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Abstract

Thermoregulation is the ability for an organism to maintain a specific internal
temperature while existing in an environment with constantly changing external
temperatures. This is a critical homeostatic response and the inability to thermoregulate
can be life-threatening. Therefore, understanding the thermoregulatory system within
mammals has been pertinent to biological research for centuries. The brain plays a
crucial role in sensing temperature changes and initiating the appropriate
thermoregulatory responses. Recent technological developments have enabled the
investigation of neuronal mechanisms driving innate thermoregulatory responses. This
project aims to further our understanding of the components influencing
thermoregulation. Engram labelling technology, originally used in memory research,
will be optimised to label and manipulate the specific temperature-sensitive neurons
within the brain. This research will also investigate whether innate thermoregulatory
responses can be modulated by learning and memory. The aim is to further our

understanding of the relationship between learned and innate responses.
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Chapter 1: Introduction

1.1 Importance of thermoregulation in homeostasis

In biological systems, homeostasis is a dynamic equilibrium that is maintained to allow
the optimal functioning of the organism. Maintaining homeostasis is critical for survival
and it requires the precise regulation of numerous physiological variables. One of the
most important homeostatic processes is thermoregulation, which is an organism’s
ability to maintain a specific internal temperature. The benefit of this is to provide a
constant internal environment for cells and organs to function precisely, robustly, and

efficiently despite a changing external environment (Liedtke, 2017).

Organisms are divided into two groups, ectotherms and endotherms, based on their
strategies of thermoregulation (Shabtay and Arad, 2005). Ectotherms rely on external
heat sources to thermoregulate, whereas endotherms use internal metabolic processes to
regulate their temperature. Each species has a thermoneutral zone (TNZ), which is a
specific range of temperatures where the animal’s metabolic heat production and
evaporative heat loss to the environment are in equilibrium (Hankenson et al., 2018).
The present research focuses on endotherms, or “warm-blooded” animals, and the

mechanisms and processes they employ to maintain thermoregulation.

For endothermic animals, the inability to maintain a core body temperature within the
TNZ is life-threatening. Hyperthermia and hypothermia are conditions where the
internal core temperature is extremely high or low, respectively. These conditions can
be caused by extreme external temperatures that overwhelm the normal
thermoregulatory mechanisms, resulting in an inability to produce or dissipate heat
quickly enough to maintain a core temperature within the TNZ. Alternatively,
hypothermia and hyperthermia can be caused by disruptions in the normal functioning
of the thermoregulatory system, such as the inability to sense and react to temperature

changes (Simon, 1993, Dhaka et al., 2006).

Most of our scientific interest arises from understanding thermoregulatory processes in

humans; however research is not always possible in our species due to technical, ethical



or other reasons. Therefore, rodents have been used as a model organism to investigate
and manipulate the circuits and systems driving thermoregulation. Even though many
genetic, neuronal, and systemic aspects of thermoregulation are conserved between
humans and rodents, there are also important differences between the two species that

affect temperature regulation and must be addressed.

The main difference is the size of each species, where body surface area determines the
amount of heat loss (Reitman, 2018). Since rodents are much smaller than humans, they
lose a greater amount of heat to the environment and, therefore, must generate more
heat to maintain thermoregulatory homeostasis (Reitman, 2018). To stay within their
TNZ, mice prefer to be in an ambient environmental temperature of 30-31°C (Gordon
et al., 1998). This allows them to maintain a core body temperature of 36-38°C,
however their core temperature can oscillate depending on circadian rhythm, sex, and

age (Hankenson et al., 2018, Tansey and Johnson, 2015).

1.2 Thermoregulatory mechanisms

When mice encounter environments outside their TNZ, they maintain thermoregulatory
homeostasis through both behavioural and autonomic responses. Behavioural responses
minimise energy expenditure while defending core body temperature (Hankenson et al.,
2018). Common thermoregulatory behaviours that mice use include thermotaxis
(movement towards or away from heat), postural changes (increasing or reducing
exposed surface area), and altering microenvironments (huddling or nesting) (Gaskill et
al., 2012, Hankenson et al., 2018, Tan and Knight, 2018). Mice also increase or
decrease food consumption and locomotor activity to combat cold and warm

environments, respectively (Terrien et al., 2011).

In addition to behavioural responses, mice also use autonomic responses to alter heat
exchange between the mouse and its environment. One such response is the regulation
of blood flow to the extremities, such as the tail and paws. Mice lose a lot of heat from
their extremities due to the high surface area to volume ratio of these body parts
(Hankenson et al., 2018). Therefore, in cold environments mice use peripheral
vasoconstriction, or reduced blood flow to extremities, to reduce heat loss (Hankenson

et al., 2018). In contrast, peripheral vasodilation, or increased blood flow to extremities,
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allows mice to release body heat through the tail in response to warm environments.
Rodents also respond to warm environments by invoking evaporative heat loss through

spreading saliva across their body (Madden and Morrison, 2019).

Another critical autonomic response in warm-blooded animals is the ability to increase
metabolic heat production in response to cold environments through a process called
thermogenesis, which is divided into shivering and non-shivering thermogenesis (NST).
Both types of thermogenesis are activated within minutes of exposure to a cold
environment and the processes are dependent on metabolic mechanisms within specific
tissues (Himms-Hagen, 2001). Shivering thermogenesis consists of fast, repeated
skeletal muscle contractions that result in heat generation (Banet et al., 1978). This type
of thermogenesis is effective in large mammals, but it is inefficient in rodents due to
their relatively small muscle mass (Hankenson et al., 2018). Instead, rodents rely more
on non-shivering thermogenesis, which occurs in Brown Adipose Tissue (BAT) and

thus is also referred to as BAT thermogenesis.

The process of heat generation in BAT is fuelled by a mitochondrial protein,
uncoupling protein-1 (UCP-1), that is unique to brown adipocytes, and its function is to
transform the lipids accumulated from food into heat that can be released from the cell
(Avram et al., 2005). Cold exposure triggers the release of norepinephrine, which
mediates thermogenic activity mainly via B-adrenergic receptors (B-AR) (Quevedo et
al., 1998). One method of measuring BAT thermogenesis is to quantify UCP-1 mRNA
expression levels in BAT. For example, mice exposed to ambient cold (8°C) for 24
hours show increased UCP-1 expression in BAT compared to mice kept at room
temperature (22°C) (Shore et al., 2013). However, only measuring UCP-1 mRNA levels
can be misleading because the mRNA levels increase rapidly upon cold exposure, with
peak expression occurring after 6 hours in the cold. The UCP-1 mRNA levels then
decrease as the cold exposure continues throughout the following days and weeks. This
would lead to the conclusion that the largest change in BAT occurs during acute
exposure to cold, however in reality there are other changes that occur in BAT during
the 3-5 weeks of cold exposure that facilitate increased thermogenic capacity

(Nedergaard and Cannon, 2013, Cannon and Nedergaard, 2004).
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1.2.1 Measuring thermogenesis using indirect calorimetry

Quantifying UCP-1 mRNA and protein levels provides us with important information
about the presence and extent of BAT thermogenesis, however, it is only possible to
collect and analyse this data post-mortem. To study thermogenesis in vivo we can use
the non-invasive method of indirect calorimetry, which provides measurements that
reflect changes in metabolic rate. The basal, or resting, metabolic rate is defined by the
energy required to maintain normal functioning of a body at rest (Degen et al., 1998).
There are various factors that determine the basal metabolic rate, including energy
expenditure as a result of food consumption, energy used on physical activity, and
energy used to maintain a core body temperature within the TNZ (Speakman, 2013). To
measure the metabolic rate, we must measure the heat generated by an animal.
However, it is very technically challenging to measure small amounts of heat, such as
the amount a rodent might generate. Thus, researchers often use indirect calorimetry to
measure components of the metabolic process instead of the heat generated (Speakman,

2013).

