, nor any other test of signifiance
for individual cycles.

One of the potential difficulties in interpreting spectral
graphs is the possibility of "aliasing" (Koopmans, 1974; Kendall,
1976); this occurs when observations are collected at intervals
that are too wide to allow the expression of an underlying cycle.
For example, if there is a cycle that repeats every 15 minutes,
but data are collected only every half hour, then the appropriate
frequency cannot even be part of the Fourier analysis. This will
force the cycle to appear as a peak elsewhere, at another
frequency, and may lead to an incorrect interpretation. To avoid
this problem, a representative series should first be analyzed at
the smallest interval possible, to demonstrate that no high
frequency cycles are present.

It is difficult to argue the existence of cycles of less than
half an hour duration in metabolic systems, given the inherent
looseness of minute by minute thermal regulation (Gorden, 1990;
Stupfel & Pavely, 1990), but nonetheless, the series for one

subject (rat 745) was reanalyzed using 10 minute rather than 30



. 142
minute intervals. The resulting profile was indistinguishable
from that shown in Figure 8, third panel, indicating that there
is no evidence of cycles less than 30 minutes duration. In
addition, the periodgrams themselves provide support for this
conclusion. Inspection of each one prior to the smoothing
process reveals that the spectral density is close to zero where
the ordinate and abscissa meet; this suggests that the choice of

sampling interval was sufficiently small (Chatfield, 1980).

Confound of Harmonics in Ultradian Analysis: Before discussing
the observed spectral peaks, one further issue needs to be
addressed. "Harmonic" frequencies often show up as mathematical
fallout when the strongest cycle - in this case circadian - is
non-sinusoidal in shape. As spectral analysis is based on the
decomposition of a pattern into waveforms, or cycles, that are
each defined using sine and cosine waves, even non-sinusoidal
patterns have to be described in sinusoidal terms. This means
that a non-sinusoidal_pattern will not be broken down into a
simplé representative cycle; rather it will often appear as a
combination of peaks at distinct frequencies, with only the
strongest peak providing information on the true underlying
frequency of the pattern.

The remaining peaks are termed harmonic frequencies, and it
is the mathematical combination of all peaks, the harmonics and
the primary one, that ultimately creates the best approximation
of the original non-sinusoidal waveform (for illustration, see

Diggle, 1990). As much of the literature in the area
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concentrates on the circadian aspect of temperature patterns,
there is little focus on ultradian cycles, and so the
significance of any peaks at the higher ultradian frequencies is
rarely addressed (eg. Ruis et al, 1987; Fuller et al, 1981).

The periodgram of rat 700 (Figure 8) best illustrates the
effect of harmonic frequencies. The straight line between the
first three peaks betrays the.probability of a harmonic
frequency, because the computational relationship between the
neighbouring frequencies does not allow for the influence of
natural noise. Such crisp resolution of the peak transitions can
also be seen in periodgrams c?éated from artificial series with
no noise (Diggle, 1990; SPSS, Inc., 1990). I1f adjacent peaks
represent genuine independent cycles, then biological noise would
likely cause the base of the peaks to be less precise and more
rounded, as it does in the other periodgrams of Figure 8.

One approach to determining which peaks represent true
ultradian cycles and which represent harmonics is to limit the
influence of the non-sinusoidal circadian waveform by
statistically subtracting it from the data (Dowse & Ringo, 1989;
sPsS, Inc., 1990). 1In this study, it is clear from the BAT
temperature profiles that the overall shape of the circadian
pattern is not pure sinusoidal, but instead resembles a sawtooth
shape; this is caused by the gradual slope at light offset
combined with the abrupt slope at light onset. Even in cases
where the most powerful cycle is in fact sinusoidal, it is still
recommended that it be subtracted from the data after the initial

analysis because its mere presence can prevent weaker, higher
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frequency peaks from appearing {(Kendall, 1976; Chatfield, 1980).
Once the predominant cycle is removed, spectral analysis is

reapplied to the now "deseasoned" or "prewhitened" data.

SPECTRAL RESULTS FROM DESEASONED DATA

The method of least squares, which entailed the pooling of
all data into 60 minute intervals, was employed to deseason the
data. Alternative approaches to deseasoning that consider each
series individually can be used, but the procedure of pooling
data across animals ensures that the most faithful description of
the non-sinusoidal circadian waveform is computed, thus resulting
in the most effective subtraction of the circadian cycle from the
profiles (A. Dubrowski, personal communication).

The group means were based on data from seven of the eight
animals with intact BAT deposits. These series were included
because they were all based on recordings from transmitters that
were implanted the same way, by bonding directly to the muscle.
In the case of the eighth rat, 890, where the transmitter was
first bonded to teflon, the temperature profile was sufficiently
different to warrant excluding it from the pooled data. Instead,
hourly means were calculated on the lone series, and resulting
waveform served to deseason the profile of 890 only.

Several examples of the results of spectral analysis applied
to deseasoned data can be seen in Figure 16. A comparison back
to the corresponding periodgrams of the original, or non-
deseasoned data (Figure 8, Column B) reveals that the deseasoning

procedure has indeed altered the spectral graphs.. A final
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Figure Caption
Figure 16: The three panels illustrate three examples of
periodgrams obtained from the spectral analysis of temperature
data that was deseasoned prior to analysis (rats 700, 819 and
890); deseasoning refers to the statistical subtraction of the
circadian waveform from each temperature profile. The peaks in
each periodgram indicate the presence of an underlying cycle in
the pattern of the corresponding temperature series; cycle
length is determined from the frequency at which the peak is
found. The data in the series are based on observations

collected at 30 min intervals (24h period = 48 observations).
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summary of all peaks that were observed at ultradian frequencies
is presented in Table 4; the table includes the peaks that
appeared in the original spectral analysis (+) from Table 3, as
well as those observed in the periodgrams of the deseasoned data
(D). Only spectral results from animals with intact BAT deposits
_afe included in this table because there was not enough data in
the remaining two series (897, 903) to deseason them

individually, as there was for 890.

Ultradian Cycles: As can be seen in Table 4, the most
consistent ultradian cycles to appear in the original, non-
deseasoned data analyses (+) are the 8h and the 4h rhythms; 3
series show a peak at the 8h freguency, and 2 at the 4h
frequency. Two other cycle lengths, ¢h and 4.8h, were also
observed in the periodgrams of the original data. However, two
of the 8h peaks disappeared with deseasoning (D), as did the
single 6h peak and also one of the 4.8h peaks. ©Only in the case

of the 4h cycle do all peaks persist after deseasoning.

