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Abstract
When exposed to dietary excess, mice release norepinephrine (NE) onto brown fat, activating
uncoupling protein‐1, and dissipating caloric excess as heat. Mice lacking dopamine beta‐
hydroxylase(DBH) cannot produce NE, making them cold‐sensitive and unable to activate a sympathetic
response to thermal stress or dietary excess. However, DBH‐/‐ mice fed a high fat diet (HFD) and housed
at 22°C gain weight normally due to compensatory thermogenic mechanisms which raise metabolic rate.
The hypothesis that NE is essential for diet‐induced thermogenesis was tested by housing DBH‐/‐ mice
at thermoneutrality on a HFD or low fat diet (LFD) for 8 weeks. The thermoneutral zone and basal
metabolic rate (BMR) of female DBH‐/‐ mice and littermate controls were calculated. There was no
difference in the mass specific BMR between DBH‐/‐ mice and control mice (24.3 ± 0.6 vs. 24.6 ± 0.9 ml
O2/min/g). A trend of a reduced lower critical temperature was observed in the DBH‐/‐ mice in
comparison to controls (28.4 ± 0.1 vs. 28.6 ± 0.1 °C). DBH‐/‐ mice gained weight on either a HFD or a LFD
(52.2 ± 7.0% and 19.2 ± 3.2% of body weight, respectively.) Control mice on either a HFD or LFD at
thermoneutrality gained significantly less weight than the DBH‐/‐ mice (11.5 ± 3.3% and 16.3 ± 2.6% of
body weight, respectively). These results demonstrate that while DBH‐/‐ mice have a normal BMR, they
are more susceptible to weight gain at thermoneutrality than control mice.
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Introduction
Homeostasis is an organism’s ability to maintain a constant physiological state despite changes
in internal functioning or the external environment. Any change within an organism is immediately met
with a series of mechanistic adjustments working together to re‐establish steady‐state conditions
(Cannon, 1932). Energy balance and thermoregulation, two important homeostatic concepts, are
necessary for the well‐being and survival of mammals.
Every organism must produce or obtain usable energy to maintain homeostasis. The majority of
that energy comes in the form of the chemical, adenosine triphosphate(ATP). Hydrolysis of ATP to form
adenosine diphosphate(ADP) is a highly exothermic reaction, releasing large amounts of energy that can
be coupled to other biosynthetic and biochemical reactions within a cell. Production of ATP occurs in the
mitochondria of cells. The rate at which ATP and other energy‐rich molecules are produced is known as
energy metabolism. Energy metabolism per unit time is defined as metabolic rate. (Nielsen‐Schmidt,
1997) As the majority of ATP is produced using pathways that require oxygen, and the amount of energy
produced per liter of oxygen consumed is the same whether fats, carbohydrates, or protein are used as
the energy source, metabolic rate can be calculated by measuring the oxygen consumed per unit time
(Nielsen‐Schmidt, 1997). Many factors influence the metabolic rate of an organism, including food
intake and availability, ambient temperature, and activity level.

4

Thermoneutrality
The majority of mammals and birds are homoeothermic endotherms, generating internal heat
to maintain an elevated and constant internal body temperature (TB). Hydrolysis of ATP to ADP, which
occurs in most metabolic processes that require energy, releases heat. To ensure a constant body
temperature, heat loss from an organism must equal heat gain produced by hydrolysis of ATP in
metabolic processes (Moyes and Schulte, 2006). For every species, a temperature zone exists, known as
the thermalneutral zone, in which energy expenditure needed to maintain body temperature is at its
lowest (Lodhi and Semenkovich, 2009). Figure 1. represents the correlation between TA and metabolic
rate.

Figure 1. Metabolic Rate as a Function of Ambient Temperature.
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When an animal stays within the ambient temperature that represents its thermoneutral zone,
metabolic rate remains constant and at a minimum level. If the animal is at rest and fasted, this
minimum metabolic rate within the thermoneutral zone represents the basal metabolic rate, or the
minimum level of energy production needed to sustain vital organs only (Gordon, 1993). When ambient
temperature reaches an upper limit, known as the upper critical temperature (UCT), the animal must
induce cooling mechanisms that require an increase in energy expenditure and subsequent rise in
metabolic rate. When ambient temperature reaches a lower limit, known as the lower critical
temperature (LCT), the animal must increase heat production, raising the animal’s energy needs and
metabolic rate. The greater the deviation in TA from an animal’s thermoneutral zone, the greater the rise
in metabolic rate (Moyes and Schulte, 2006). The ease of heat loss from an animal, known as thermal
conductance, is measured in watts per unit body mass per degree Celsius and can be calculated using
Equation 1., where M represents the rate of heat loss and TB‐TA represents the difference between the
body temperature of the animal and the ambient temperature (Nielsen‐Schmidt, 1997).
C=M/(TB‐TA)

(1)

Equation 1. Thermal Conductance of a Homeothermic Animal
As heat loss must equal heat production, than the variable M, representing rate of heat loss, is
equal to rate of heat production(metabolic rate), and so thermal conductance of an animal can be
calculated by using the metabolic rate of the animal, as measured in ml O2 consumed per gram body
weight per unit time. Conductance(C), therefore, represents the slope of the TA/Metabolic Rate
regression line below the LCT (Gordon, 1993).
The thermoneutral zone of a naked human is 28‐30°C while the thermoneutral zone of a clothed
human drops to 22‐25°C which represents conventional “room temperature” (Lodhi and Semenkovich,
2009). While mice have a thermoneutral zone similar to humans at around 28‐32°C, in laboratory
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conditions they are often housed at room temperature, 20‐22°C. Mice living in cold laboratory
conditions are constantly exposed to thermal stress and must increase their metabolic rate by 50‐60%.
Food intake increases by about 50% as well (Golozoubova, 2004). Mice who were exposed to
thermoneutral conditions (TA=30°C) after living at room temperature(TA=23°C) exhibited a decrease in
mean arterial pressure and heart rate (Williams et al., 2002) indicating that exposure to thermal stress
has important cardiovascular implications as well.
Thermoregulation
In order to maintain steady TB despite fluctuations in ambient temperature (TA), mammals have
developed a series of thermoregulatory mechanisms. As TA rises, mammals initiate cooling mechanisms
to increase heat loss and lower the rising TB. After sensing a rise in ambient temperature, vasodilation
occurs. Arterioles dilate, increasing blood flow to the skin, where heat is exchanged with the skin,
increasing the temperature of the skin and resulting in increased heat loss through the skin. Larger
mammals utilize sweat to increase cooling, through evaporative heat loss.
Smaller mammals alter their ventilation rate and pattern to increase heat loss in rising TA. Rapid,
shallow respiration increases air‐flow across the moist, vascularized respiratory surfaces, resulting in loss
of heat through convection and increased evaporation of water from these surfaces (Moyes and Schulte,
2006).
When TA drops, an organism can either decrease their heat loss or raise their rate of heat
production. Vasoconstriction reduces blood flow to the extremities of an organism, lowering the skin
temperature and reducing heat loss. In piloerection, erector muscles contract, pulling body hair into a
perpendicular position to increase insulation and reduce heat loss (Moyes and Schulte, 2006).
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Thermogenesis, the production of heat through metabolic pathways, is essential for maintaining
an elevated TB. in endothermic animals. Hydrolysis of ATP to ADP, which occurs in most metabolic
processes that require energy, releases heat. Any activity that increases the energy needs of an
organism increases ATP hydrolysis and energy output of that output, resulting in increased heat
production. An animal that is faced with a cold environment may voluntarily increase its activity level,
causing an increase in energy utilization in skeletal muscle and generating heat. Involuntary muscle
contractions, known as shivering, may also occur in an animal placed in a low TA, with the same,
thermogenic result (Moyes and Schulte, 2006). A second type of thermogenesis, non‐shivering
thermogenesis, is prevalent in small mammals. One example is the uncoupling of the proton gradient in
brown adipose tissue (BAT).
Non‐Shivering Thermogenesis
ATP is produced in the mitochondria of cells. Transport of electrons through a series of proteins
that make up the electron transport chain (ETC) located on the inner mitochondrial membrane provide
energy to pump protons from the mitochondrial matrix into the inner membrane space. This pumping of
protons produces an electrochemical gradient that is known as the proton motive force. The potential
energy stored in this proton gradient is used in the synthesis of ATP. The protons flow down their
gradient through ATP synthase and back into the mitochondrial matrix. Their movement through ATP
synthase drives the phosphorylation of ADP to form ATP, which can then be used as an energy source
for other cellular processes (Moyes and Schulte, 2006).
The mitochondria of the thermogenic organ known as brown adipose tissue (BAT) contain
uncoupling protein one (UCP1). This protein, located in the inner mitochondrial membrane, takes the
protons that have been transported into the inner membrane space to form a proton gradient and
allows them to move down their gradient back into the mitochondrial matrix. However, the energy
8