One such measurement used to gauge the metabolic rate of an animal is energy
expenditure (EE), which represents the amount of calories used over a specific time
period. There are various methods of calculating the EE but the majority take into
account the respiratory quotient (RQ) and some methods correct for the estimated
protein metabolism (Kaiyala et al., 2019, Weir, 1949). As temperature diverges from
the TNZ (either higher or lower) the animal must expend more energy to maintain
thermoneutrality. When the temperature is colder than the TNZ, the metabolic rate

increases to match the heat lost to the environment (Riede et al., 2017).

Another way to measure metabolic rate is by calculating the carbon dioxide (CO,)
output from an animal. An increase in CO, emission signifies that an animal is
performing cellular respiration at a faster rate (Raetz, 2015). An increased rate of CO,
emission signifies a higher metabolic rate, whereas a lower output of CO, reflects a
lower metabolic rate. In response to a cold environment, mice will increase their
metabolic rate to fuel the cold-defensive responses, and therefore will show a higher

output rate of COs,.
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When measuring an animal’s metabolic rate there are normal variations based on a
number of factors, including sex and circadian rhythm. Rodents are nocturnal and
crepuscular and thus are more active just before, and during dark hours (Hawkins and
Golledge, 2018). As a result, rodents exhibit higher metabolic rates and EE during their
active hours, which correspond to the dark hours of the day (van der Vinne et al., 2015).
It follows that core body temperature in mice is higher during the night time active
phase than during the daytime inactive phase (Figure 1.2.1) (Gordon, 2017, Gordon,
2009). When mice are given a choice of temperature, they choose to stay at warmer
ambient temperatures during the daytime when they are less active, and colder

temperatures during their night time active phase (Gordon, 2017).

Male C57BL/6 mouse

39 r mean=35.8 °C
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35
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Figure 1.2.1: Natural fluctuations in male C57BL6 core body temperature across a 48 hour period, when
kept at an ambient temperature of 25°C. Adapted from “Quantifying the instability of core temperature in
rodents” by C. J. Gordon, 2009. Journal of Thermal Biology, 34, 213-219.

In addition to the fluctuations in metabolic rate caused by circadian rhythm, there are
also general differences between male and female metabolic rates. Females tend to have
a higher body temperature, higher resting metabolic rate, and larger levels of BAT
(Lynch et al., 1976). Females also have a higher threshold temperature (~22°C) for
thermogenic response than males do (~18°C). This is indicated by experiments showing
that female rodents express higher levels of UCP-1 in BAT at 22°C compared to males,
indicating a cold-induced thermogenic response in females but not males at this

temperature. This is supported by behavioural experiments showing that when given a
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choice, female mice usually prefer higher ambient temperatures than male mice
(Kaikaew et al., 2017). This may be due to the fact that females tend to be smaller than
males, meaning they lose more heat to their environment because of their higher surface
area to volume ratio (Gaskill et al., 2008). However, in cold environments (4°C), male

and female rodents show similar levels of UCP-1 (Quevedo et al., 1998).

1.3 Thermosensing mechanisms

As a vital mechanism for survival, scientists have spent decades researching how the
precise and dynamic thermoregulatory responses are generated and maintained. A
mammal senses temperature changes through cutaneous thermoreceptors which are
relayed to the brain via ascending projections (Bratincsak and Palkovits, 2005). The
transient receptor potential (TRP) cation channels have been identified as the

thermoreceptors responsible for initiating thermoregulatory responses.

There are various channels in the TRP: Melastatin (TRPM), Ankyrin (TRPA), and
Vanilloid (TRPV) families that are activated by both cold and hot sensation. TRPV1-4
are heat-activated channels that each respond to a specific range of temperatures across
a gradient from warm to noxious heat (27- 52°C). The cold-activated channels TRPM8
and TRPA1 aid in the perception of innocuous cool (15-30°C ) to noxious cold
temperatures (below 15°C) (Dhaka et al., 2006). Animals lacking the TRPMS8 channel
(TRPMS8™) show impairments in sensing and discriminating between cool and noxious
cold temperature, but the ability to sense warm and noxious hot temperatures was
maintained. Contrastingly, TRPA1 deficient mice do not show deficits in responding to
cold temperatures. Therefore, TRPMS8 has been identified as the primary detector of

environmental cold (Bautista et al., 2007).

While the majority of TRPMS8 expression is seen in peripheral nerve endings and the
primary sensory neurons that they project to, there are also lower levels of TRPMS-
expressing neurons in the rodent brain. TRPMS expression has been identified in areas
relating to autonomic thermoregulation, including the preoptic area of the hypothalamus

(POA) (Ordas et al., 2019).
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1.4 Thermoregulatory brain regions

The POA was discovered as the brain centre responsible for initiating behavioural and
autonomic responses to combat environmental temperature change (Hammel, 1968). It
was later found that peripheral skin warming leads to an increased firing rate in specific
neurons, named warm-sensitive neurons (WSN), in the POA, a portion of which are
also responsive to local hypothalamic temperature changes (Boulant and Hardy, 1974,
Boulant and Bignall, 1973). Neurons that increase their activity in response to ambient
or local cooling, called cold-sensitive neurons (CSN), were also found in the POA

(Hori, 1991).

The POA of the hypothalamus encompasses areas and nuclei that are involved in
specific thermoregulation processes. One such area, the median preoptic nucleus
(MnPO), plays a vital role in initiating shivering, vasoconstriction in the periphery, and
BAT thermogenesis. The MnPO was first identified as a critical area in
thermoregulatory response through c-Fos immunohistochemistry, which is a method
used to visualise recently active neurons. This technique takes advantage of the proto-
oncogene c-fos, which is an immediate early gene (IEG) expressed in many neurons
after depolarisation. The protein product c-Fos is subsequently expressed in these
neurons and can be identified using immunohistochemistry as a marker of recent
neuronal activity (Bullitt, 1990). Using this method, researchers were able to pinpoint
the various regions within the brain that are activated after recent ambient cold or warm
exposure (Bratincsak and Palkovits, 2004). The MnPO of rats was identified as having
moderate to high levels of c-Fos expression in response to ambient cold and warmth

(Bratincsak and Palkovits, 2004).

After locating both WSN and CSNs in the POA and various other brain regions, it was
hypothesised that WSNs were responsible for activation of behavioural and autonomic
responses promoting heat loss, while CSNs were in control of heat production.
However, it has since been shown that autonomic responses promoting heat production,
including shivering, skin vasoconstriction and non-shivering thermogenesis, are
actually predominantly controlled by WSNs with much less contribution from CSNs
(Zhang et al., 1995, Chen et al., 1998). Glutamatergic stimulation of MnPO neurons

leads to an increase in cold-defensive responses, such as increased sympathetic nervous
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activity to BAT and increased metabolic rate, while inhibition of MnPO neurons with

glycine blocks these responses (Nakamura and Morrison, 2008).

1.4.1 Brain circuits driving thermoregulation

The circuits for sensing and reacting to environmental warm and cold exposure have
since then been further elucidated. In a recent review, Nakamura and Morrison clearly
outline the individual pathways for cold-sensing and warm-sensing (Figure
1.4.1)(Morrison and Nakamura, 2019). Both pathways begin with thermoreceptors in
the skin relaying afferent signals to unique populations of neurons in the dorsal horn
(DH) of the spinal cord, then on to different neuronal populations in the lateral
parabrachial nucleus (LPB), which is located between the medulla and the pons. The
sensory signals are then relayed to the POA in the hypothalamus, which integrates the
information from cutaneous thermoreceptors with feedback about the core temperature
of internal organs and information from the pyrogenic mediator PGE, signifying

infection or inflammation (Morrison and Nakamura, 2019).
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Figure 1.4.1: Schematic showing the neural circuits for thermoregulatory responses. Blue and red
pathways represent autonomic responses to ambient cool and warmth, respectively. Green lines show
efferent pathways regulated by inputs from the POA, which are either inhibitory (red) or excitatory
(blue). Black arrows represent tonic excitatory inputs to the DMH/DMA and rRPA with unknown
sources. Adapted from “Central Mechanisms for Thermoregulation” by S.F. Morrison and K. Nakamura,
2019. Annual Review of Physiology, 81:285-308.