Harmonics Revisited: This section returns to the issue of
harmonics in order to clarify how they affect the specific data
presented here. Table 5 illustrates the harmonic frequencies
that may arise from a circadian cycle of 1 cycle/24h. This
translates into a different set of frequencies for different
observation intervals, but as can be seen from the table, the
harmonic frequencies are always whole number multiples of the

original daily cycle. As Table 5 indicates, harmonic frequencies
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Table 5: Harmonics of the circadian cycle,
with corresponding frequencies for
30 and 10 min. intervals of data collection

30 min. intervals 10 min. intervals
(480bs /24h) (1440bs j24h)
Harmonic Cycles /far  Frequency Cyoles jobs  Frequency | Cycles Jobs Frequency
Gircadian | 1 /24h 1 f24h 1148 0,021 1 /144 0.007
1 2 f24h 1/i2h 2 /48 0.042 2 /144 0.014
2 3 /24h 1 /8h 3 /48 .o.oss 3 /144 0.021
3 4 [24h 1 /6h 4 /a8 0.083 4 1144 0.028
4 5 /24h 1 /4.8h 5 /48 0.104 5144 0.035
5 6 /24h 1 /4h 6 /48 0.125 6 /144 0.042
6 7 f24h 1 /3.4h 7 /48 0.145 7 /144 0.049
7 8 /24h 1 /3h 8 /48 0.167 8 /144 0.056
8 9 /24h 1/27h 9 /48 0.188 9 /144 0.063
9 10 /24h 1 /2.4h 10 /48 0.208 10 /144 0.069
10 11 j24h 1 /2.2h 11 /48 6.229 11 /144 0.076
11 12 /24h 1 /2h 12 /48 0.250 12 /144 0.083
12 13 /24h 1 /1.8h 13 /48 0.271 18 /144 0.093
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of the circadian cycle are clearly represented by many of the
possible ultradian cycles in temperature data. Hence, a peak at
any given "harmonic" frequency could potentially be due to the
presence of either a harmonic or a genuine cycle.

As discussed earlier, this is a serious concern in the
analysis of biological series, and no single approach can
overcome it. On the one hand, the use of long series represents
a tool, as this provides more Fourier frequencies on which to
build the periodgram, and thus can better isolate any harmonic
frequencies that appear as peaks where there is no genuine cycle.
On the other hand, the lability of ultradian cycles to
environmental influences means that longer series may only serve
tofigtroduce more variability and thus reduce“the mathematical
st%éngﬁh of any specific ultradian cycle (Diggle, 1990; Stupfel &
Pavely;;iQQO). At the moment, there appears to be no solution to
this dilemma.

Performing spectral analysis on deseasoned data is also a
highly useful procedure, as mentioned earlier, since the removal
of the circadian cycle from the original data should eliminate
the harmonics due to it. The necessity of this procedure is made
clgar by a comparison of the harmonics chart (Table 5) to the
regﬁlts of the Fourier analysis of the original data ("+" in
Table 4); each of the frequencies where peaks were observed in

the spectral analysis are also potential harmonic frequencies.

Interpretation of Ultradian Results: The 4.8h cycle is the

most suspect frequency, largely because it does not produce a
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whole number of cycles when divided into 24h and thus could not
occur within the dominant structure of a circadian cycle; it is
unlikely that such a period would show up unless it were only a
mathematical fallout of the analysis. In contrast, the
persistence of the 4h cycle in three of the periodgrams based on
deseasoned data makes it the strongest céﬁdidate for a true
ultradian rhythm; importantly, the cycle is displayed in two of
the three longest series, unlike the 4.8h one which appears only
in a shorter 4 x 24h series. Moreover, the 4h cycle can be
accommodated within the framework of the 24h circadian cycle,
supporting the hypothesis that the cycle is present in our BAT
temperature data.

The presence of the 8h cycle is the most difficult to
interpret. Considering the confound of harmonics, the appearance
of the 8h peak in three periodgrams carries less weight than the
fact that the peak did not persist in two series after
deseasoning. In contrast, the findings on the 4h cycle present
the opposite story, as one temperature series yields a 4h cycle
only after deseasoning, making the 4h cyéle the only one which
shows up in deseasoned data after failing to appear in the
analysis of the original data. As the circadian cycle is known
to prevent the appearance of existing ultradian cycles, this
result provides a strong argument for the presence of a 4h cycle
one that is absent in the case of the 8h cycle. However, on the
basis of the current data, it cannot be definitively stated that

BAT temperature profiles lack 8h cycles.
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CONCLUSION: FOURIER ANALYSIS

The combined results of the Fourier analysis on both the
original and deseasoned data confirm that the BAT temperature
pattern shows a strong circadian rhythm. The analysis provides
evidence that a 4h ultradian cycle, and possibly an 8h one,
underlie the BAT temperature rhythms. The following section will
examine whether these mathematical findings are consistent with

the limitations and characteristics of the biological system that

produced them.

Background Studies on Ultradian Cycles: A vast spectrum of
cycle lengths have been reported for biological ultradian
rhythms, from 107 seconds for nerve impulses, to léh for
metabolic processes. Oxygen consumption, food intake and
digestion, cardiovascular function, hormones, and sleep phases
have all been found to exhibit ultradian cycles in the 2 to 16h
range (see Stupfel & Pavely, 1990 for review). Studies conducted
on human infants before they'become entrained to environmental
cues, such as feeding schedules or parental attention, have led
to the proposal of a fundamental ultradian rhythm, the 60-120
minute basic rest activity cycle (Angeli & Carandente, 1988) .
This cycle appears to underlie the patterns of a large variety of
systems, and is believed to be a hard-wired characteristic of the
CNS, in contrast to the circadian cycle which is dependent on
maternal hormones (Hoppenbrouwers, 1986).

It is interesting tc note here that a 4h feeding cycle has

been reported for human infants (Morath, 1974), which fits well
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with both our finding of a 4h ultradian cycle in BAT, and with
Himms-Hagen's proposal that ultradian BAT thermogenic cycles
underlie periodic feeding bouts (Himms-Hagen, 1995).