released from the proton movement is not coupled to production of ATP or any other high‐energy
molecule. It is instead released as heat energy. (Figure 2.) Thus, stimulation of BAT and UCP1 upon
exposure to a cold environment would lead to increased heat production and increased metabolic rate
via uncoupling of the proton gradient.

Figure 2. UCP1 Mediated Thermogenesis. Protons are transported across the inner
mitpochondrial membrane to form the proton gradient. In addition to cycling through ATP synthase and
driving heat, the protons move through UCP1 and the energy stored in the proton gradient is dissipated
as heat.
Proper UCP1 function is dependent on the presence of fatty acids (Klingenberg and Huang,
1998). Fatty acids are thought to interact with UCP1 as allosteric activators of proton transport.
However, evidence also exists for a mechanism in which fatty acids, which are anions, become
transported out of the mitochondrial matrix through UCP1. In the intermembrane space they become
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protonated, allowing them to pass through the membrane back into the mitochondrial matrix, thereby
helping to dissociate the proton gradient (Susulic and Lowell, 1995). Fatty acids also act as the main
source of oxidative phosphorylation in mitochondria BAT, providing the biochemical energy to drive
non‐shivering thermogenesis (Palou et al., 1997).
UCP1 is located in BAT, which differs morphologically from white adipose tissue in that it
contains multiple droplets per adipocyte, exhibits a higher capillary density representing an increased
demand for oxygen, is highly innervated by sympathetic nerves, and contains an abundance of iron
containing mitochondria, giving it a brownish color. BAT is found primarily in small hibernating mammals
and newborn infants (Cannon and Nedergaard, 2004); however, recent studies also provide evidence for
the presence of functional BAT in adult humans (Nedergaard et al., 2007). After labeling with FDG‐PET,
increased tracer uptake was seen in the upper body of adult human males corresponding to pockets of
BAT (Nedergard et al., 2007). In a different study, adult males were kept in either a thermoneutral (22°C)
or mild cold environment (16°C) and then injected with the FDG‐PET tracer. BAT was observed in 96% of
the cold exposed subjects but was not present in those subjects residing at thermoneutrality, suggesting
that BAT in humans is activated by a cold environment (Lichtenbelt et al., 2009). However, the idea of
functional brown adipose tissue and its exact physiological role in adult humans remains a controversial
subject.
UCP1 mRNA levels are increased in BAT after a 48hr cold exposure in rats (Daikoku et al., 2000),
indicating that upon activation of BAT in a cold environment, levels of UCP1 rise in order to mediate the
increased need for thermogenesis (Ricquier et al., 1986). Similarly, hyperplasia, hypertrophy, and
increased blood flow is seen in BAT of cold acclimated animals.
Small mammals produce heat to maintain body temperature when exposed to a cold ambient
temperature. The method of heat production depends on length of exposure to the cold. Upon initial or
10

acute exposure to cold, animals initiate a shivering response to generate heat. However, after 48hrs of
cold exposure, levels of shivering thermogenesis decrease and the main mechanism of heat production
switches to non‐shivering thermogenesis. Non‐shivering thermogenesis mediated through BAT and
UCP1 is therefore a plastic component of thermogenesis and plays the greatest role in heat generation
during chronic cold exposure once the animal has acclimated to the cold.
Additional homologs of UCP1, named UCP2 and UCP3, have been recently discovered. UCP2
mRNA is expressed in low levels throughout the body while UCP3 mRNA is mainly expressed in muscle
tissue and BAT, although the actual UCP3 protein has only been identified in muscle tissue (Nedergaard
and Cannon, 2003). The exact mechanism and function of these proteins remains unknown with some
evidence suggesting a possible role for UCP2 and UCP3 in thermogenic processes. However, evidence
supports UCP1 as the main protein involved in proton gradient dissipation in DIT and NST, while UCP2/3
provide minimal, if any, contribution at all (Nedergaard et al., 2001).
Sympathetic Control of Thermogenesis
To maintain homeostasis, most physiological functions must be under constant regulation and
control. The autonomic nervous system, under the control of a central regulatory center in the brain,
works to maintain homeostasis in organisms. The autonomic nervous system consists of the sympathetic
and parasympathetic nervous system. Most organs are innervated by both sympathetic and
parasympathetic neurons and the two systems are antagonistic to each other. For example,
parasympathetic stimulation of the heart results in a reduced heart rate while sympathetic stimulation
results in an increased heart rate. The two pathways work together to maintain homeostasis, inhibiting
or provoking a certain organ depending on the current environment and an organism’s need. While the
parasympathetic nervous system is most active when an animal is at rest, the sympathetic nervous
system (SNS) takes over in response to stressors and physical activity (Moyes and Schulte, 2006).
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The hypothalamus plays an integral role in CNS control of autonomic regulation. In response to
signals from sensory neurons that relay information about the state of the organism, the hypothalamus
alters its activity to increase or reduce autonomic nervous activity. Body temperature, food intake, and
water balance are all regulated by the hypothalamus (Moyes and Schulte, 2006).
Upon activation, sympathetic neurons release the catecholamines epinephrine(E) and
norepinephrine(NE) onto adrenergic receptors located in the CNS, peripheral nervous system(PNS) as
well as cardiac and smooth muscle. NE and E are synthesized and released from the adrenal medulla
glands as well as post‐ganglionic neurons in the SNS. NE binds to and acts upon the adrenergic receptors
including the alpha 1, 2 and beta 1,2,3 receptors.
Any significant decrease in body temperature is sensed by the hypothalamus as an
environmental stressor and the SNS is activated. NE is released from post‐ganglionic sympathetic
neurons and increases heart rate, initiates vasoconstriction in the extremities, contracts the smooth
muscles controlling hair movement resulting in piloerection, and activates NST in brown fat. Studies
have shown that cold exposure results in a sharp increase in blood plasma levels of NE in mice
(Ibraimova 1997). Extensive innervation of BAT by sympathetic neurons has been observed and levels of
both BAT innervation and synaptic NE turnover increase in cold acclimated rats (Cottle and Cottle, 1969
and Young et. al. 1982). These results support the role of the sympathetic nervous system in cold
initiated BAT mediated thermogenesis.
NE released from adrenergic neurons synapsing on BAT binds to beta‐adrenergic receptors on
the cell surface of brown adipose cells, and activates UCP1 protein, uncoupling the proton gradient and
generating heat. While UCP1 mediated NST plays an integral in the thermoregulation of mammals in a
cold environment, this pathway is also involved in body weight regulation and energy balance.