Until this point, the afferent signals for warm sensing and cold sensing follow the same

excitatory pathway, although they excite different neuronal populations within the
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various relay centres. However, from the POA, the efferent signals from the ambient
warm pathway have an inhibitory effect on the downstream areas, whereas the efferent
signals from the ambient cold pathway continue to exert an excitatory effect on the
downstream areas. Leaving the POA, the inhibitory warm and excitatory cold efferent
signals travel to the premotor neurons in the rostral raphe pallidus nucleus (rRPa) and
the parapyramidal area in the medulla (PaPy) either directly or via the dorsal
hypothalamic area/nucleus (DHA/DMH). Finally the efferent signals travel back to the
spinal cord to initiate autonomic cold-defensive responses. Shivering thermogenesis is
initiated by the ventral horn (VH), whereas BAT thermogenesis and cutaneous
vasoconstriction are controlled via the sympathetic preganglionic neuron (SPN) and the

intermediolateral nucleus (IML) of the spinal cord, respectively.

While this pathway outlines the autonomic responses to ambient warm and cold
exposure, it does not address the behavioural responses. It has been shown that various
regions in the hypothalamus, including the POA, the DMH, and the posterior
hypothalamus are involved in behavioural responses to temperature change, such as
saliva spreading to induce evaporative heat loss, and warmth or cold-seeking/avoidance
(Almeida et al., 2015). However, the exact circuits responsible for these behaviours

have yet to be elucidated (Morrison and Nakamura, 2019).

1.4.2 Functional experiments testing thermoregulatory brain circuits

Most of the experiments to define thermoregulatory circuits have utilised
electrophysiology, retrograde tracing, and immunohistochemistry. The application of
optogenetic approaches have allowed more specificity and interrogation of the
characteristic and function of precise populations of neurons. Optogenetics allows for
the genetic labelling of specific cells with opsins that can be activated by a specific
wavelength of light administered through an implanted fibre optic cannula in alive
behaving rodents (Aravanis et al., 2007, Fenno et al., 2011). Through the injection of
viral vectors into the brain, or transgenic opsin-expressing rodent lines, the opsins can
be targeted to regions of interest and even to specific cell-types. Labelled neurons can

then be activated by light in vivo (Aravanis et al., 2007, Fenno et al., 2011).
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To better define the characteristics and function of the neurons in the heat-defensive
circuit, researchers used immunohistochemistry to identify neurons in the ventral part
of the lateral preoptic nucleus (VLPO) that were active in response to heat. These
neurons also co-localised with GAD67, a GABAergic marker, suggesting that the heat-
activated neurons are GABAergic in nature. Cre-dependent adeno-associated viruses
(AAV) were injected into the VLPO of Vgat-IRES-Cre driver mice to label all the
GABAergic neurons in the vLPO with Channelrhodopsin-2 (ChR2) fused to Enhanced
Yellow Fluorescent Protein (EYFP). Subsequent activation of labelled neurons using
blue light invoked heat-defensive behaviours, including reduced core temperature and
decreased activity. To optogenetically inhibit neurons, Guillardia theta anion
channelrhodopsin 1 (hGtACR1) was used to silence neuronal activity in response to
blue-yellow light (Govorunova et al., 2015). Optogenetic inhibition of hGtACRI-
expressing neurons in the VLPO led to the reciprocal thermoregulatory behaviour,

hyperthermia (Zhao et al., 2017).

Other researchers have identified neurons in a neighbouring region, the ventromedial
preoptic area (VMPO) that were active in response to a warm-challenge. RNA
sequencing revealed that the expression of specific genes could be used to identify
warm-activated neurons. The expression of neuropeptides pituitary adenylate cyclase-
activating polypeptide (PACAP) and brain-derived neurotrophic factor (BDNF) in
warm-activated cells did not overlap with the neurons activated in cold challenge. Cre
and LacZ transgenic mouse strains were used to localise neurons that expressed both
PACAP and BDNF. Injecting Cre-dependent AAVs into the VMPO targeted expression
of a stabilised step function opsin (SSFO) to VMPOPA“A*BPNF peyrons and allowed for
light-induced activation of the neurons in vivo (Tan and Knight, 2018). Stimulation of
the VMPOPA“APBPNF peurons induced hypothermia in the mice, characterised by an
increase in tail vasodilation and a decrease in BAT temperature. These findings suggest
that activating VMPO™*“A?BPNF peyrons results in an increase in heat dissipation
strategies and an inhibition of heat producing responses. When placed on a thermal
gradient while simultaneously activating VMPO™*“APBPNF pneyrons, mice moved
towards the colder portion of the gradient, indicating that these neurons are important
for behavioural responses as well as autonomic responses. Activation of

VMPOQPACAPBDNE peurons also blocked cold-defensive behaviours (such as nest
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building and seeking warmer temperatures on the thermal gradient) even in the

presence of the super-cooling agent icilin (Tan and Knight, 2018).

These elegant experiments utilising genetic promoters to label temperature-activated
neurons provide information about the function and characteristics of specific neuronal
populations, however they lack temporal specificity. In order to better understand many
of the unanswered questions in the thermoregulation field, it would be advantageous to
optimise a technique to label the specific neurons activated during temperature
exposure. To do this, we can draw on novel engram labelling techniques used in

memory research.

1.5 Engram labelling

Engram labelling strategies combine optogenetics with transgenic labelling, resulting in
the ability to tag and manipulate a specific population of neurons after they have been
active in vivo. When the IEG promoter is coupled with a temporally inducible
transactivator, it provides a designated time window in which active cells will be
tagged. The IEGs used to label neurons are fused to opsins, such as Channelrhodopsin-2
(ChR2), which can be activated by specific wavelengths of light. When artificial light is
targeted to these neurons (usually through optogenetic fibres implanted above the

region of interest) it results in the activation of the labelled neurons in awake behaving

rodents (Liu et al., 2012).

For example, one strategy utilises a c-fos-tTA transgenic mouse, in which a c-fos
promoter drives expression of the doxycycline(Dox)-dependent tetracycline
transactivator (tTA). When Dox is not present, tTA binds to tetracycline-responsive
element (TRE) and drives expression of ChR2, which is usually fused to enhanced
yellow fluorescent protein (EYFP). Introducing Dox inhibits tTA from binding to TRE,
which prevents neurons from being tagged with ChR2-EYFP. However, when Dox is
removed for a specific time window, the recently active neurons expressing c-fos will
be labelled with ChR2-EYFP, resulting in activity and time dependent labelling (Ryan
etal., 2015).
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Another strategy, based on iCre recombination, involves crossing two transgenic mouse
lines to create a FOSTRAPxAi32 line. The FosTRAP transgenic line expresses the c-fos
promoter under the control of 4-hydroxytamoxifen (4-OHT). The Ai32 line expresses
ChR2-EYFP in response to Cre recombinase. Therefore, in the presence of 4-OHT, the
c-fos promoter drives Cre recombinase at the loxP sites, resulting in removal of the stop
codon and expression of ChR2-EYFP driven by the pCAG promoter (Madisen et al.,
2012).

Using engram technology, researchers have identified ensembles of neurons that are
active during encoding a memory and are also necessary and sufficient to recall said
memory (Liu et al., 2012, Tanaka et al., 2014). Through this approach, researchers have
also shown that memories can be altered through the activation and pairing of different
neuronal ensembles during learning and recall (Liu et al., 2014). These findings and
many others have greatly advanced our understanding of learning and memory,
however there is far less known about the mechanisms driving instinctual responses.
The application of engram technology to instinct research would provide the
opportunity to investigate many unanswered questions. As an innate response,
temperature regulation provides a platform through which we can investigate these

questions.