Furthermore, one important structural component of this proposal
is the description of the timing and magnitude of short cycles in
liver temperature; these are suggested as underlying effectors of
feeding bouts in rats (Devries et al, 1991), and it can be seen
that the 24h BAT temperature patterns we report here appear
strikingly similar to those recorded from liver lobes (Devries et
al, 1991; Closa et al, 1991}.

Motor activity levels appear to have been the most thoroughly
examined for ultradian cycles, with inconsistent results. For
example, Wollnick and coworkers {(1987) reported periods of 12h,
6, 4.8 and 4 h in a study comparing several strains of rats,
while Jilge et al (1986) found ultradians of 6.1, 8.2 and 12.3h
in the rabbit. Note that in both cases, all reported ultradian
cycles are also potential harmonics, although this aspect is not
addressed in the papers.

There is evidence of a cross-species ultradian rhythm of
apptoximately 90 minutes in both plasma NE (Tapp et al, 1981;
Levin et al, 1978) and hypothalamic NE (Dietl et al, 1993) which
may represent a fundamental rhythm in SNS tone that is similar to
the basic rest activity cycle. Cyclic sympathetic input is
presumed to underlie the BAT thermogenic response, but the
complexity in the regulation of the humoral and neuronal aspects
of the autonomic system limits our information on ultradian

patterns. The denervation manipulation was intended to provide
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insight into the role of the SNS in the daily temperature pattern

of brown fat, but because the final experimental group consisted
of only one animal, speculation is inappropriate. It is possible
that the large-amplitude ultradian oscillations that we report
represent plasma rhythms of NE, for example, but it is also
possible that they simply reflect scratching behaviour.

Currently, the source of ultradian rhythms is unknown. The
controversy centres around whether or not ultradian cycles are
endogenously driven, as the circadian cycles are. The consistent
finding that ultradian temperature cycles remain after SCN
lesions (Eastman & Rechtschaffen, 1983; Ruis et al, 1987; Stupfel
& Pavely, 1990) has been interpreted to mean that they are not
generated by a master pacemaker, unlike circadian rhythms;
however, endogenous control by a neural centre cannot be ruled
out, since there is evidence of an alternative pacemaker located
outside of the SCN (see Mistlberger, 1994 for review)

It has been proposed that ultradian cycles are not directly
driven by any specific neural circuit, but rather are the
consequence of the lack of absolute equilibrium of metabolic
homeostasis (Stupfel & Pavely, 1990). The short term swings in
biological systems that are necessary to maintain longterm
consistency may themselves induce ultradian oscillations, and
bestow the inherent irregularity and non-stationarity that are
characteristic of non-circadian metabolic rhythms. This results
in cycles that are not truly periodic, because contrary to
circadian cycles, consecutive ultradian oscillations may present

episodes with varying periods, or transient phase relationships,
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and even aperiodicity.

This inherent variability may help explain why the apparent
hourly peaks and troughs in the BAT data did not show up as very
short circadian cycles in the statistical analysis. While this
characteristic renders ultradian cycles less amenable to
statistical analysis, it has the important advantage to organisms
of bestowing a plasticity in responding to unexpected
environmental challenges, just as the very regularity of
circadian cycles allows animals to maximize effective use of such
predictable environmental changes as day to night (Stupfel &
Pavely, 1990).

Regardless of origin, ultradian cycles apparently exhibit a
complex temporal hierarchy, such that the cycles consistently
appear in preferred frequency bands; certain whole number
divisors of the 24h period are preferentially represented
(Hildebrandt, 1988). 1In fact, rhythmic functions will respeond to
interference by first changing their amplitude or phase, rather
than their frequency. The preferred frequencies of the metabolic
system are 16, 12, 8, 6, 4, 3, and 1.5h, and thus any frequency
change that occurs will be limited to a jump from one to another
of these preferred values. Our results are compatible with this
apparent hierarchy, as we found only a limited number of
frequencies represented in the temperature profiles of the eight
intact animals, and they are all among the reported frequencies.

As a means of further investigating the mechanisms that
underlie the circadian and ultradian cycles of brown fat, the

third study compared individual BAT temperature profiles to the
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corresponding core temperature. The correlation between the
patterns can then be evaluated, and the graphs examined for

evidence that one profile leads the other.

Part C: Core and BAT Temperature Comparison
COMPARISON OF TEMPERATURE PRUFILES

Figures l17a,b and 18a show the daily patterns of BAT (bottom
line} and core temperature (top line) collected from three rats
(890, 881, 799). Although the graphs represent the same period
of data recording as seen earlier, they differ from previous
figures in that each value represents an averaged observation now
based on ten rather than 30 min. intervals; as such, each of the
BAT profiles represented here is based on a subsection of the
complete data described in part A of this experiment.

The three revisited series illustrate several predominant
features of the relationship between BAT and core temperature.
While the brown fat values are consistently lower than those of
core temperature, both series exhibit ultradian peaks and valleys
that are generally in phase throughout the 24h period, and also
show the consistent nocturnal elevation that is typical of a
circadian rhythm. This elevation is proportionately larger in
the case of the BAT profile, which gives rise to a smallerxr
difference between the two profiles at night; in addition, the
ultradian oscillations of the two profiles appear to be more in
phase duriﬁg the dark period.

The average core temperature for the daylight period was

37.0°C+0.02, compared to 35.7°C10.02 for the corresponding BAT
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Figure Caption
Figure 17: The three panels show the original, untransformed
temperature data obtained from three different rats; BAT and
core profiles were collected simultaneously in each case. Core
temperature is represented by the dark upper line, and BAT
temperature by the lower line. The temperature values depict
10 min intervals; each one was calculated by averaging the
observations for four minutes across each 10 min time point,
two min on either side. The black bars represent the 12Zh dark
portion of each 24h period (06:00 to 18:00h}.

The top graph (A) shows the profiles collected from rat 799;
observations were recorded from 16:30 to 07:30 each day. The
middle graph (B) illustrates the temperature patterns for rat
890; static noise interfered with the core data collection
during the first overnight period. Finally, the bottom graph
(C) depicts the profiles collected from the denervated subject,
897; again, static noise interrupted the recording of core

temperature, this time during the day.
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Figure Caption
Figure 18: Both panels depict the simultaneous BAT and core
temperature profiles from one rat (881); both series are shown
in 10 min intervals, and both represent untransformed data.
The upper panel (A) shows four days of data, while the lower
panel (B) illustrates the first three days of the same
profiles, as they appear after deseasoning (statistical
subtraction of the circadian rhythm). The dark topmost line
represents core temperature, and the light line, BAT
temperature. The rightmost section of the upper panel (A)
depicts the BAT and core temperature profiles that were
collected during the condition of "24h lights on"; the striped
bar represents the period during which the lights are normally

extinguished.