12

Diet‐ Induced Thermogenesis
Dietary excess can lead to weight gain. In order to maintain a stable body weight, an animal
must increase energy expenditure to offset this excess or decrease food intake to prevent continued
consumption of unnecessary calories. Regulation of food intake is controlled by a complex group of
hormones and neurotransmitters that monitor the metabolic status, environmental conditions, and
bodily energy stores and adjust hunger and satiety signals accordingly. Factors such as ghrelin, the
orexins, and neuropeptide Y act as powerful appetite stimulants. Insulin, released from the pancreas in
response to high levels of circulating glucose, binds to receptors in the hypothalamus, inhibiting food
intake ( Hellstrom et al. 2004). The hormone leptin, secreted from adipose tissue, also acts as an
anorexigenic compound by decreasing appetite and reducing food intake. Both leptin and insulin
circulate in levels directly proportional to body fat. Ingestion of caloric excess leading to an increase in
adiposity will also lead to increased leptin levels, signaling the brain to decrease appetite and food
intake (Houseknect et al. 1998).
In addition to regulating food intake, an animal can also increase its energy expenditure in
response to caloric excess. An increase in energy expenditure results from an increase in metabolic rate,
indicating that many of the mechanisms used in thermoregulation could also work to maintain energy
balance by producing an increase in metabolic rate through heat production. Fasting inhibits the
sympathetic nervous system while overfeeding increases its activity as measured by NE turnover rates
(Landsberg 2006). Increased sympathetic activity results in increased activation of BAT, leading to
mitochondrial uncoupling, a reduction in metabolic efficiency and rise in metabolic rate than can offset
the caloric excess. The ability of animals to increase the capacity for energy expenditure in response to
certain foods and diets is known as diet‐induced thermogenesis(DIT) and follows the same pathway
used in NST. (Figure 3.)
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Figure 3. Pathway of Activation in Non‐Shivering Thermogenesis and Diet Induced
Thermogenesis
Obesity
However, appetite regulation and DIT can fail to compensate for caloric excess, leading to
storage of extra energy in white adipose tissue (WAT). Over time, as triglycerides continue to
accumulate in WAT, obesity develops. Obesity is a major health problem facing the United States and
other developed countries. As of 2008 estimates, 36 states had a prevalence of obesity greater than 25%,
with six states of those states having a prevalence greater than 30%, accounting for nearly 1/3 of the
population.(CDC) Increased body mass can lead to health problems such as diabetes, hypertension,
heart disease, stroke, and premature death.
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The prominence and severity of the obesity epidemic has led to research into the causes of
obesity and possible therapeutic agents to combat the disease. In humans, BAT levels have been
inversely correlated with body mass index (Cypess et al. 2009), leading to a focus on UCP1 mediated
thermogenesis as a potential target for obesity. Mice that contain genetically altered white fat in which
the UCP1 protein is overexpressed do not become obese in response to a high fat diet (Kopecky et al.
1996), further supporting a role for UCP1 and brown fat manipulation in obesity treatment. The
magnitude of diet‐induced thermogenesis can be measured by the ability of an animal to increase
metabolic rate in response to injection of NE (Cannon and Nedergaard, 2004).
Obesity can be modeled in a laboratory rodent model in various ways, including overfeeding,
feeding on a high fat diet, and use of genetically altered mice. The ob/ob mouse does not produce the
hormone leptin and displays uncontrolled food intake resulting in an obese phenotype. Even when
caloric intake is severely limited in these animals, weight gain continues (Coleman 1982). These mice
display high levels of insulin and circulating fatty acids, glucose intolerance, insulin resistance and
diabetes (Cullen et al. 1995).
Obesity can also be developed by feeding an animal a high fat diet. Mice fed a high fat diet
display a significant increase in body weight compared to controls. After 8 weeks of high fat feeding,
mice were not responsive to leptin injections, indicating that leptin resistance had developed in these
animals (Thomas et al., 2000). Chronically high circulating levels of leptin result in the inability of the
body to respond to leptin signals in the brain, resulting in decreased satiety signaling.
Activation of Diet‐Induced Thermogenesis
As a variety of genetic and environmental factors are responsible for obesity in humans (Das and
Rao, 2007), it makes sense to study the DIT pathway using a model that takes into account both genetics
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and environmental influences such as diet content. As metabolic inefficiency is the direct result of
proton uncoupling in the UCP1 protein, genetic ablation of this protein affects the ability of an organism
to dissipate excess energy. Original studies of UCP1 knockout mice (UCP1‐/‐) indicate that UCP1‐/‐ mice
kept at room temperature display cold sensitivity but do not become obese in response to a high fat diet
(Enerback et al. 1997). However, UCP1 ablation in mice housed at thermoneutrality prevents diet‐
induced thermogenesis and induces obesity in mice fed both a control and a high fat diet. Control
animals fed a high fat diet display a robust metabolic response (as measured by oxygen consumption) to
NE injection in comparison to controls fed a regular diet while UCP1‐/‐ animals fed a HFD showed a
response to NE injection similar to UCP1‐/‐ animals fed a normal diet. (Figure 4.) These results indicate
that the UCP1‐/‐ animals could not activate diet‐induced thermogenesis in response to a high fat diet
(Feldmann et. al. 2009). Housing at thermoneutrality is necessary for appearance of an obese phenotype
as UCP1‐/‐ animals placed at room temperature must initiate other compensatory thermogenesis
mechanisms to maintain a constant body temperature in the cold environment, which increases
metabolic rate and offsets the dietary excess of the high fat diet.
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Figure 4. Feldman et al., 2009 Diet Induced Thermogensis in UCP1‐/‐ Mice fed a High Fat Diet
as measured by metabolic response to Injection of Norepinephrine.
Activation of UCP1 protein is dependent on NE binding to beta adrenergic receptors (βARs).
Mice in which all three βARs have been genetically ablated are mildly obese on a regular diet in
comparison to controls. These mice also display a decreased metabolic rate. When housed at 22°C,
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mice lacking β‐adrenergic receptors displayed enlarged and pale BAT that contained detectable levels of
leptin and lower than expected levels of UCP1 mRNA. When placed on a high fat diet at
thermoneutrality, mice lacking β‐adrenergic receptors became very obese despite comparable levels of
food intake compared to WT controls and did not display the increase in metabolic rate seen in controls
fed a HFD (Bachman et al., 2002). These results support the role of BAT in diet‐induced thermogenesis
and indicate that βARs are necessary for normal BAT morphology. Ablation of βARs in the presence of
dietary excess leads to an inability to dissipate extra calories, resulting in development of obesity in
these mutant mice.
Dbh‐/‐ Mice
Going one additional step back in the pathway and removing the β‐adrenergic receptor ligand
NE, one would expect to see the same disruption of DIT and NST seen in the UCP1 or β‐adrenergic
receptor deficient animals. Norepinephrine(NE) is synthesized from dopamine(DA) by the enzyme
dopamine beta‐hydroxylase(DBH). A rare human genetic disorder exists in which a failure to produce the
DBH enzyme responsible for synthesizing NE and E causes hypoglycemia, hypotension, and hypothermia
in affected patients(Robertson et al., 2006). Disruption of the Dbh gene in laboratory mice results in NE
and epinephrine (E) deficient animals with a distinct mutant phenotype. Dbh‐/‐ mice are 80‐90% of
normal weight and display a 25% elevated resting metabolic rate (RMR) even at thermoneutral
temperatures (Thomas and Palmiter, 1998). To offset this increase in RMR and maintain a normal energy
balance, Dbh‐/‐ animals display elevated food and water intake. The increase in RMR cannot be
attributed to hyperthyroidism, increased shivering, or compensation by UCP2 (Thomas and Palmiter,
1997). As NE mediates vasoconstriction, NST, and piloerection, Dbh‐/‐ animals are cold‐sensitive,
surviving only 1‐2 hrs at 4°C in comparison to controls, which survive indefinitely. Even at room
temperature (22°C), a less extreme cold environment, Dbh‐/‐ mice have a lower body temperature than
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do controls. Upon exposure to 4°C, both the vasoconstriction and piloerection response to cold was
reduced in Dbh‐/‐ mice in comparison to controls. Double the normal amount of BAT is observed in
these animals. The BAT in Dbh‐/‐ mice is paler than normal, corresponding to an increased fat content of
the tissue. At room temperature (22°C), UCP1 mRNA levels were only 10% of normal, further confirming
the inability of Dbh‐/‐ mice to activate brown fat, NST and DIT (Thomas and Palmiter 1998).
Additionally, Dbh‐/‐ mice have blood glucose levels 25% lower than controls and a 4‐6 fold
higher insulin concentration than controls (Marie and Palmiter 2004). Low glucose levels correspond
with increased appetite while high insulin levels correspond with increased rates of energy storage, both
of which can lead to weight gain and obesity. Leptin increases UCP1 mRNA levels in BAT and this effect is
abolished in ob/ob mice, supporting a role for leptin in initiating DIT (Commins et al. 1999). Leptin
injections in Dbh‐/‐ mice produced no effect on UCP1 mRNA expression in BAT and this effect was
reversed upon co‐administration of CL‐316,243, a B3AR agonist, with leptin, indicating that NE is
required for leptin induced increased mRNA expression in BAT (Commins et al. 1999).
A normal phenotype can be restored in Dbh‐/‐ mice by administration of L‐threo‐3, 4‐
dihydroxyphenylserine (DOPS), a synthetic amino acid that is converted to NE in adrenergic cells. DOPS
crosses the blood brain barrier and therefore can act in both peripheral and central adrenergic systems.
5hr after administration of a single dose of DOPS, NE was restored to normal levels in the heart, brown
fat, liver, muscle, spleen, seminal vesicle, and olfactory bulb; there was higher than normal levels of NE
in the lung, kidney, intestine, and pancreas, and lower than normal levels in the frontal cortex,
cerebellum, and brainstem. No restoration of NE was observed in the adrenal gland (Thomas et al., 1998)
Administration of DOPS also lowered RMR and food intake to normal levels in comparison to controls
(Thomas and Palmiter, 1998). These studies suggest that the cold‐sensitivity and energy expenditure
deficiency in Dbh‐/‐ animals can be reversed by treatment with DOPS, indicating that the observed
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mutant phenotypes are caused by a physiological NE deficiency at the time of testing versus a
developmental NE deficiency earlier in life.
The Dbh‐/‐ mouse therefore provides a valuable model for studying the effects of NE and E
deficiency on thermoregulation and energy balance systems mediated through the sympathetic nervous
system. One would expect that NE and E deficient mice fed a high fat diet (HFD) would be unable to
activate compensatory sympathetic mediated DIT to burn excess energy and would become obese in
comparison to normal mice fed the same HFD. However, Dbh‐/‐ mice housed at room temperature and
fed a HFD diet for 6 weeks gained weight normally in comparison to controls fed the same diet. (Figure
5.) On a normal diet, both Dbh‐/‐ and Dbh+/‐ mice displayed an average 20% increase in body weight
while both genotypes fed the HFD displayed a 54% increase in body weight. There was no significant
difference in body weight between Dbh‐/‐ and Dbh+/? mice fed the HFD (Marie et al., 2005).