1.6 Role of memory in thermoregulation

Not only would the application of engram-technology be advantageous to
understanding the basic mechanisms driving innate responses, but it would also provide
invaluable information about the potential for shared encoding mechanisms between
learned and instinctual responses. It has been hypothesised that memories and instincts
are coded in the brain in the same way (Ryan, 2020). Instincts are the innately encoded
responses that organisms have developed in response to their environments (Tinbergen,
1951). On the other hand, memories are learned behaviours which sometimes build
upon instincts. The knowledge that these two types of information can interact warrants

the question of whether they are dependent on similar neuronal processes.

Building on the hypothesis that memories and instincts are encoded in a similar way, it

begs the question of whether innate information is included in memories and vice versa.
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It would be advantageous for a mammal to remember areas in which they have had
extreme temperature experiences. Then, if these places were ever encountered again,
the mammal could anticipate the temperature and begin to immediately respond in a

way that would be most efficient to defend the core body temperature.

There is evidence that animals learn to associate temperature with specific contexts. In
Pavlovian fear conditioning experiments, rats are placed in a unique context and given
an aversive stimulus, such as a foot shock (unconditioned stimulus (US)), which elicits
an unconditioned fear response, such as freezing behaviour. After one or more training
sessions, rats learn to associate the context, or conditioned stimulus (CS), with the foot
shocks and elicit freezing behaviour, conditioned responses (CR), to the context alone.
Rats also show an increase in core body temperature in response to the shock-paired
context. This indicates that core body temperature can be used as a CR in Pavlovian
fear conditioning experiments (Godsil et al., 2000, Vianna and Carrive, 2005).
However, it also indicates that memory might play a role in thermoregulatory
mechanisms. If temperature information can be associated with a context then it is
possible that memory is able to alter innate responses. This research project aims to
understand whether innate behavioural and physiological temperature responses can be

altered through learning.

1.7 Aims and Objectives

The thermoregulatory field has made phenomenal progress in the recent decades,
however there is still a lot to be learned about the basic mechanisms of autonomic and
behavioural responses to temperature challenge. This research project will specifically
focus on the role of learning and memory in thermoregulatory responses. To investigate
these factors, engram labelling technology will be employed to label and manipulate the
exact neuronal population active during a temperature exposure. These tools will allow
for investigation into whether thermoregulatory responses can be modulated by
learning. Thermoregulatory responses could be hard-wired without any margin for
change, or they could be malleable with the potential for re-wiring based on learning.
Understanding the way innate responses are stored in the brain would also shed light on

whether there is a thermoregulatory component encoded as part of memory engrams.
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Investigating the relationship between thermoregulatory responses and contextual
memories would also provide a means for understanding the way in which instincts are
encoded in the brain. By uncovering the mechanisms responsible for thermoregulatory

responses, we could test the hypothesis that memories can alter innate responses.

22



Chapter 2: Materials and Methods

2.1 Subjects and engram labelling strategy
2.1.1 Subjects

All experiments were conducted in accordance with the Health Products Regulatory
Authority (HPRA) Ireland guidelines. C57BL6/J and fosTRAPxAi32 mice were used
for these experiments. The fosTRAPxAi32 mouse line was created by breeding Fos-
iCre mice with Ai32(RCL-ChR2(H134R)/EYFP) mice and experimental animals were
limited to offspring carrying both the CreERT and EYFP transgenes (Allen et al., 2017,
Madisen et al., 2012). Adult (7-17 week old) male and female mice were used. Mice
were group housed by sex with access to food and water ad libitum. Animals were bred
in house at Trinity Biomedical Sciences Institute and were kept at a constant
temperature of 22°C and a 12 hour night/dark cycle. All experiments except the night

time experiment were conducted during the light cycle.

2.1.2 Engram Labelling Strategy

The tTA labelling strategy was used for tagging temperature-sensitive neurons in vivo.
C57BL6/J mice were placed on a doxycycline diet (Datesand Group) 24 hours before
stereotactic surgery and remained on the diet until the labelling phase. During surgery,
mice were injected with a 1:5 dilution of AAV9-cfos-tTA (Vigene Biosciences) and 4:5
dilution of AAV9-TRE-ChR2-EYFP (Vigene Biosciences). The doxycycline diet was
removed 36 hours pre-exposure to the labelling environment. After the 4-hour
temperature exposure during which the temperature-sensitive neurons were labelled,

mice were placed back on a doxycycline diet for the remainder of the experiment.

The Cre labelling strategy was also used for tagging temperature-sensitive neurons in
vivo. FOsTRAPxAi32 transgenic mice were placed in the training context for a 4-hour
temperature exposure. Immediately after the exposure, the mice were injected
intraperitoneally with 4-OHT to activate iCre recombinase. The iCre recombinase acts
on loxP sites in the nucleus to remove a stop codon and thus allow for expression of the

ChR2-EYFP transgene driven by the pCAG promoter. All iCre expressing neurons
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active during temperature exposure will then express ChR2-EYFP after 72 hours. For
double injection, 4-OHT was injected immediately after exposure and 2 hours post-

exposure.

2.1.3 Stereotactic surgery

All surgeries were performed using a digital stereotaxic frame (WPI). Mice were
anaesthetised with 500 mg kg avertin and head fixed on the setup. For analgesia,
Meloxicam (0.075 mL/5g) was given via a subcutaneous injection, EMLA cream was
administered to the ear canals, and lidocaine was provided locally to the scalp via a
subcutaneous injection. Ophthalmic ointment (vidisic gel) was applied to the eyes to
prevent drying. The incision site was cleaned with chlorhexidine before opening the
skin at the midline of the scalp. Ethanol and PBS were used to clean the skull and
bregma was identified. One hole was drilled at +0.3mm anteroposterior (AP), 0.0mm
mediolateral (ML) coordinates for the injection site. A micro syringe pump
(UMP3;WPI) and a 10 pL Hamilton syringe (701LT; Hamilton) were used to inject
500nl of the AAV cocktail at +0.3mm (AP); Omm (ML); -4.75mm dorsoventral (DV).
After the needle was introduced into the brain it was left at the location for 5 minutes
before the injection was given. After the injection, the needle remained in the same
place for 10 minutes. After the needle was removed, the skin was sutured over the
incision site and mice were left in a warm box (29°C) to recover from anaesthesia. For
2 days following surgery, mice were given an intraperitoneal injection of meloxicam
once a day. Mice were allowed to recover for 2 weeks post-surgery before the

behavioural part of the experiment commenced.

2.2 Immunohistochemistry

2.2.1 Brain slice preparation

Mice were sacrificed via an overdose injection of Sodium Pentobarbital (50 pL)
followed by transcardial perfusion with PBS and then 4% paraformaldehyde (PFA) in
PBS. Brains were dissected from the skull and kept in 4% PFA at room temperature
overnight. After 24 hours, brains were moved to PBS and stored at 4°C. Brains were

sectioned coronally into 50 pm slices using a vibratome.
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2.2.2 Immunostaining

Slices were washed 3 times for 10 minutes with PBS + 0.2 % Triton X-100 (PBS-T).
Following this, slices were incubated with PBS-T 0.2% + 10% normal goat serum
(NGS) for 1 hour at room temperature. Slices were then incubated for 24 hours at 4°C
with primary antibody. Following this, slices were washed 3 times for 10 minutes in
PBS-T 0.2%. Slices were then incubated for 2 hours at room temperature in secondary
antibody. Slices were then washed 2 times for 10 minutes in PBS-T 0.2% followed by 1
wash for 10 minutes in DAPI+PBS. Slices were then mounted on Superfrost slides with

Vectashield-DAPI (Vector Labs).