Aeq jo awll feq jo eunt feqg jo eunl

ove oozt 009 [ 8 4 00:0 o002z OOgL  00BL 009 oc'¥ 00:0 ooloZ 009l OOEL o008 o0'F 000 o000z 009}
S o'*e

Lo8# A A e

oS peuoseatsp :1vH -r 4 Jose

i\

.u.anr

Aose

o'Le

Temperature { C}

et
paucsestsp :3HOD

08¢

Ang o sunl Aa 10w, Aeqy o ot inQ o wunt
[ 21 ] e L4 [ k-] poo% 8”-— [..= 13 [ ] oy [ 3] [~ 4 -4 13 .21} - -2 ooy o0 -2 3 (-2 1] [--%4] [--= oo -] [~ 3 BI—

o

L4

o

e8¢ WY

(De) wmmRdweL

(9, einmisdwe )




161
series (see Table 6). During the dark period, the values rose
to a mean of 38.0°C+0.1 and 37.0°C+0.02, respectively; thus, the
increase was greater proportionately in the case of BAT
temperature. Both profiles show anticipatory gradual rises prior
to light offset and abrupt temperature drops at light onset,
characteristics that are consistent with the temperature profiles
based on 30 min. intervals. As noted earlier, rapid behavioural
changes coincide with the abrupt light switches at both 0600 and
1800h; thus, the temperature profiles are not a simple
consequence of the increased motor activity at night.

Additional insight into the regulation of this nocturnal
increase in brown fat temperature can be gained from observing
core and BAT fluctuations in the condition where lights remained
on for 24h hours. The final section of the top graph in Figure
18, where the dark period bar is striped, illustrates the
profiles obtained in this condition. Both core and BAT profiles
retained the temperature increases that represent a circadian
rhythm; furthermore, synchronous peaks and valleys are still
visible, although the gap between the BAT and core values 1is
consistently larger than that which occurs during the normal dark
periods. The fact that the circadian pattern persists despite
the change in lighting schedule supports the notion that, like
core, BAT temperature is driven endogenously by a neural
oscillator (Gordon, 1990).

Finally, panel C of Figure 17 depicts the BAT and core
temperature profiles recorded from the denervated rat, 897. It

has been suggested that remaining BAT deposits compensate for
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excised or sympathectomized interscapular tissue (Rothwell &
Stock, 1992) and that such preparations do not give rise to any
apparent thermoregulatory impairment (Himms-Hagen, 1976). This
implies that if the profile of denervated BAT is unusual, it will
appear out of phase with core temperature oscillations, as the
latter should be left relatively undisturbed. However, it can be
seen that the core temperature profile in fact mirrors the
atypical BAT temperatures observed in this case, making it likely
that some disruption other than the denervation is responsible
for this effect; possibly, the scratching behaviour of the rat
induced a thermal response. The fact that the BAT and core
series continue to show a high correlation despite the
denervation of BAT casts doubt on the significaﬂce of the

denervation findings.

SPECTRAL ANALYSIS

The results of the spectral analyses performed on the
revisited temperature profiles are shown in Figqure 19; the upper
graphs are derived from analysis of the original ten-minute data,
while the lower graphs are based on deseasoned data. Only the
series from rat 881 had enough continuous-observatidns to allow
the time series analysis to be executed. Both BAT and core
periodgrams show a large peak at a frequency of 0.007, indicating
the presence of a circadian .component. However, ult;ggian peaks.
were observed at slightly different frequencies ;n'each case; the
spectral analysis of the core temperature profilé shows an

underlying cycle of 3h (frequency peak = 0.056), while the BAT
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Figure Caption
Figure 19: The graphs show the periodgrams resulting from the
separate Fourier analysis of BAT and core temperature data (rat
881); the temperatures were recorded simultaneously. Bnalysis
based on core temperature data are shown on the left, while
those based on BAT temperature are on the right. Spectral
analysis of the data before deseasoning are shown above the
periodgrams based on deseasoned data. All spectral analysis
were performed on series represented by 10 miﬁ intervals; both
the BAT and core series consisted of 3 x 24 h periods (3 x 144

observations)
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temperature series displays an ultradian cycle of 2.7h (frequency
peak = 0.063). The discrepancy between the ultradian rhythms
found in the BAT and core temperature series is surprising, given
the apparent high correlation between the profiles, but the
frequencies are similar enough to suspect that their difference
may represent only leakage, or the effect of variability in
ultradian cycling.

Further interpretation of the periodgrams requires
consideration of the specific observation interval used. In the
previous section, we reported the results of a spectral analysis
done on BAT temperature data from rat 881, where the interval
between observations was 30 minutes (Figure 8, Column B); in
contrast, the periodgrams in Figure 19 shows an analysis of a
subsection of the same data series now represented by
observations at ten min. intervals. The appearance of ultradian
cycles in the second analysis which were absent in the first
periodgram may be due to the higher resolution that comes from
using intervals of 144 observations/24h instead of 48, or to the
fact that the 10 min. series comprises only a subsection of the

complete 30 min. series.

Comparison to Existing Literature: The average core
temperature value in this study is 37.6°C+0.02, which is
comparéble to published values (see Gordon, 1990, for summary);
for example, Closa and coworkers (1993) reported a mean core
value of 37.7°C+0.02. HOdeeL, the values here show a much wider

range, as their temperatures span only from 36.8 to 38.6°C while
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our minimum and maximum temperatures were 36.5 and 39.0°C
respectively (see Table 6). They reported aortic values rather
than intraperitoneal ones as they better satisfy the definition
of core temperature, in that they exhibit no change with ambient
temperature or circulation alterations (IUPS, 1987). Thus, it is
expected that their temperature values would show much less
variation than abdominal ones.