Figure 5. Marie et al., 2005. Results of HFD on Body Weight in DBH‐/‐ Mice
As the mice were kept at a temperature (20‐22°C) below their thermoneutral zone, metabolic
rate in both Dbh‐/‐ and control mice would have been elevated in order to maintain a stable body
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temperature. The elevation in metabolic rate could have been sufficient to offset the caloric excess
ingested in those mice fed a HFD, resulting in normal weight gain of the Dbh‐/‐ mice.
Hypothesis
I hypothesize that Dbh‐/‐ mice, when fed a HFD and housed in their thermoneutral zone (28‐
30°C), will become obese in comparison to control mice also fed a HFD. No thermoregulatory
mechanisms will need to be activated to reduce heat loss and initiate heat production, thereby
minimizing metabolic rate and eliminating any mechanism for dissipation of caloric excess in the Dbh‐/‐
mice, resulting in the development of obesity. And so, disruption of the pathway involved in UCP1
mediated thermogenesis results in an inability to activate the BAT in DIT upon ingestion of dietary
excess, causing weight gain and obesity in a rodent model.
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Materials and Methods
Animals:
20 nine month old female Dbh‐/‐ and Dbh+/? mice were obtained from the Weinshenker
Laboratory at the Emory School of Medicine in Atlanta, Georgia. Mice were housed individually on a
12:12 hour light cycle and were allowed ad libitum access to food and water. Mice were housed at 28‐
30°C unless otherwise indicated. Feeding and handling of mice occurred in the last hour of the light
cycle and any telemetry or metabolism data obtained during this period was omitted from analysis.
Metabolic Testing:
All metabolic testing and energy expenditure calculations were obtained using indirect
calorimetry and measurement of the respiratory gasses CO2 and O2. Figure 6. depicts the metabolic set‐
up used.
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Animals were placed in an airtight cage and air was pumped through the cage. Flow rate was controlled
using a flow meter and water vapor was removed from the air before and after passage through the
animal cage using Drierite columns. Air from the cage was passed through a flow meter to measure flow
rate and then passed through an O 2 analyzer and then a CO2 analyzer. One cage always acted as a
control to monitor the ambient percent concentrations of O2 and CO2. A gas switcher connected to a
computer controlled the rate and order in which the gas sample from each cage was tested. This
program also recorded the flow rate, %O2 and %CO2 of each sample. Metabolic rate and the respiratory
quotient could be calculated from these values.
Telemetry:
All animals were implanted with Data Science International (DSI) PhysioTel® radio telemeters
that measured body temperature, activity levels, and in some cases, heart rate. Telemeters were turned
on with a magnet only during periods of data collection. Animals’ cages were placed on DSI PhysioTel
receivers that were connected to a DSI Data Exchange Matrix. The DSI ART 4.0 software was used to
control and record sampling duration and frequency of the various receivers. An ambient pressure and
room temperature receiver were also connected to the matrix to record ambient conditions. A light
sensor was connected and used to verify beginning and end of the light and dark phases.
Temperature Control:
For the major duration of the study, all mice were housed at 28‐30°C. Room temperature was
raised with the use of 2‐3 space heaters placed around the room, making sure the hot air was not being
blown directly at any animals. When data collection required the need of higher or lower temperatures,
cages were placed in Styrofoam boxes with Plexiglas tops that were fitted with copper piping connected
to plastic tubing. This tubing allowed the flow of ethylene glycol from a water bath that had heated or
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cooled the ethylene glycol to the appropriate temperature through the copper tubing in the boxes,
thereby heating or cooling the air in the boxes. Box temperature was monitored manually using small
glass thermometers placed in each cage and electronically by a temperature sensor placed in one of the
cages and connected to the DSI matrix.
Diet:
During the first two months of thermoneutral zone testing and prior to implantation of
telemeters, all mice were fed Harlan Teklad® mouse/rat laboratory diet. After a week of recovery after
surgery, each mouse was placed on either a high or low fat diet mixed in lab. Due to staggering of
surgeries, the mice implanted with ECG telemeters were started on their respective diets 3 weeks after
those implanted with temperature telemeters had started. Table 3. summarizes the ingredients and
nutritional content of each diet.
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Table 1. Ingredients and Nutritional Information in High and Low Fat Diets (Ingredient weights are per
every kg produced)
Ingredient

Amount Low Fat Diet(g/kg)

Amount High Fat Diet (g/kg)