For ChR2-EYFP staining, the primary antibody used was chicken anti-GFP IgY
fraction (Invitrogen) (1:1000) and visualised using secondary antibody anti-chicken
Alexa-488 IgG (H+L) (Invitrogen) (1:500). c-Fos was stained with rabbit anti-c-Fos
(Synaptic Systems) (1:500) and anti-rabbit Alexa-568 (Invitrogen) (1:500).

2.2.3 Image Acquisition

An Olympus Bx51 fluorescence microscope was used for imaging the samples. Images
were taken with a magnification of 4x, 10x, or 20x. The MnPO was identified in slices
ranging from Bregma 0.62mm-0.245mm (anterior to posterior). Single pane images of

the MnPO were taken every 0.1mm throughout this area.

2.2.4 Cell Counting

Single pane images from the Allen Adult Mouse Brain Atlas were used as a reference to
create templates for the MnPO region, spanning from Bregma 0.62mm-0.245mm (AP),
taken every 0.lmm (Lein et al., 2007). Using Adobe Photoshop CC 2018 software, the
Allen Adult Mouse Brain Atlas templates were overlaid on each single pane
microscope image of the corresponding AP coordinate and the cells stained for c-Fos
within the selected region were counted on both hemispheres. Cell counting was

performed blind to the experimental conditions.
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2.3 Behavioural protocols and metabolic measurements

2.3.1 Metabolic cages

Promethion temperature controlled metabolic cages (Sables Systems International)
were used for temperature training and data acquisition. Metabolic cages were
calibrated before each run. During the run, mice were individually housed in identical
cages within the temperature controlled cabinet. EE was calculated using the Weir
equation (Weir, 1949). CO, was measured through indirect calorimetry parameters
specified by the Promethion system. Metascreen software was used for data acquisition
and Sable Systems Macro Interpreter software was used to export the data. The first
hour of each recording was excluded due to calibration inconsistencies. Exported data
was uploaded to CalR for statistical analysis using the Two group acute response

template (Mina et al., 2018).

2.3.2 Anticipatory cold-context association protocol

Mice were weighed each day prior to being placed in the metabolic cages. On the first
day (Baseline 1), mice were placed in Context A and the temperature remained at 21°C
throughout the exposure. On days 2-4 (Cold days 1-3) mice were placed in Context B
with the temperature beginning at 21°C and then ramping down to 4°C for the
remainder of the exposure. On day 5 (Baseline 2) mice were placed in Context A and
the temperature remained at 21°C throughout the exposure. On day 6 (Test) mice were

placed in Context B and the temperature remained at 21°C throughout the exposure.

Context A conditions included striped wall pattern, acetic acid (1% in H,O) odorant,
normal home cage bedding, 100% light, and 100% fan. Context B conditions included
circle wall pattern, benzaldehyde (0.25% in EtOH) odorant, white paper floor, 50%
light, and 50% fan.

For the 16 hour post-exposure experiments, the Baseline 2 day was not included and
instead the Test day followed directly after the Cold day 3. For day time experiments,
mice were placed in the metabolic cages at ~10:00 and removed at ~18:00. The 8 hour
exposure consisted of 2 hours temperature ramp followed by 6 hours temperature

exposure. For night time experiments, mice were placed in the metabolic cages at
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~22:00 and removed at ~08:00. The 10 hour exposure consisted of 2 hours wait,

followed by 2 hours temperature ramp, and then 6 hours temperature exposure.

2.4 Tissue dissection and analysis

2.4.1 Tissue dissection

Immediately after mice were removed from the metabolic cages on Test day, they were
sacrificed using Carbon Dioxide overdose. Ethanol was used to clean the incision site
and then the interscapular skin was removed. The interscapular brown adipose tissues
(iIBAT) was dissected and placed in a CryoTube which was then submerged in liquid

nitrogen. Samples were stored at -80°C.

2.4.2 RNA extraction and RT qPCR
iBAT was homogenised using tissue lyser II (Qiagen) for 2 minutes at 25/s frequency.
RNA was extracted using TRIzol reagent (Invitrogen) and following instructions from

the manufacturer. Quantiscript reverse transcriptase enzyme (Qiagen) was used to copy
2000ng of RNA to cDNA for a final volume of 20 pl. Real-time PCR was performed in
QuantStudio3 (Applied Biosystems) using iTaq Universal SYBR® Green Supermix
(Bio-Rad). Thermocycler conditions recommended by the manufacturer were used.

PCRs were conducted in duplicates in a total volume of 20 pl containing 0.5 pl of the
reverse transcription reaction. The average cycle threshold (CT) of the UCP-1 gene for
each sample was normalised against the PPIB housekeeping gene to get the SCT. The
average 0CT values for the male daytime group was used as the control group and other

groups were normalised against this using the 36CT method.

2.5 Statistics

GraphPad Prism 6.00 software was used for data analysis and statistics. Weight and
UCP-1 fold change comparisons between 2 groups were calculated using unpaired
Student’s t-tests. EE values from anticipatory cold-context association protocol were
compared using paired Student’s t-tests. c-Fos+ cells were compared between 3 groups
using one-way ANOVA. Repeated measures Two-way ANOVA analysis was used to

compare EE and CO, data from the cold-text association protocols.
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Chapter 3: Results

3.1 Identifying neurons activated in the MnPO by ambient cooling and warming

The first aim of this project was to identify temperature-sensitive neurons in the MnPO
region of the hypothalamus. To do so, mice were placed in a temperature controlled
cage for 4 hours at either hot (37°C), cold (4°C), or thermoneutral (29°C) conditions.
The level of c-Fos expression in the MnPO was then quantified and compared between

the groups (Figure 3.1.1).

A

Neutral Neutral

Figure 3.1.1 A. Image showing a coronal section at level 53 (Bregma 0.145) from an adult mouse brain
with Nissl staining on the right hemisphere and atlas image on the left hemisphere. Areas of the
hypothalamus are highlighted in red on the left hemisphere. The MnPO region is outlined in yellow,
ventral of the anterior commissure. The yellow box shows the area represented in the following 3
microscope images. Image taken from Allen Adult Mouse Brain Atlas (Lein et al.,, 2007). B.
Representative image of c-Fos staining in mouse brain slice taken after 4 hours at 37°C (4x
magnification; scale: 200 um). C. Representative image of c-Fos staining in mouse brain slice taken after
4 hours at 4°C (4x magnification; scale: 200 pm). D. Representative image of c-Fos staining in mouse
brain slice taken after 4 hours at 29°C (4x magnification; scale: 200 um). E. Representative image of
DAPI staining in mouse brain slice taken after 4 hours at 29°C (4x magnification; scale: 200 pm).

The group of mice exposed to hot conditions showed significantly higher c-Fos
expression than the group exposed to thermoneutrality (Figure 3.1.2). These results
corroborate with previous findings indicating that there are more warm-activated

neurons than cold-activated neurons in the POA (Zhang et al., 1995, Hori, 1991).
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Figure 3.1.2: Comparison of c-Fos+ neurons at 3 different temperatures, 37°C (n=4), 29°C (n=4), 4°C
(n=4). Multiple brain slices taken from the MnPO (anterior-posterior: Bregma 0.62-0.245mm) of the
same animal were used for c-Fos counts. The group exposed to 37°C showed significantly higher c-Fos+
neurons compared to the group exposed to 29°C. Statistical comparisons performed using one-way
ANOVA with Bonferroni’s multiple comparison test (p=0.0132). Error bars show mean + S.E.M. Two
outliers detected using Grubbs’ Test Alpha (0.05) and removed before analysis.