To our knowledge, the Spanish lab {Closa et al, 1993; Gomez-
Sierra et al, 1993) is the only other group that has used a
chronic paradigm to examine BAT and core temperatures collected
simultaneously in conscious animals. Other groups have recorded
the temperatures in an acute design, as Fyda and coworkers (1991}
did for example, in a study assessing brown fat and abdominal
temperature changes after application of various pyrogens and
antagonists. The chronic data reported by the Closa group
represent recordings over discontinuous 24h periods; thus, in no
other study was spectral analysis performed on the BAT data.

The most obvious difference between our results and those of
the Closa group is the value of the average BAT temperature, as
we report a mean of 36.7°C+0.02, in contrast to an average BAT
temperature of 37.9°Cx0.1 for them. A similar discrepancy was
also noted earlier, on page 98, when their mean value was
compared to the mean calculated from all of the BAT temperature
data collected here (rather than a subsection) and based on 30
minute intervals.

The results of a direct comparison of thermoprobe and

transmitter temperatures in anaesthetized rats (see Figure 11)
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demonstrate that although transmitter values are approximately
1°C below thermoprobe ones, the temperature patterns derived from
the transmitter recordings accurately mirror those of the
thermoprobe; thus, systematic technical differences, rather than
any true functional disparities, likely account for the gap
between the brown fat temperature values reported in this paper
and by Closa et al (1993). However, the findings of Fyda and
coworkers (1991) do not appear to fit with this conclusion, as
their thermoprobe temperature readings showed a mean BAT
temperature value of 34.3°C; one explanation for their lower BAT
readings is that they reflect a slightly different thermoprobe
position from that of Closa's group.

Studies which directly examine the ultradian cycles
underlying core temperature profiles are limited in comparison to
the number investigating food intake or activity cycles.

Lefcourt (cited in Stupfel & Pavely, 1990) found ultradian cycles
of 12 ,6 and 1.5h in cows, and Gomez-Sierra and coworkers (1993)
report core temperature rhythms of 8h, 4 and 2.2h in rat, based
on ten min. intervals; this compares to the observation in this
study of a 3h ultradian cycle underlying core temperature rhythm,
While the results are varied, perhaps due partially to different
series lengths and group size, they do_nonetheless conform to the
- preferred frequencies described in the previous section, page 152

(Hildebrandt, 1988).

BAT Contribution to Core Temperature Rhythm: Closa and

coworkers (1993) discuss the significance of finding BAT values



169
that are higher than core if heating functions are to be
attributed to BAT. However, given the circulation and tissue
conduction confounds inherent in temperature recordings, we
pbelieve that the strength of temperature measurement lies almost
exclusively in the interpretation of patterns, and not absolute
values. Indeed, a comparison of the findings of Closa et al
(1993), and Fyda et al (1991) supports this proposal, as both
sets of thermoprobe readings clearly reflect themogenic changes,
but yet there is a large difference in the mean BAT temperature
values. Thus, the two most reliable tools for measuring BAT
contribution to core temperature changes are temperature
patterns, as we examine here, and direct measurement of blood
flow.

Bcceordingly, brown fat blood flow is reported to increase
about 200 fold during the warming periods of core temperature
ultradian cycles (Closa et al, 1993); this provides evidence for
a contribution of brown fat thermogenesis to core temperature
rises. The authors further showed a 64% coincidence index, as
determined by a sign test, between the slopes of the BAT and
core temperature patterns at corresponding time points, another
finding that fits with the idea that brown fat temperature
contributes to core warming periods. However, neither result
suggests that brown fat heat production may serve to initiate the
core changes.

Fyda et al (1991) suggest that BAT is an important effector
organ in mediating core temperature rise during fever-induced

hyperthermia. Since fever based mechanisms have been proposed as
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the basis of circadian oscillation in core temperature (Ucar et
al, 1983; Scales & Kluger, 1987), this finding supports the
hypothesis that BAT thermogenesis contributes to daily core
temperature changes. Finally, it is well established that BAT
thermogenesis promotes core warming during cold exposure (Foster
& Frydman, 1979, Kurosawa, 1991; see Himms-Hagen, 1990 for
review). This combined weight of indirect evidence led to an
examination of the temperature data for indications that the BAT
profile leads core, or is phase advanced to core, and not simply
parallel to it.

Visual inspection of the profiles from this study revealed no
obvious indication that one temperature series leads the other in
either circadian rhythm or ultradian cycles. However, this is
not surprising, given the overwhelming influence of the circadian
cycle on the profile, and the difficulty of distinguishing the
various underlying ultradian rhythms in either series (Chatfield,
1980). An examination of Closa's 1993 data suggests a similar
difficulty in visualizing any consistent lag between core and BAT
profiles. That group did not attempt an ultradian analysis on
their BAT temperature series, although the results of their BAT
blood flow studies.strongly support the hypothesis that BAT
contributes to core temperature upswings.

Subsequent to the spectral analyses, cross-correlational
procedures were applied to the profiles presented here in order
to uncover any consistent phase difference between the BAT and

core patterns.
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CROSS-CORRELATION ANALYSIS

This analysis involves a systematic comparison of the degrees
of correlation between two profiles for a number of lags or
offsets (eg. Gémez-Sierra et al, 1993). For example, if the
correlation between the two series is observed to be highest when
one profile is positioned 30 min. in advance of the other, then
the interpretation is that the leading series influences the
profile of the succeeding one. While mathematical correlation by
no means implies causation, it may be argued in the case of
comparisons between temperature profiles from different tissues,
that both the nature of thermbiegulatory mechanisms and the
inherently strong degree of influence between various profiles
imply a casual role if a phase difference is observed.