Corn Starch

600 g

300 g

Casein

207 g

261 g

DL‐methionine

3g

4g

Celufil

79.96 g

78.96 g

Rogers‐Harper Mineral Mix

50 g

50 g

Teklad Vitamin Mix

10 g

10 g

Zinc Carbonate

0.04 g

0.04 g

Lard

15.8 g

296 g

Corn Oil

34.2 g

0g

Nutritional Information

High Fat Diet

Low fat Diet

Kilocalories/ gram

4.8 kcal/g

3.45 kcal/g

% Calories from Fat

55.4%

13.0%

% Calories from Protein

22.1%

24.3%

% Calories from Carbohydrates

23.5%

62.7 %

The diets were made in lab on an as needed basis and stored in the refrigerator. To create
similar consistencies between the two diets, the low fat diet was stored as a powder and 35 g of water
for every 65 g of powdered food was mixed together prior to feeding. The high fat diet was of a solid but
malleable consistency and needed no water addition prior to feeding. Mice were fed daily for the first
12 weeks in the hour before onset of dark cycle in rectanglular plastic containers placed inside the cages.
All food was broken up into chunks about the size of a 1 inch cube. After the first 12 weeks, mice were
fed once every three days, with increased food given to compensate for the greater time in between
feedings.
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Thermoneutral Zone Testing:
To calculate the thermoneutral zone of the Dbh‐/‐ and Dbh+/? animals, each animal was placed
in a metabolic cage within the temperature control boxes without access to food. The temperature was
set to 26°C and animals were allowed to equilibrate to the new environment for 2 hours before the
temperature was raised one degree every hour. When the temperature in the cages reached 32°C, the
animals were allowed to remain at this temperature for 2 hours before the temperature was lowered
back to 26°C, two degrees every hour. The air from each cage was sampled for 5 seconds every four
minutes over the course of testing.
Implantation of Radio Telemeters
All 20 mice were implanted 2 months after delivery with DSI PhysioTel® radio telemeters. 5
Dbh‐/‐ and 5 Dbh+/? mice were implanted with a TA‐F20 (3.8g) telemeter that measured body
temperature and activity level. 5 Dbh‐/‐ and 5 Dbh+/? mice were implanted with a ETA‐F20 (3.9g)
telemeter that measured heart rate, body temperature and activity level. Mice were anesthetized with
the inhaled anesthetic isoflurane, mixed with oxygen. Mice were first exposed to 5% isoflurane in an
airtight chamber until mice became unconscious and unresponsive at which point they were moved to
the surgical table. Nose cones supplying 1‐2% isoflurane allowed maintenance of anesthesia during
surgery. Mice were placed ventral side up on a sterile surgical pad placed over a heating pad and
secured. Lower abdominal hair was removed using NAIR® Hair Removal Lotion and the surgical site was
cleaned with saline and iodine. A 2‐3cm vertical incision through the skin and body wall was made using
scissors on the midline between the lower two quadrants of the abdomen.
The TA‐F20 telemeters were placed free‐floating in the body cavity and the body wall was
sutured shut. The skin incision was stapled closed. The ETA‐F20 telemeters were placed in the body
cavity and sewn into the body wall using two sutures. A 20G needle was inserted on either side of the
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wound and the ECG leads were threaded through the body wall. The body wall was fully sutured shut.
By separating the skin from the body wall, a tunnel was created through which the ECG leads were
placed in proper positions above and below the heart to obtain a signal. The leads were sutured to the
body wall and the skin was stapled shut.
Antibacterial ointment was placed on the wound and the animal was allowed to regain mobility
before being transferred to the recovery room and placed on a heating pad. Animals undergoing TA‐F20
implantation stayed for 1 day in recovery while those undergoing ETA‐F20 implantation stayed for two
days after surgery. All animals received a low dose of acetaminophen in their drinking water for two
days following surgery to minimize discomfort. Staples were removed seven days after surgery.
Although all efforts were made to minimize time under anesthesia, two of the mice implanted with ECG
telemeters died from complications during the surgery.
Data Collection during High or Low Fat Feeding:
All animals were placed on a low fat diet for three days to allow adaptation to eating food
placed in a dish in the cage. Half of the animals were then given a high fat diet. High and low fat diet
groups were adjusted to ensure that an equal number of knockout and control mice were placed on
each diet and that an equal number of mice with ECG and temperature telemeters were placed on each
diet. Table 4. represents the sample sizes for each experimental group.
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Table 4. Sample Sizes for Each Experimental Group
High Fat DBH‐/‐

Low Fat DBH‐/‐

High Fat DBH+/?

Low Fat DBH+/?

Temp. Telem. (3)

Temp. Telem. (2)

Temp. Telem. (2)

Temp. Telem. (3)

ECG Telem. (2)

ECG Telem. (2)

ECG Telem. (2)

ECG Telem. (2)

Total: 5

Total: 4

Total: 4

Total: 5

Body temperature, heart rate (in the ECG mice), and activity were monitored continuously for
the three days preceding and the three days after commencement on the high or low fat diets.
Subsequently, body temperature, activity and heart rate (in mice implanted with ECG telemeters) were
monitored for a 22 hour period every week for 12 weeks. Animals were sampled for 1 second every
minute starting at the beginning of the dark cycle and ending two hours before the end of the light cycle.
Body weights were taken daily for 16 weeks.
At the end of 12 weeks, mice were placed in the metabolic cages at 30°C without access to food
and metabolic rate was monitored over 22 hours. Each animal was sampled for 5 seconds once every
four minutes. The same experiment was performed allowing access to food. After sixteen weeks, mice
were placed in the metabolic cages at 20°C with access to food, and metabolic rate was monitored over
22 hours, with each animal being sampled for 5 seconds every four minutes. All animals were initially
placed in the metabolic cages in the hour before the onset of the dark cycle and sampling began at the
start of the dark cycle.
Shivering:
Shivering analysis was performed on the animals implanted with ECG telemeters. Telemeters
were turned on and animals were placed in the Styrofoam boxes equilibrated to 20°C. Each animal was
sampled for 120 seconds every 10 minutes. Raw data waveforms were exported into DSI Ponemah
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Physiology Platform®. ECG recordings were generated as graphs that allowed visualization of the
tracings of each heartbeat. The noise in the tracing, which represents electrical signals from involuntary
muscle activity involved in shivering, was quantified. This number was used as a measure of the levels of
shivering in each animal.
Statistical Analysis of Data:
All data was managed and all graphs were generated in Microsoft Excel. Values represent means
± standard error. Students T‐tests were performed in Excel. One‐way ANOVAs’ were performed in SPSS.
Diagrams and schematics were generated in Microsoft Powerpoint.
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Results
Thermoneutral Zone Testing
To establish the temperature range over which metabolic rate is at a minimum, metabolic rate
of Dbh‐/‐ and control animals was measured as ambient temperature was raised from 26°C to 32°C,
and then lowered back to 26°C. When faced with a changing ambient temperature, Dbh‐/‐ and Dbh +/?
mice displayed similar metabolic profiles. Typical metabolic rates as a function of ambient temperature
for a Dbh‐/‐ mouse and littermate control are plotted in Figure 7.
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Dbh‐/‐ Mice and Littermate Controls Have
a Thermoneutral Zone of 28‐32ºC
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Figure 7. Thermoneutral zone and lower critical temperature of Dbh‐/‐ mice and littermate controls. Dbh‐/‐ and
controls display a similar thermoneutral zone profile. Both Dbh‐/‐ and littermate controls displayed a thermoneutral
zone(black line with rounded ends) in the range of 28‐30ºC . The lower critical temperature (TLC ), black arrow falls
around 28.5ºC. The two data sets represent typical Dbh-/- and control animals.

Both groups of mice displayed an elevated metabolic rate between 26‐27°C and as ambient
temperature increased, metabolic rate decreased. When the temperature reached 28‐29°C, metabolic
rate stopped decreasing and remained steady despite subsequent rises in ambient temperature. At
around 32°C, metabolic rate starts to rise again. From data like those in Figure 7, I was able to calculate
basal metabolic rate and lower critical temperature.
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There was no difference in the specific basal metabolic rate of Dbh‐/‐ and Dbh+/? mice. (Figure
8.)
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Figure 8. Dbh‐/‐ mice do not display an elevated basal metabolic rate (BMR). The oxygen consumption of Dbh‐/‐
mice and littermate controls was measured over the span of their thermoneutral zone (28‐30ºC). (See Figure 7.)
BMR is expressed as ml O2 /kg min. There was no difference in between the BMR of Dbh‐/‐ and control animals.
(24.3±0.6 versus 24.6±0.9).