3.2 Labelling neurons in the POA using engram technology

3.2.1 tTA Labelling Strategy

After identifying neurons in the MnPO using c-Fos IHC, the next aim was to label and
manipulate the hot, cold, and neutral responding neurons within this region. The tTA
engram labelling strategy was used, which involves stereotactic injection of a cfos-tTA
and TRE-ChR2-EYFP AAYV cocktail into the MnPO region. Following this, bilateral
cannulas were implanted above the injection site. Mice were kept on a doxycycline diet
before and after surgery to prevent labelling. The diet was removed 36 hours before the
temperature exposure to open the window for labelling of active neurons during the
experience. Then, mice were exposed to either hot (37°C), cold (4°C), or neutral (29°C)
temperatures for 4 hours while in Sable Systems Promethion metabolic cages to
measure the physiological responses of the mice during temperature exposure. After the
labelling, mice were put in a different context and the labelled neurons were

optogenetically stimulated.
Post-mortem analysis showed that the labelling of temperature-sensitive neurons in the

MnPO was unsuccessful. There were neurons labelled in the MnPO in 3 out of 12

experimental mice, with 1 in the 4°C group and 2 in the 29°C group (figure 3.2.1).
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There was strong labelling in peripheral regions (figure 3.2.1C, F) but much weaker
labelling in the MnPO. The experiment was repeated and in total, less than 30% of
experimental mice showed labelling, which was not a high enough percentage to justify
continuing with this method. We hypothesised that the inability to label the MnPO
neurons was potentially due to cell death caused by the c-fos tTA virus overexpressing.
In previous applications of the tTA labelling strategy, the duration of the labelling
period is usually around 15 minutes. The protocol used in this experiment included a
labelling period that was 4 hours in duration. Additionally, the hot and cold
temperatures used for the labelling period were extreme stimuli that we anticipated
would produce a large response from neurons in the MnPO region. Therefore, we
hypothesised that the prolonged and intense temperature exposure during the labelling
period caused overexpression of the c-fos tTA virus that led to cell death in this region,
and resulted in unsuccessful labelling of active neurons in the MnPO. This hypothesis is
corroborated by the evidence showing stronger labelling in the peripheral regions of the
hypothalamus, where there might not have been as much tTA virus expression, and

therefore less cell death than in the MnPO.
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Figure 3.2.1: A. Schematic depiction of the tTA labelling method. AAV injection was targeted to the
MnPO, which is the long narrow structure that is outlined at the midline. C57BL6/J mice were kept on a
doxycycline diet (ON DOX) before and after surgery, which prevents the tTA trans-activator from
binding the TRE promoter. B. When the doxycycline diet is removed (OFF DOX) the tTA transactivator
binds to the TRE promoter, resulting in the expression of ChR2 in recently active cells in the targeted
region (MnPO) during exposure to 37°C, 4°C, or 29°C. C. Representative images from 29°C group (n=4)
of ChR2-EYFP labelling (bright green) seen in peripheral regions but not in the MnPO (4x
magnification; scale: 200 pm). Yellow box represents insert which is shown in F. D. Representative
images from 4°C group (n=4) of ChR2-EYFP labelling (bright green) in the MnPO (4x magnification;
scale: 200 um). Yellow box represents insert which is shown in G. E. Representative image from 37°C
group (n=4) which did not show ChR2-EYFP labelling (4x magnification; scale: 200 um). F. ChR2-
EYFP labelling (bright green) in peripheral region of brain slice taken from 29°C group (n=4) (20x
magnification; scale; 50 um). G. ChR2-EYFP labelling (bright green) in the MnPO in brain slice taken
from 4°C group (n=4) (10x magnification; scale: 100 um). H. Representative image from control group
that was kept on a doxycycline diet throughout the experiment (n=4). No ChR2-EYFP labelling was
detected in this group (4x magnification; scale: 200 pm).

However, the metabolic data collected during temperature exposures showed a number

of differences in behavioural and physiological responses between the 4°C, 29°C, and
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37°C groups. The strongest effect was seen in EE, with the cold (4°C) group showing
significantly higher EE than the thermoneutral (29°C) group (Figure 3.2.2). The hot
(37°C) group also showed significantly higher EE than the neutral group, but the effect

was not as profound.
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Figure 3.2.2: A. The 4°C (n=6) group showed significantly higher EE compared to the 29°C (n=4)
throughout the exposure. Statistical analysis was done using CalR, with GLM analysis showing
significance levels of p<0.001 (***) for hour 0, 1, and 2 timepoints and p=0.0042 (**) for hour 3
timepoint. Error bars represent S.E.M. B. The weights of the 4°C and 29°C groups range from 25-30g.
The weight of one animal was measured incorrectly by the software and thus was removed from analysis.
A two-tailed unpaired t-test showed there was no significant difference between the weights of the two
groups (p=0.7224). C. The 29°C group (n=4) showed a significantly higher EE than the 37°C group
(n=6) at hour 0 (p=0.0049), whereas the opposite effect occurred at hour 2 (p=0.0033). D. The weights of
the 37°C and 29°C groups range from 23-29g. A two-tailed unpaired t-test showed there was no
significant difference between the weights of the two groups (p=0.1533). Significance denoted in A-D as:
ns p>0.05, * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001. Error bars show mean £+ S.E.M.

3.2.3 Cre Labelling Strategy

Since the tTA labelling strategy was unsuccessful for reliably labelling MnPO neurons,
we also tried a CRE-based engram labelling technique. FosTRAPxAi132 transgenic mice
were exposed to hot (37°C), neutral (29°C), or cold (4°C) temperatures for 4 hours
while in Sable Systems Promethion metabolic cages. Immediately after the temperature

exposure, mice were injected intraperitoneally with 4-OHT to label the neurons that had
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been active during the temperature exposure. Post-mortem analysis revealed successful

labelling of some neurons in the MnPO (Figure 3.2.3).

ChR2-EYFP

ChR2-EYFP o ChR2-EYFP

Figure 3.2.3: A. Image showing a coronal section at level 53 (Bregma 0.145) from an adult mouse brain
with Nissl staining on the right hemisphere and atlas image on the left hemisphere. Areas of the
hypothalamus are highlighted in red on the left hemisphere. The MnPO region is outlined in yellow,
ventral and dorsal of the anterior commissure. The yellow box shows the area represented in the
following 3 microscope images. Image taken from Allen Adult Mouse Brain Atlas (Lein et al., 2007). B.
Representative images from 37°C group (n=2) of ChR2-EYFP labelling (bright green) at 4x
magnification (scale: 200 um). C. Representative images from 4°C group (n=5) of ChR2-EYFP labelling
(bright green) at 4x magnification (scale: 200 um). D. Representative images from control group (n=3)
that was exposed to 29°C and received an oil injection instead of 4-OHT (4x magnification scale: 200
pm). No ChR2-EYFP labelling was detected in this group.

Our results showed a very small number of temperature-sensitive neurons labelled in
the MnPO and therefore we wanted to optimise this aspect. There is evidence that a
double injection of 4-OHT after stimulus exposure is more effective at labelling
neurons in adult mice (Power, S. unpublished). Therefore, we adopted this strategy and
saw a higher number of labelled neurons in animals that received a double injection of

4-OHT compared to single injection (Figure 3.2.4).
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Figure 3.2.4 A. Image showing a coronal section at level 53 (Bregma 0.145) from an adult mouse brain
with Nissl staining on the right hemisphere and atlas image on the left hemisphere. Areas of the
hypothalamus are highlighted in red on the left hemisphere. The MnPO region is outlined in yellow,
ventral and dorsal of the anterior commissure. The yellow box shows the area represented in the
following 3 microscope images. Image taken from Allen Adult Mouse Brain Atlas (Lein et al., 2007). B.
Representative image from 4°C group (n=4) of ChR2-EYFP labelling in green at 10x magnification
(scale: 100 um).

The temperature-sensitive neurons labelled in the MnPO using the double 4-OHT
injection were much clearer, but the total number of neurons labelled using this method
was only half of the total number labelled with endogenous c-Fos (Figures 3.1.1 and
3.1.2). While promising, this technique still requires optimisation before it can be

reliably applied to temperature research.