The weakness to the analysis is that no conclusion can be
drawn when there is failure to show high correlations at offsets
or lags other than 0, because the procedure may simply be unable
to detect a phase relationship if more than one ultradian rhythm
underlies fhe profiles. As always, the presence of an
overwhelming circadian cycle also represents a potential
confound. While there currently exists no procedure to remove
ultradian rhythms, the cross correlational analyéis can be made
more powerful by performing the correlation on deseasoned data
(data from which the circadian waveform has-been statistically

subtracted).

original, Non-deseasoned Data: Figure 20 shows the results

of the cross correlational analysis on the BAT and core

Bl
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FPigure Caption
Figure 20: The graphs depict the results of the cross
correlational analyses performed on the BAT and core
temperature profiles for each of four consecutive 12 h dark
periods (rat 799); the temperature data were the original,
untransformed values. The values on the abscissa indicate the
number of 10 minute offsets used to determine each correlation
coefficient, starting with 0 (no offset) to 24 lags (a 4h
offset). Positive lags indicate that the offset was produced
by shifting the BAT profile so that it was in advance of core,
and negative lags indicate the reverse, core in advance of BAT.
The solid lines at approximately r = £0.25 indicate the

coefficient value required for significance at p < 0.05.
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temperature data from each overnight peried for 739. The changes
in the relationships from night to night are apparent from the
variety of shapes presented in the four graphs. For example, in
days 1 and 2, there is a smaller or secondary group of
correlation peaks at an offset of 20 to 24 intervals, which
suggests an underlying cycle of 3.3 to 4h in both temperature
series. However,‘the remaining two graphs do not show evidence
of any cycles. Most importantly, in all four overnight periods,
the strongest correlations appear when the lag number is about 0,
which is interpreted to mean that neither temperature series
consistently leads the other. There is some suggestion in the
first two graphs that the precise peak may be at lag +2 or +3,
the implication being that BAT leads core temperature by 20 or 30
minutes. However, again the finding is not consistent. More
data collection is needed to explore this potentially important
finding.

Figure 21 and the upper panel of Figure 22 shows the results
of cross correlational analyses on data from rat 881, based on
non-deseasoned data. Although observations were collected
continuously for three days, the analyses were first performed on
each individual day and night period (Figure 21), and then on the
overall 3 x 24h period (Figure 22, .upper graph).

The most prominent feature can be seen when comparing day
graphs to night ones; the primary group of coefficients {around
lag 0) have consistently higher values in the graphs representing
the overnight data (Column A), than in the daytime graphs (Column

B). The finding bears out the visual impression given by the
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Figure Caption
Figure 21: This figure displays the six separate Cross
correlation functions derived from analyses of simultaneous BAT
and core temperature data from rat 881. The graphs are based
on 3 x 24h periods, which were divided into three light
portions (Column A) and three dark portions (Column B). G&ee

caption of Figure 20 for an explanation of the abscissa units.
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Figure Caption
Figure 22: The graphs display the results of two different
cross correlational analyses on the BAT and core temperature
profiles of rat 881. Both functions are based on the same data
from a three day period, but the upper graph displays the
results of the correlational analysis on the original
temperature profiles, while the lower graph depicts the cross
correlation results after application of the deseasoning
procedure to the temperature profile. For both. graphs, the
correlation coefficients were calculated at each 10 min lag
offset, up to a lag number of 48 (8 hours). See caption of

Figure 20 for more information on abscissa units.
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temperature profiles, that of more synchronous peaks and valleys
in the dark phase than in the daytime.

The potential day-night distinction is relevant to the
earlier discussion on the results of the spectral analyses of the
BAT and core temperatures. Recall that a shorter ultradién cycle
was found for BAT than for core temperature (2.7h vs. 3h). If
the strongest correlation between the profiles does indeed occur
at night, and the phase relationship is effectively reset every
night by the consistent timing of the light switch, then a
slightly faster cycle for the BAT profile could cause temperature
rises to appear just ahead of core temperature rises throughout
the night; the daily resetting would serve to prevent the shorter
cycle of BAT from sending the two profiles increasingly out of
phase. However, as only one of six cross-correlation functions
displays secondary correlation peaks that reach a level of
significance”(Day 3 at lag 24 to 27), the patterns are simply too
inconsistenthfrom day to day to draw any conclusions about
underlying cycles. This within-subject variation is similar to
that seen in the results of the analysis of rat 799, and confirms
the conclusions of previous studies regarding the extreme
variability of ultradian temperature rhythms.

The overall cross correlation-function for all three days
combined is shown in the upper panel of Figure 22; correlation
"peaks for any existing ultradian cycles are obliterated by the
effect of the circadian cycles, as expected. In other words, the
strong symmetry of the graph, as well as the placement of the

correlation peaks, suggests that the cycle revealed by the cross
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correlational function is merely the circadian rhythm of
1 cycle /144 observations. The first trough will occur at
approximately offset number 35, after the crossover point, and
the secondary peak will then likely appear a further 70 lags
away, placing it in the vicinity of offset 144. Therefore, an
analysis of deseasoned data is required to overcome the influence

of the circadian cycle.

Deseasoned Data: Only subject 881 provided enough continuous
data on which to perform the deseasoning function. The lower
panel (B) of Figure 18 depicts the temperature profiles of both
deseasoned series; while the ultradian oscillations are visible
in the data before application of the deseasoning procedure
(upper panel), the subtraction of the circadian rhythm serves to
highl;ght the appearance of simultaneous peaks and troughs in the
BAT and core profiles.

The results of the cross correlational analysis on the
overall, deseasoned 3 x 24h period can be seen in the lower panel
of Figure 22. It provides an even more striking illustration
than do the temperature profiles themselves of how the removal of
the circadian rhythms from such data can thrust the ultradian
cycles into prominence. The position of the secondary peak,
which indicates the offset where the profiles are again in phase,
suggests the presence of an underlying cycle of very close to
three hours for both temperature profiles. Finally, the highest
correlation coefficient of the primary peak appears at lag +2 or

+3; thus, the analysis based on the pooled series of deseasoned
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data supports the results of the cross correlational analysis on
the data from rat 799 (Figure 21): that the pattern of brown fat
ultradian cycles leads the corresponding core temperature pattern
by 10 to 30 minutes. -

Figure 23 presents the 6 x 12h individual cross correlation
functions on the deseasoned data from subject 881; the day and
night graphs are again represented in Columns A and B
respectively. The most obvious finding is the greater symmetry
obtained in the nocturnal cross correlation functions. This
finding implies that the ultradian cycle underlying both
temperature patterns is more consistent at night; it occurs
approximately every three hours, as shown by the secondary peaks
around lag 18. In contrast to the cross correlation functions
based on the original data (Figure 21), there does not appear to
be any notable difference between day and night in the absolute
size of the primary coefficient peaks, although again, the
patterns of the graphs are too inconsistent from day to day to
draw firm conclusions. It is unclear how much weight to put on
the interpretation of these findings, but they do suggest that
subtraction of the circadian cycle from BAT and core temperature
patterns removes that very characteristic which serves to produce
a change, from night to day, in the correlation between the two

series.