Dbh‐/‐ mice had a specific basal metabolic rate of 24.3±0.6 ml O2/ kg min (n= 10), and the
control mice had a mean basal metabolic rate of 24.6±0.9 ml O2/ kg min (n=11). Basal metabolic rate
was calculated as the average metabolic rate over the thermoneutral zone (28‐30°C) of each mouse. At
the time of thermoneutral zone testing, Dbh‐/‐ mice were smaller in size than the littermate controls.
(22.8±0.6 versus 23.9±0.3, p<0.07) To account for this discrepancy in weight, metabolic rates (ml O2/
min) were expressed relative to body weight.
Although no difference was detected in specific basal metabolic rate, Dbh‐/‐ animals exhibited a
trend for a cooler lower critical temperature than controls (28.3±0.1 versus 28.6±0.1). (Figure 9.)
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Figure 9. Dbh-/- mice have a decreased lower critical temperature in comparison to
littermate controls(28.3± 0.1 versus 28.6± 0.1 ºC). TLC was calculated as the
temperature at which the metabolic rate began to rise in response to decreasing
temperature. <*p=0.08>

These results indicate that Dbh‐/‐ and control mice have very similar metabolic parameters and
did not display gross differences in metabolic susceptibility to temperature change within an ambient
temperature range of 26‐32°C.

High or Low Fat Feeding
As depicted in Figure 10, prior to beginning of high or low fat feeding, while all on identical diets
and housed at 24‐25°C, DBH‐/‐ mice were significantly smaller in size than controls (24.8±0.6 versus
28.4±0.3, p<0.001)
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Dbh‐/‐ Mice Have Lower Body Weights Prior To High or Low Fat Feeding (week 0)
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Figure 10. Immediately prior to beginning low or high fat diets, Dbh‐/‐ mice have
significantly lower body weights than control animals. (p<0.001)

Dbh‐/‐ mice had a lower heart rate at week 0, prior to high or low fat feeding. (Figure 11.) Dbh‐/‐
mice demonstrated a lower heart rate during both the light and dark cycles and when calculated as a 22
hour average.
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DBH‐/‐ Mice have a Lower Average Heart Rate at Week 0
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Figure 11. Before the start of high or low fat feeding, DBH‐/‐ animals had a lower
average heart rate(Bpm). Average heart rate was calculated for the entire 22 hour
testing period, for the 12 hour dark cycle, and for the 10 hour testing period
during the light cycle. * P< 0.001.

Dbh‐/‐ mice also demonstrated lower activity levels as compared to control animals during the
dark cycle at week 0 prior to high or low fat feeding. (5.94 ± 1.2 versus 9.08 ± 1.4, Figure 12.) DBH‐/‐
mice were significantly less active than controls (P < 0.05) when average activity levels of the 12 hour
dark cycle (5.9 ± 1.2 versus 9.1 ± 1.4) and the entire 22 hour sampling period (4.3 ± 0.8 versus 6.2 ± 0.8)
were calculated. However, DBH‐/‐ mice displayed normal activity levels during the 10 hour light cycle
sampling period (2.5 ± 0.7 versus 3.1 ± 0.5).
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DBH‐/‐ Mice are Less Active at Week 0
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Figure 12. Before the start of high or low fat feeding, DBH‐/‐ animals had a lower average
activity level. Average activity level was calculated for the entire 22 hour testing period,
for the 12 hour dark cycle, and for the 10 hour testing period during the light cycle. * P<
0.05.

DBH‐/‐ and control mice had similar body temperatures at week 0 prior to high or low
fat feeding over the 22 hour sampling period ((37.1 ± 0.1 °C versus 37.4 ± 0.9 °C.). (Figure 12.)

Dbh‐/‐ Mice and Controls have Similar Body Temperatures at Week 0
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Figure 12. Before the start of high or low fat feeding, Dbh‐/‐ animals had equal body
temperatures. Average body temperatures were calculated over the entire 22 hour
testing period.
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Dbh‐/‐ and control mice consumed equal number of calories on a low fat diet over a 24
hour period at week 0 (0.65 ± 0.06 kcal/g versus 0.75 ± 0.09 kcal/g, Figure 13.).

Dbh‐/‐ and Control Mice Have the Same Caloric
Intake at Week 0
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Figure 13. Dbh‐/‐ and control mice consumed equal number of calories on a
low fat diet over a 24 hour period at week 0. Values represent kcal/g consumed
over the 24 hour period.

Mice were placed on a high or low fat diet and body weights were monitored over the course of
16 weeks. (Figure 14.)
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Dbh‐/‐ Mice Are Heavier After 16 weeks of
High Fat Feeding(HFD) at Thermoneutrality
(30ºC)
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Figure 14. Response of Dbh‐/‐ mice to a high fat diet over 16 weeks. Dbh‐/‐ mice (blue line) and littermate controls( red
line) were fed either a low fat diet(squares)or a high fat diet (circles).For the final four weeks of high or low fat
feeding(after week 12) the Dbh‐/‐ mice on the HFD exhibited higher body weights.

After 15 weeks of high or low fat feeding, diet did not have a significant effect on body weight in
control or Dbh‐/‐ mice. (Figure 15.)
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Figure 15. Initial and final body weight of Dbh‐/‐(A) and control mice (C) after 15 weeks of high or low fat
feeding and the total change in body weight over 15 weeks of feeding in Dbh‐/‐(B) and control (D) mice. No
difference in body weight or weight gained was seen in between the mice fed high and low fat diets in each
group.
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Dbh‐/‐ animals fed both a high and a low fat diet displayed similar profiles of weight gain.
Body weights at week fifteen were not significantly different between Dbh‐/‐ mice fed a high fat diet
and a low fat diet. (35.6±2.4 versus 33.6±1.3, respectively). Dbh‐/‐ mice fed a high fat diet gained an
average of 10.5 ± 1.9 g while knockout mice fed a low fat diet gained an average of 9.2 ± 1.4 g. Control
animals fed a high fat diet showed an average final body weight at week fifteen of 33.6 ± 1.0 g and
gained an average of 4.2 ± 0.6 g. Control animals fed a low fat diet had an average final body weight at
week fifteen of 32.3 ± 1.0 g and gained an average of 4.6 ± 0.9 g during the fifteen weeks on the diet.
Diet did not have a significant effect on body weight in control mice over the 15 week feeding period.
However, the Dbh‐/‐ mice gained significantly more weight over the 15 weeks than
control animals, regardless of diet. (Figure 16.)
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Figure 16. Percentage of initial body weight gained in Dbh‐/‐ mice and littermate controls fed a high or low fat

diet. Initial measurements of body weight were taken on the day before high or low fat feeding began and final
measurements were taken at the end of week 15 of low or high fat feeding. (*p‐values Dbh‐/‐high fat > 0.01, #
p‐values Dbh‐/‐ low fat >0.05)

The Dbh‐/‐ mice fed a high fat diet gained significantly more weight than controls fed either a
high or low fat diet(52.2 ± 8.4 % versus 16.4 ± 2.0% and 19.3 ± 3.7 % of initial body weight, p<0.01.) The
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Dbh‐/‐ mice fed a low fat diet gained significantly more weight than control animals fed either a high or
low fat diet. (45.8 ± 8.5 % versus 16.4 ± 2.0% and 19.3 ± 3.7 % of initial body weight, p<0.05.)
Diet had no effect on specific basal metabolic rate after 12 weeks of high or low fat feeding in
both Dbh‐/‐ and control mice. (Figure 17.)

Diet has no Effect on Specific Basal Metabolic Rate After 12 Week of
High or Low Fat Feeding
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Figure 17. After 12 weeks of feeding, Dbh‐/‐ and control animals fed a low or high fat diet
show no difference in mass dependent basal metabolic rate. Values represent average
metabolic rate recorded over 24 hours.