3.3 Context-Temperature Association

The next aim of this project was to investigate the role of memory in temperature
regulation. To understand if temperature information in encoded along with contextual
memories, we developed a protocol to investigate whether physiological temperature

responses could be artificially elicited via a context memory.

Mice were trained to associate a context with a temperature and then were tested in the
absence of the temperature to see if the context alone could elicit metabolic responses
seen in natural temperature exposure. First, mice were placed in Context A at room
temperature (21°C) for 8 hours to record their baseline level metabolic responses.

Following this, mice were given 3 days of cold exposure training in Context B. During
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the cold exposure, the mice were placed in Context B at room temperature (21°C), after
which the temperature ramped down to 4°C over the course of 2 hours, followed by an
additional 6 hours at 4°C. The 2 hour ramp was a critical feature of the experimental
protocol because it provided an “anticipatory” period during which the mice were
aware of the context but the temperature had not yet reached 4°C. After the 3 days of
cold exposure, mice were placed back in the cold-associated Context B, however the

temperature remained at 21°C for the entirety of the exposure (Figure 3.3.1).

A
21°C 4°C 4°C 4°C 21°C iBAT‘t
AR AR AR A AR Al
Baseline Cold day 1 Cold day 2 Cold day 3 Test

Figure 3.3.1: Anticipatory cold-context association protocol: schematic showing experimental timeline.
Mice were first placed in Context A at 21°C for 8 hours (Baseline). This was followed by 3 days of cold
training (4°C) in Context B for 8 hours (Cold days 1-3). Finally, mice were placed back in Context B but
the temperature stayed at 21°C for 8 hours (Test day). Between each day of context and temperature
exposure, mice were kept in their home cage for 16 hours. Immediately after mice were taken out of
Context B on Test day, they were sacrificed and their intrascapular BAT (iBAT) was dissected and
snapfrozen.

The hypothesis was that after 3 days of 4°C-context association training, mice would
associate the Context B with a cold temperature. It was hypothesised that if the
association was successful, mice would begin showing cold-defensive responses on the
Test day in the 2 hour anticipatory ramp period at the beginning of the exposure. To
determine this, the 2 hour temperature ramp periods were compared across Baseline,

Cold and Test days (Figure 3.3.2).
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Figure 3.3.2 A. Time plot showing temperature measurements throughout 7 hours of recording. The first
hour was removed due to calibration fluctuations. Baseline and Test days remain at a constant
temperature of 21°C throughout the exposure. There was an unintended increase in the temperature of the
Baseline exposure from 10:30-11:30. Cold days 1-3 begin at 21°C and the temperature decreases to 4°C

36



throughout the first 2 hours of the exposure. For the Cold days, the temperature ramp during the first 2
hours represents an “anticipatory period” during which the animals are exploring the context but the
temperature has not yet reached the stable exposure condition (represented with green shading). Grey
shading represents the time during which the temperature was stable. B. Time plot showing the EE
response from the mice (n=4) across the different days (exposure conditions). Days are colour-coded and
match the temperature depicted in A. Two-way ANOVA showed a significant effect of time (throughout
exposure) (p<0.0001), a significant effect between different exposure conditions (days of protocol)
(p<0.0001) and an interaction between time and day of exposure (p<0.001). C. Comparison of the EE
values from 10:30-11:00, representing the beginning of the exposure, on the Baseline day and Test day.
Paired t-test showed no significant difference between the days (p=0.3704). D. Comparison of the EE
values from 11:30-12:00, representing the last 30 minutes of the anticipatory period, on the Baseline day
and Test day. Paired t-test showed a significant difference between the days (p=0.0167). E. Comparison
of the EE values from 12:00-12:30, representing the 30 minutes immediately after the anticipatory
period, on the Baseline day and Test day. Paired t-test showed a significant difference between the
groups (p=0.0006). F. Comparison of the EE values from 17:20-17:50, representing the end of the
exposure, on the Baseline day and Test day. Paired t-test showed a significant difference between the
groups (p=0.0141). G. Comparison of the EE values from 10:30-11:00, representing the beginning of the
exposure, on the Cold day 3 and Test day. Paired t-test showed no significant difference between the days
(p=0.1007). H. Comparison of the EE values from 11:30-12:00, representing the last 30 minutes of the
anticipatory period, on the Cold day 3 and Test day. Paired t-test showed a significant difference between
the days (p=0.0005). I. Comparison of the EE values from 12:00-12:30, representing the 30 minutes
immediately after the anticipatory period, on the Cold day 3 and Test day. Paired t-test showed no
significant difference between the groups (p=0.2166). J. Comparison of the EE values from 17:20-17:50,
representing the end of the exposure, on the Cold day 3 and Test day. Paired t-test showed a significant
difference between the groups (p<<0.0001). Significance denoted in C-J as: ns p>0.05, * p< 0.05, ** p<
0.01, *** p< 0.001, **** p< 0.0001. Error bars show mean = S.E.M.

Overall, the mice showed similar rates of EE on each day of the protocol at the
beginning of the exposure. Then, after the 2 hour temperature ramp
(context+temperature period) the EE values diverge into two groups based on the
ambient temperature. In the latter portion of the exposure, the mice show similar EE
values on the Baseline and Test day and these are divergent from the EE values
recorded on the 3 Cold exposure days. A Repeated Measures Two-way ANOVA
revealed a significant effect of the exposure condition (day of the protocol) on the EE
rate throughout exposure (p<<0.0001 for each day). There was a significant difference in
the EE curves for Baseline compared with Cold day 3 (p<0.0001), reflecting that EE
rates are different for room temperature and cold exposure conditions. There was no
significant difference when comparing the curves for Baseline and Test (p=0.4824) or
for Test and Cold day 3 (p=0.5394. Additionally, the rate of EE change over time of
exposure (interaction effect) was significantly different when comparing Baseline and
Cold day 3 (p< 0.0001) and when comparing Test and Cold day 3 (p=0.0015). But there
was no interaction effect observed when comparing the EE rate on Baseline and Test

days (0.8056).
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In order to better understand the effect of the anticipatory period on the rate of EE, we
specifically compared the EE values from the Test day with the EE values from the
Baseline day and Cold day 3 to see which were more similar at specific time points
(Figure 3.3.2 C-J). The first time point (10:30-11:00) represents when the mice were in
the context but would not necessarily be showing a metabolic response to the context or
the temperature. The second time point (11:30-12:00) was chosen as the last 30 minutes
of the anticipatory period to test whether the EE rate had changed at this point due to
the context. The third time point (12:00-12:30) represents the time immediately after
the anticipatory period when the temperature is stable but the EE rate might still be
reflecting the response to the context. Finally, the last time point (17:20-17:50) reflects

the EE rate in response to the temperature alone.

At the beginning of the exposure there is no significant difference between the Test and
Baseline or Test and Cold day 3 rates of EE. However, the values diverge throughout
the 2-hour anticipatory period and the Test day EE values hover between the Baseline
and Cold day values. Immediately after the anticipatory period, the Test day EE rates
are significantly higher than those of the Baseline day rates, which suggests that the
mice are activating cold-defensive metabolic responses at this time. This is
corroborated by the finding that there is no significant difference between the Cold day
3 and Test day EE rates during this same time point. The context is the only difference
between the Baseline and Test days, and therefore the increased EE rates seen in the
Test day signify that the mice associated Context B with a cold temperature and were

eliciting an increased metabolic rate in anticipation of a cold exposure.

Once the temperature has stabilised after the anticipatory period, the Baseline and Test
day EE rates follow the same trajectory for the rest of the exposure. This signifies a
shift when the metabolic responses to the ambient temperature override the anticipatory

metabolic responses evoked by the context.