CONCLUSION
The most pervasive finding is the strong similarity in both

circadian and ultradian oscillations in BAT and core temperature
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Figure Caption
Figure 23: This figure displays the six separate Cross
correlation functions that were derived from analyses of
simultaneous BAT and core temperature data from rat 881. These
cross correlation functions are based on the same data as the
ones in Figure 21, but in this case the temperature profiles
were deseasoned before the application of the cross correlation
procedure. The functions representing data collected during
the light period are shown in Column A, and the dark period in
Column B. Lag numbers indicate the number of 10 min intervals
by which the core and BAT profiles were offset for the
calculation of each cross correlation coefficient (see the
caption for Figure 20 for more detailed explanation of the

abscissa units).
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profiles; both the nocturnal elevation, and the 24h peaks and
troughs appear to be in phase in the temperature patterns of both
the original and deseasoned data. Spectral analysis of each
profile indicates that both BAT and core rhythms share a
circadian component, as expected, but additionally reveals that a
distinct ultradian cycle underlies each series; core temperature
appears to cycle at 3h, while the BAT temperature peak indicates
a cycle of 2.7h.

Cross correlational analysis of the individual dark and light
periods in two subjects highlights primarily the inconsistencies
in the patterns of the ultradian cycles, both between and within
rats. Thus, it is possible that the underlying ultradian cycles
in both core and BAT temperatures are in fact the same, but that
the day to day variability causes the peaks to appear at slightly
different frequencies when examined spectrally.

However, when the cross correlation functions of the original
data from 881 are examined for similarities, it appears tﬁat the
BAT and core temperature profiles are more highly correlated at
night than during the day, and it is this disparity which may lie
behind the differing spectral peaks. Furthermore, this day night
disparity may underlie the apparent inability of the Fourier
analysis to tease out the hourly peaks and troughs from the 24h
BAT data. It was suggested earlier (p. 155) that the inherent
variability of the short cycles might render them intractable to
spectral analysis; it may also be possible that if the short
cycles in the night period are either different than those in the

daytime, or simply more stable, then the change in the
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temperature pattern could cause the spectral analysis to beecome
less accurate. However, unlike the situation with the cross-
correlational analysis, it is not possible to analysis the day
and night data separately, because the Fourier procedure requires
a continuous data set.

In the present report, the correlational analyses on both the
continuous three day series and the six individual day /night
series together suggest the presence of underlying ultradian

cycles in the range of approximately 3 to 4 hours.

Phase Relationship of BAT and Core: All cross correlational
graphs show the primary peak of coefficients at a lag of
approximately 0, but a closer examination of the individual
values of the coefficients within this primary peak suggests that
in fact BAT may lead core by 10 to 30 minutes. Each 10 minute
lag or offset yields a correlation coefficient value, and in five
of seven graphs the largest coefficient appears at a lag of +1 to
+3. This result, along with the BAT blood flow analysis reported
by Closa et al (1993), provides the most compelling support for
the idea that BAT influences core temperature. While it is true
that in the gfaphs of the simultaneous BAT and core temperature
series (Figures 17 and 18) neither profile appears to lead the
other, it is also true that the presence of underlying circadian
and ultradian cycles can complicate the appearance of the
waveforms, and therefore simple visual inspection of the graphs
cannot be used to assess the interaction of the two series

{Chatfield, 1980).
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Brown fat thermogenesis is known to contribute significantly
to the maintenance of core temperature in neonates, cold exposed
animals, during arousal from hibernation (see Arbuthnott, 1989),
and during fever induction (Fyda et al, 1991; Jennings & Elia,
1987). The guestion remains whether there is a role for BAT heat
production in the sustained elevation of core temperature'at
night. The results of the cross correlation analysis on the
original data suggest that the relationship between core and BAT
temperatures is different at night than during the day; this is
not true for deseasoned data, but since it can be expected that
the effect is related to the presence of the circadian rhythm,
the deseasoned results are not incompatible.

This idea is also supported by the finding that removal of
the BAT deposit apparently diminished the daytime ultradian cycle
while leaving the nightly pattern unchanged (Figure 14). It is
possible, in fact, that the underlying ultradian cycles of the
BAT temperature rhythm are consistently different between dark
and light periods, such that the results of the Fourler analyses
represent some mathematical combination of the two contrasting
patterns of cycles, rather than the true pattern. However, the
spectral analysis can be applied only to a continuous series, and
© thus it is mathematically impossible to perform two separate
Fourier analysis on night vs. day data.

It has been shown that the decrease in bodily heat loss at
night is proportionately larger than the corresponding increase
in heat production, which suggests that the sustained elevation

of core temperature may be due primarily to changes in distal
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vasoconstriction patterns. However, it is clear that metabolic
heat production rises at night (Shido, 1987; Shido et &l, 1989;
Brown et al, 1991), and given the evidence that BAT heat
production can influence core, it seems likely that brown fat
thermognesis plays a role in core changes.

The related, but separate issue of whether BAT thermogenesis
contributes to ultradian cycles in core temperature can also be
addressed here. We report that BAT and core profiles are highly
similar, in both circadian and ultradian cycles, and that the BAT
pattern may be phase advanced to the core profile by 10 to 30
minutes. Along with the findings of Closa et al (1993) who
demonstrated that BAT thermogenesis increases during episodes of
core temperature warming, our results constitute some of the
first evidence that brown fat heat production represents one
factor in the ultradian pattern of core temperature. It is
important to develop a method of examining the temperature
patterns of peritoneal BAT deposits, given that the positions and
mass of the deposits suggest a substantial role in stimulated
heat production in the rat.

Finally, the persistence of the brown fat circadian rhythm in
the 24h lights-on condition indicates that the BAT temperature
profile is not simply a consequence of nocturnal activity levels,
This fits well with the earlier finding of an anticipatory
temperature rise in the BAT profile; together, the results
provide strong evidence that brown fat temperature, similar to

that of core, is regulated by an endogenous pacemaker.
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GENERAL CONCLUSIONS

The three studies described in this thesis comprise an
investigation into both the central regulation and the circadian
expression of brown fat temperature. The role of central
structures in regulating brown fat activity was evaluated by
mapping studies of the VMH and the VLT area for sites that elicit
stimulation-induced changes in brown fat temperature. The
physiological context for brown fat heat production was
investigated through a detailed description of the daily
temperature pattern of interscapular brown fat and the
relationship between BAT and core temperature rhythms,

It was the discovery of sites that induce rapid drops in BAT
temperature which led to speculation on the functioning of the
tissue from a circadian perspective: if the radiant heat in the
interscapular area can be abruptly turned off, whether by changes
in circulation or in parenchymal stimulation, just as it can be
rapidly turned on, then these opposing responses might influence
the shape of the daily temperature rhythm of BAT by appearing as
a series of oscillations. These cycles could .in turn contribute
to the diurnal pattern of core temperature.