Table 1. summarizes the average body temperature, activity levels, and heart rate in mice after
11 weeks of high or low fat feeding.
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Table 1. Body Temperature, Activity Level, and Heart Rate in DBH‐/‐ and Control Mice fed a High or
Low Fat Diet for 11 weeks.
Experimental

DBH‐/‐ High

Group

Fat

DBH‐/‐ Low Fat

Control High Fat

Control Low Fat

Body Temperature
(°C)(22 hours)

37.4 ±
0.1°C

37.5 ± 0.1°C

37.0 ± 0.3°C

37.2 ± 0.1°C

Activity Levels
(Dark Cycle)

7.85 ±
0.8

12.83 ± 3.4

472.6 bpm

481.6 ± 20.9 bpm

10.55 ± 1.8

10.35 ± 1.4

Heart Rate (bpm)
22 Hours

536.7 ± 59.9 bpm 465.7 ± 17. 2 bpm

No significant difference in the above parameters was observed between the various
experimental groups with the exception of activity levels in Dbh‐/‐ mice. Dbh‐/‐ mice fed a low fat diet
were more active than DBH‐/‐I animals fed a low fat diet during the 12 hour dark cycle (12.83 ± 0.97
versus 7.85 ± 3.4, Figure 18.)
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After 11 weeks of feeding, Dbh‐/‐ Animals Fed a Low Fat Diet Are
More Active
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Figure 18. After 11 weeks of feeding, Dbh‐/‐ animals fed a low fat diet are more active
than Dbh‐/‐ animals fed a high fat diet. Values represent average activity levels recorded
over the 12 hour dark cycle. * P < 0.05

Caloric intake remained the same between Dbh‐/‐ and control mice at week 4 (0.25 ± 0.03 kcal/g
versus 0.35 ± 0.08 kcal/g) as well as at week 11 (0.45 ± 0.07 kcal/g versus 0.43 ± 0.06 kcal/g). Figure 19
displays caloric intake of mice fed a high or low fat diet at week 4 and week 11. At week 4, mice fed a
high and low fat diet had equal caloric intakes. (0.26 ± 0.01 kcal/ g versus 0.34 ± 0.09 kcal/g). However,
at week 11, mice fed a low fat diet consumed significantly more calories than mice fed a high fat diet
(0.28 ± 0.03 kcal/g versus 0.58 ± 0.04 kcal/g, p< 0.01).
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Mice Fed a Low Fat Diet Consume More Calories at
Week 11
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Figure 19. Mice fed a high or low fat diet consume equal calories at week 4 but mice fed a
low fat diet consume more calories at week 11 (p < 0.01) Values represent kcal/g
consumed over a 24 hour period.

Shivering and Resting Metabolic Rate at 20°C
To further characterize the metabolic profile of the experimental groups, resting metabolic rate
was measured at 20°C. The resting metabolic rate of Dbh‐/‐ was not significantly different from control
animals. (Figure 20.)
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Figure 20. Dbh‐/‐ mice placed at 20ºC have a slightly elevated metabolic rate.
Measurements represent average oxygen consumption and were taken over a 24 hour
period. Only those values collected during the light cycle were used in the calculation.

Dbh‐/‐ mice had an average resting metabolic rate of 23.5 ± 1.5 l O2/ kg min while
control animals had an average resting metabolic rate of 21.6 ± 1.1 l O2/ kg min (p<0.17). While this
result was not significant, Dbh‐/‐ trended towards having an elevated resting metabolic rate and this
result may become significant if a larger sample size were available.
Shivering was quantified at 20°C. Figure 21. represents a typical ECG tracing of a DBH‐/‐ animal.
The noise highlighted on the graph represents the electrical signals generated by the involuntary muscle
contractions in a shivering animal.
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Figure 21. ECG trace of typical Dbh‐/‐ mouse over 1 sec time interval.
Noise in between QRS waves represent EMG signal of muscle
contraction in shivering.

Dbh‐/‐ do not shiver more at 20° in comparison to control animals (13.1 ± 2.7 versus 9.1 ± 2.8,
p<1.8). (Figure 22.)
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Figure 22. Dbh‐/‐ mice shiver more than controls at 20°C.
Shivering values represent average shivering rates during 10
second runs over 24 hours.
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While this difference does not approach a significant value, small sample size (DBH‐/‐
n=3 and control n=4) limited the extent of the shivering analysis. This result may become significant
should a larger sample size be used.
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Discussion
Dbh‐/‐ mice cannot synthesize norepinephrine and should not be able to activate brown fat
through the sympathetic pathway. Without a mechanism to dissipate caloric excess, I hypothesize that
these mice will become obese when placed on a high fat at thermoneutrality (30°C).
Most experimental studies looking at the brown fat pathway in mice have been performed at
room temperature (20‐22°C), which represents thermal stress for these animals. Mice under thermal
stress elevate metabolic rate and increase energy expenditure. Animals exposed to concurrent dietary
excess and low ambient temperature could hypothetically dissipate the extra calories through the
increased metabolic rate caused by thermal stress. Before placement of Dbh‐/‐ mice on a high fat diet,
the thermoneutral zone and metabolic parameters must be established to ensure the animals are
housed at a temperature that allows animals to maintain metabolic rate at a minimum.
Dbh‐/‐ and control mice have similar metabolic profiles with comparable basal metabolic rates.
Dbh‐/‐ and control animals have a thermoneutral zone of 28‐30ºC. Animals housed at this temperature
do not increase metabolic rate and energy expenditure to maintain body temperature. Previous studies
have shown that Dbh‐/‐ mice are smaller in size and have an elevated metabolic rate. While the Dbh‐/‐
mice in this study were smaller in size at the beginning of the study, they did not show an elevated basal
metabolic rate, as BMR values were taken as a function of size, thereby eliminating the discrepancy in
metabolism possibly caused by the difference in size. However, DBH‐/‐ mice did have a decreased lower
critical temperature in comparison to controls. Mice deficient in sympathetic activation of
thermoregulation are cold sensitive. As ambient temperature drops, normal thermoregulatory
mechanisms cannot be activated and Dbh‐/‐ mice must rely on other methods of thermogenesis to
defend body temperature. This limited ability to initiate thermogenesis allows Dbh‐/‐ mice to
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experience lower ambient temperatures without activating the thermogenic mechanisms that increase
metabolic rate.
Various physiological parameters in the Dbh‐/‐ and control mice were monitored at week 0
before placement of mice at high or low fat diets to establish baseline levels that might affect weight
gain later in the experiment.
At week 0, Dbh‐/‐ mice were less active and had a lower heart rate than control mice. Dbh‐/‐
mice exhibit a low heart rate and hypotension in comparison to controls during baseline conditions and
do not raise heart rate and blood pressure in response to acute stress (Swoap et al., 2004). The low
heart rate observed in the Dbh‐/‐ mice tested in this study is in agreement with previous findings.
Additionally, the sympathetic nervous system is involved in an acute stress response. Although entry
into the room where mice were housed was kept to a minimum during sampling, it is possible that
outside noises or slight changes in room conditions would elicit a temporary stress response in the mice.
A sudden stressor would elicit increased movement and a rise in heart rate in control mice but not in the
Dbh‐/‐ mice. A rise in activity would cause a subsequent rise in heart rate to account for the increased
locomotor action. Decreased baseline activity in DBH‐/‐ mice, in combination with the hypothesized
deficiency in brown fat activation, would only increase the likelihood of weight gain when exposed to
caloric excess. Body temperature was comparable in both groups of animals at week 0. Metabolic rate is
correlated with body temperature and as specific basal metabolic rate is equal between Dbh‐/‐ and
control animals, it is expected that body temperature would be similar as well.
At week 0, caloric intake in Dbh‐/‐ and control mice is equal. Previous studies have shown that
Dbh‐/‐ animals display elevated food and water intake. (Thomas and Palmiter, 1998) However, no
difference in calories consumed, (expressed in kcal/g) was observed between Dbh‐/‐ and control mice.

47

DBH‐/‐ mice fed a high fat diet and housed at thermoneutrality did not gain significantly more
weight than DBH‐/‐ mice fed a low fat diet. However, DBH‐/‐ animals gained significantly more weight
than control animals, regardless of diet.
Body temperature did not differ between groups at the end of 11 weeks of high or low fat
feeding. However, DBH‐/‐ mice fed a low fat diet were significantly more active than DBH‐/‐ mice fed a
high fat diet. The weight gain in DBH‐/‐ animals fed a low fat diet can therefore not be explained by
decreased locomotor activity. Diet did not have an effect on locomotor activity in control animals.
Caloric intake did not differ between Dbh‐/‐ and control animals at week 4 or at week 11. Caloric
intake in animals fed a low fat diet, while higher, was not significantly different from the caloric intake of
animals fed a high fat diet at week 4. However, at week 11, caloric intake of animals fed a low fat diet
was significantly higher than the caloric intake of animals fed a high fat diet. Rats fed a high fat diet
become obese, eating larger portions less frequently, than mice fed a control diet (Furnes et al., 2009).
However, low‐carbohydrate diets have been associated with a reduction in circulating insulin,
preventing the development of insulin resistance that occurs with high carbohydrate diets (Perrot et al.,
2006). As insulin affects satiety signaling and food intake patterns, the difference in food intake between
mice fed a low and high fat diet could be explained by the marked difference in carbohydrate
consumption between the high and low fat diets (23.5% kcal from carbohydrates versus 62.7 % kcal
from carbohydrates.) Additionally, the timing and calorie consumption of each meal could differ
between mice fed a high or low fat diet, also affecting satiety and total calorie consumption over a 24
hour period. However, the decreased food intake is not in agreement with previous studies that show
mice fed a high fat diet develop leptin resistance (Thomas et al., 2000), which would result in decreased
satiety and increased food intake.
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In previous studies, mice deficient in the UCP1 protein and mice deficient in β‐3 agonists gained
significant weight over controls when fed a high fat diet and housed at thermoneutrality (Bachman et al.,
2002. Feldman et al., 2009.). One would expect that mice deficient in NE, the signaling ligand in the
brown fat pathway, (Figure 3) that were fed a high fat diet at thermoneutrality would gain significant
weight over controls. However, this result was not observed. These unexpected results could be
explained by one or more of many possibilities.
1. Animals fed a low fat diet consumed more calories per gram body weight by the end of the
study. Therefore, the dietary excess induced by the high fat diet would be matched by the
caloric excess in mice fed a low fat diet. This increased caloric intake in mice fed a low fat diet
would induce weight gain in the Dbh‐/‐ mice which theoretically have limited capability to
disspate caloric excess through brown fat activation. Both groups of Dbh‐/‐ would gain weight.
Both groups of control animals would resist excessive weight gain by activation of brown fat and
diet‐induced thermogenesis. As control and Dbh‐/‐ animals demonstrated comparable caloric
intakes within each of the two diets, it could be concluded that caloric excess could not be
attenuated in the Dbh‐/‐ animals and that NE is essential for dissipation of caloric excess.
2. As the Dbh‐/‐ mice fed both a low or high fat diet gained large amounts of weight throughout
the study, it is possible that movement to a warmer environment caused this weight gain. Dbh‐
/‐ animals must work harder to defend body temperature at a lower ambient temperature as
they are deficient in vasoconstriction and piloerection. Brown fat mediated non‐shivering
thermogenesis is impaired as well. These animals must rely on shivering to generate heat at a
low ambient temperature, resulting in elevated metabolic rates. Upon long‐term exposure to an
ambient temperature within their thermoneutral zone, they are no longer under thermal stress.
A large decrease in energy expenditure would be observed, resulting in significant weight gain
regardless of diet. The Dbh‐/‐ animals fed a high fat diet could very well be deficient in activation
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of brown fat and susceptible to weight gain on a high fat diet; however, it is possible that the
weight gain induced by movement to a warmer ambient temperature masks the weight gain
induced by the high fat diet. This would explain why 1) the Dbh‐/‐ mice fed a high fat diet did
not gain more weight than knockout animals fed a low fat diet and 2) why both groups of Dbh‐/‐
mice gained significantly more weight than controls, for whom the thermal stress was less than
at the 23‐24ºC in which they were originally housed. Animal number was limited, so it was not
possible to form control groups of animals housed at 22°C and fed low or high fat diets to see if
similar patterns of weight gain occurred at a low ambient temperature. However, if Dbh‐/‐ mice
fed a high fat diet and housed at 22°C gained more weight than those fed a low fat diet at 22°C,
one could conclude that movement to thermoneutrality is correlated with increased body
weight in Dbh‐/‐ mice.
Significant weight gain in mice deficient in β3‐receptors or UCP1 protein fed a high fat but not a
low fat diet at thermoneutrality could be explained by a decreased cold‐sensitivity in animals
that produce NE. Although these animals cannot activate NST, they can still mediate
vasoconstriction and piloerection to defend body temperature. They would not need to elevate
metabolic rate as high at a cool ambient temperature, making the decrease in energy
expenditure upon movement to a thermoneutral temperature less severe. The change in
temperature would have a smaller effect on the energy balance of mice lacking β‐adrenergic
receptors and UCP1‐/‐ mice than Dbh‐/‐ mice.
3. Finally, these results could indicate that these Dbh‐/‐ mice employ other unknown mechanisms
for dissipation of caloric excess and/or that norepinephrine is not essential for brown fat
activation. Some other ligand or signal could be activating uncoupling protein‐1 in brown fat.
Very little is known about other members of the uncoupling protein family (uncoupling proteins
2 and 3), found mainly in heart and muscle tissue. While these proteins are thought to decrease
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reactive oxygen species and minimize cell oxidative damage, an increase in activation of these
proteins via a signal other than norepinephrine could theoretically speed up energy metabolism
and work to dissipate caloric excess.
Figure 23. represents possible mechanisms for dissipation of caloric excess in mice unable to
activate brown fat via norepinephrine.

CALORIC EXCESS
• BAT activation via

other
pathway/signalling
molecule
•Activation of
UCP2/3

Sympathetic
Activation of
Brown Fat.

Protection
from Obesity

Figure 23. Alternative mechanisms to maintain
body weight in absence of sympathetic
activation of brown fat.

Although not statistically significant, resting metabolic rate was slightly elevated in the
Dbh‐/‐ mice at 20°C. This elevation was most likely due to an increased amount of shivering as shivering
levels were elevated by a similar magnitude in the Dbh‐/‐ animals. Dbh‐/‐ animals cannot induce non‐
shivering thermogenesis nor vasoconstriction to defend body temperature at lower ambient
temperatures and so must rely heavily on shivering mechanisms to generate heat. This large amount of
shivering would raise resting metabolic rate at a low ambient temperature. Although results were not
significant, increasing the sample size would most likely induce a significant difference between Dbh‐/‐
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mice and controls in both shivering levels and resting metabolic rate at 20°C. Significant increases in
resting metabolic rate and shivering at 20°C in Dbh‐/‐ mice would support the above theory that
movement of mice to 30°C would diminish shivering levels, lower energy expenditure, and induce
possible weight gain.
As the study progressed, animal deaths caused an imbalance in subjects in each of the
experimental groups leading to data with large variances and standard error, affecting the significance
of results. Repetition of this experiment using larger sample sizes might induce different results. With a
larger sample size, one could sacrifice mice throughout the duration of the high or low fat feeding and
examine BAT tissue levels and morphology. Dbh‐/‐ mice display hypertrophic BAT that contains enlarged
lipid vacuoles, suggesting decreased tissue activity (Thomas and Palmiter, 1997). The appearance of
hypertrophy in BAT tissue in Dbh‐/‐ mice fed a high fat diet at thermoneutrality would suggest that the
tissue was inactive and not involved in DIT or dissipation of caloric excess. Additionally, it would be
important to house the animals at thermoneutrality from birth as the switch from a cool ambient
temperature to 30°C at the beginning of the experiment could affect body weight and metabolism,
interfering with the effects of a high fat diet.
Overall, the results of this study were inconclusive as to the role and necessity of
norepinephrine in brown fat activation in Dbh‐/‐ animals fed a high fat diet and housed at
thermoneutrality. Further work using larger sample sizes is needed before concrete conclusions can be
obtained.
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