There is as yet little research on the circadian temperature
patternléf brown fat. Closa and coworkers (1993) presented a
typical 24 h waveform but they used blood flow rather than
spectral analysis to link BAT activity to the warming cycles
present in core temperature profiles. Thus, one intent of the
third study was to determine the specific cyclic components

underlying the BAT temperature pattern.
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Both the temperature profiles of brown fat and the spectral
periodgrams based on these are dominated by the 24h circadian
cycle. It remains unclear why the apparent hourly peaks and
troughs in the BAT temperature pattern, which are mirrored in
such tissues as the liver, do not appear as underlying cycles in
the results of the Fourier analysis; rather, the 4h cycle is the
strongest candidate for a consistent ultradian rhythm in brown
fat. However, both the extent of variability observed here in
the ultradian oscillations, and the frequencies of reported
cycles are in agreement with the results of analyses from many
other metabolic systems (Stupfel & Pavely, 1991; Hildebrandt,
1988). ‘To our knowledge, this is the first Fourier analysis of
brown fat temperature patterns.

The finding of a robust circadian component in brown fat
temperature patterns provokes the question of whether the rhythm
is endogenously controlled; to address this, the correlation
between simultaneous BAT and core temperature were examined. The
ultradian peaks and troughs, and the characteristic nocturnal
rise all appear to be in phase, observations that are
corroborated by the various cross correlation analyses. However,
the most powerful evidence for the idea of endogenous control is
the finding that BAT temperature patterns show an anticipatory
rise in temperature prior to light offset, similar to core
temperature.

The results of the cross correlation analyses can further be
applied to investigate whether BAT heat production contributes to

core or merely reflects it; the profiles point to a possible 10
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to 30 min offset between BAT and core temperature, with BAT
leading. This suggests that BAT heat production may not only
promote core temperature rises (Closa et al, 1993), but may
indeed play a role in the initiation of the rise.

ImportantI&, a series of methodological manipulations were
performed in this study to examine the nature of the recorded
temperature oscillations; the findings confirm that the
transmitter readings are sensitive to BAT heat production, and
that the pattern of values accurately reflects the readings of
the thermoprobe. Attempts to further examine the input to the
transmitter readings through surgical alteration of the BAT
deposit were limited by small sample sizes, although the results
do suggest that the large deposit of white fat in the
interscapular area must contribute to the circadian temperature
changes; sympathetic innervation of the white‘fat may therefore
be important.

The complexity of BAT innervation, and of the vascular
components must also influence the temperature readings. For
example, the results of the second experiment reported here***ﬁrx
suggest that abrupt drops in BAT temperature may occur due to aﬁ‘
&-induced vasoconstriction, while Woods and Stock (1994)
speculate that AVA dilation may also be responsible for
restriction of blood flow. The significance of BAT temperature
changes due to blood flow, rather than direct activation of
thermogenesis, is not yet clear; Closa et al (1993) reported that
| blood flow to the BAT deposit diminished to essentially zero

: during the cooling portion of core temperature cycles, which fits
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with the idea that redistribution of blood volume to distal sites
represents a primary means of cooling.

One of the fundamental research issues to emerge from these
findings is the question of what drives the BAT temperature
cycles, in light of evidence that they are endogenously
controlled - an examination of BAT temperature rhythms after SCN
destruction certainly represents one compelling future study.

But interestingly, the VMH nucleus itself has been shown to
participate in the regulation of circadian patterns. Lesions of
the VMH result in disturbed food intake patterns and the loss of
diurnal rhythm in blood levels of glucocorticoids (see Inoue,
1992 for review); it has been suggested that the lesions, which
interfere with BAT heat production by interrupting SNS
stimulation, might also interrupt neural output from the VMH
thought to cyclically inhibit the nocturnal autonomic patterns
which includes increased vagal tone and higher insulin levels,
ahddresponsiveness (Dallman, 1984). More recently, this cyclic
inhibition has been attributed to SCN efferents coursing through
the VMH (Stoynev & Ikonomov, 1987)

It has been further demonstrated that sustained high levels
of VMH neural output can also disrupt circadian rhythms
(Mitsushimi et al, 1994). The authors speculate that this output
interferes with SCN regulation of the circadian activity
patterns. Thus, both destruction and hyperstimulation of the VMH
can disrupt circadian rhythms, although in neither group of
studies has the effect on core temperature rhythms been ezamined.

The BAT response to SCN stimulation appears to be dependent
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on activation of the VMH (Amir et al, 1989), which is consistent
with findings from brain slice studies that an excitatory pathway
is present from the SCN to the VMH (Kita et al, 1982). There is
also evidence for direct infoémation flow from the VMH to the SCN
(Lutien et al, 1987), and for indirect pathways, possibly through
the paraventricular thalamic nucleus. The latter.is based on the
specific combination of cuts around the VMH that are effective in
preventing the disruptions due to hyperstimulation of the VMH
nucleus (Mitsushumi et al, 1994). We found in our first study
that a complex pattern of effective and ineffective sites is
present within the nucleus; this hints at the redundancy and
heterogeneity of those neuronal elements in the VMH that
participate in either the acute BAT temperature changes, Or the
regulation of the cyclic pattern of temperature changes.

These studies suggest the presence of both direct and
indirect routes in regulating BAT heat production; thus, it
appears that the nucleus might modify only the output of the
circadian pacemaker, or alternatively, modulate the original
timing signals through direct input to the SCN. Both types of
influence are intrinsic to the complex neural interactions
underlying circadian rhythms, as is information from the
environment, as well as feedback from other metabolic system such
as sleep/wake, thermoregulation, and food intake; all of these
elements are integrated to produce the ultimate pattern of an
endogenous rhythm (Rietveld et al, 1991). If the numerous
neuroendocrine factors that regulate BAT activity are also

considered, it is clear that achieving a systematic portrait of
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the physiological role of BAT heat production represents a

challenging goal.
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