Taken together, these results suggests that mice can associate a context with an aversive
temperature, and this association can lead to an activation of cold-defensive responses,
such as increased EE. This metabolic change is seen in response to context exposure
and in the absence of ambient temperature change, which signifies that the metabolic

change is employed as an anticipatory cold response to the cold-associated context.
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3.4 Extended effect of cold

The increased EE seen on the Test day (Figure 3.3.2) could have been due to an
extended effect of 3 days of cold exposure on the metabolic response. Therefore, to rule
this out as a possible confounding variable, a second Baseline day was added to the
protocol after the 3 cold exposure days and before the Test day to give the mice an
additional 24 hours to recover from any extended cold effects (Figure 3.4.1). The
Baseline 2 day also provided a context specificity control to ascertain whether there
were any effects of generalisation across Context A and B that would lead to an

increased EE seen on the Test day.

21°C 4°C 4°C 4°C 21°C | 21°C iBAT T\
AR AR AR AR AR AR | A
Baseline 1 Cold day 1 Cold day 2 Cold day 3 Baseline 2 Test

8hrs 8hrs 8hrs 16 hrs] TS 16 s [ETOS s

Figure 3.4.1: Anticipatory cold-context association protocol: schematic showing experimental timeline,
which is similar to figure 3.3.1 except with an additional Baseline 2 day added after Cold day 3 and
before Test day.

To investigate the potential extended effect of cold exposure, the EE values for the Test
day of the groups with and without Baseline 2 were compared. The group without
Baseline 2 (Figure 3.3.1) had 16 hours after Cold exposure and before Test day,
whereas the group with a Baseline 2 (Figure 3.4.1) had 40 hours after Cold exposure
and before Test day (Figure 3.4.2).
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Figure 3.4.2:A. Time plot for EE on Test day when the Test day was 16 hours (n=4) or 40 hours (n=4)
after 3 days of cold exposure. The grey bar at the top shows that the temperature was 21°C for the entire
exposure. EE of the 16 hour group is significantly higher than the 40 hour group at hours 2 and 7 of the
exposure (p=0.0090 and p=0.0097, respectively). B. Weights of both groups were measured before the
exposure on Test day. A two-tailed unpaired t-test showed that there was no significant difference
between the weights of the groups (p=0.0936). C. UCP-1 upregulation compared for 16 hour and 40 hour
group. A two-tailed unpaired t-test showed that the 16 hour group had significant upregulation of UCP-1
compared to the 40 hours group (p=0.0171). Error bars show mean = S.E.M.

In the group that was tested 16 hours after cold exposure, the EE was higher at hours 2
and 7, which represents a metabolic effect of the extended cold exposure. This effect
was more pronounced in the analysis of BAT thermogenesis, quantified based on the
upregulation of UCP-1 mRNA. The group tested 16 hours after 3 days of cold exposure
showed increased UCP-1 mRNA expression compared to the group tested 40 hours
after 3 days of cold exposure. This signifies that 16 hours after the 3 days of cold

exposure, mice may have still been in a thermogenic state.

3.5 Role of contextual association in thermoregulatory response

Since the BAT thermogenesis levels were lower after 40 hours compared to 16 hours,
we analysed whether the anticipatory response of EE seen in the 16 hour group would
still be present on the Test day in the 40 hour group. The anticipatory response shown

by an increased EE in the first 2 hours of exposure was still present even in the 40 hour
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group, where the extended effect of cold did not seem to have as large of an effect

(Figure 3.5.1).
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Figure 3.5.1:A. Time plot showing temperature measurements throughout 7 hours of recording. The first
hour was removed due to calibration fluctuations. Baseline 1, Baseline 2, and Test days remain at a
constant temperature of 21°C throughout the exposure. Cold days 1-3 begin at 21°C and the temperature
decreases to 4°C throughout the first 2 hours of the exposure. The temperature ramp was unintentionally
shifted between the different cold days. For the Cold days, the temperature ramp during the first 2 hours
represents an “anticipatory period” during which the mice are exploring the context but the temperature
has not yet reached the stable exposure condition (represented with green shading). Grey shading
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represents the time during which the temperature was stable. B. Time plot showing the EE response from
the mice (n=4) across the different days (exposure conditions). Days are colour-coded and match the
temperature depicted in A. Repeated measures Two-way ANOVA showed a significant effect of time
(throughout exposure) (p<0.0001), a significant effect between different exposure conditions (days of
protocol) (p<0.0001) and an interaction between time and exposure condition (p<0.001). Error bars show
mean = S.E.M.

The results from the protocol with Baseline 2 are similar to those from the protocol
without the Baseline 2 day. The EE rates from each day of the protocol are similar at
the beginning of the exposure and then diverge into two groups throughout the exposure
based on the ambient temperature. A Repeated Measures Two-way ANOVA revealed a
significant effect of the exposure condition (day of the protocol) on the EE rate
throughout exposure (p<0.0001 for Baseline 1, Cold day 1, Cold day 2, Cold day 3, and
Baseline 2; p=0.0010 for Test). When comparing between the days, the curves were
significantly different for Baseline 2 compared to Cold day 3 (p=0.0037) and Test day
compared to Cold day 3 (p=0.0002). However, there was no significant difference
between the rates of EE on the Baseline 2 and Test days (p=0.4115). The rate of EE
change over time of exposure (interaction effect) was significantly different when
comparing Baseline 2 and Test day EE rates (p< 0.0001) and when comparing Test and
Cold day 3 (p< 0.0001) EE rates. But there was no interaction effect observed when
comparing the EE rate for Baseline 2 and Cold day 3 (p=0.1292).

To look more closely at the anticipatory effect on the rate of EE, Test day EE values
were compared with the values from Baseline 1, Baseline 2, and Cold day 3 at specific
time points throughout the exposure (Figure 3.5.2). The aim was to understand whether
the Test day EE values were more similar to the Baseline day EE or to the Cold day 3
EE. The Test and Baseline day EE rates are not significantly different at the first time
point, but in the last 30 minutes of the anticipatory period and for the 30 minutes
immediately after the anticipatory period, the Test day EE values are significantly
higher than the Baseline day values. This signifies that the mice are showing cold-
defensive behaviours, which are reflected as a higher rate of EE. At the end of the
exposure, the Test day EE rates are significantly lower than those of the Baseline day.
This result signifies that after the anticipatory period on the Test day, the EE rate
decreased, reflecting that the mice were now responding to the ambient temperature

instead of the context association.
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Comparisons between the Baseline 2 and Test day EE rates across the four time points
reveal the same results as the comparisons between Baseline 1 and Test day EE rates.
However, when comparing the Cold day 3 and Test day EE, the results are the opposite
of what was found in the Baseline day 1 and Baseline day 2 EE comparisons with the
Test day. There was no significant difference between the Cold day 3 and Test day EE
values in the first time point, but for the following three time points the Test day rate of
EE was significantly lower than the rate of EE on Cold day 3. This signifies that the
rate of EE on the Test day was higher than the Baseline days but lower than the Cold
days. These results suggest that the mice successfully associated the Context B with a
cold temperature and therefore showed cold-defensive metabolic responses when
placed in this context on the Test day (reflected by higher Test day EE values than
Baseline day values). However, the metabolic response elicited by the context alone
was not as strong as the metabolic response to the natural cold temperature exposure

(reflected by lower EE values on Test day than on Cold day 3).
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Figure 3.5.2: A. Comparison of the EE values from 9:30-10:00, representing the beginning of the
exposure, on the Baseline day and Test day. Paired t-test showed no significant difference between the
days (p=0.0937), (n=4). B. Comparison of the EE values from 11:00-11:30, representing the last 30
minutes of the anticipatory period, on the Baseline day and Test day. Paired t-test showed a significant
difference between the days (p=0.0002), (n=4). C. Comparison of the EE values from 11:30-12:00,
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representing the 30 minutes immediately after the anticipatory period, on the Baseline day and Test day.
Paired t-test showed a significant difference between the groups (p=0.0258), (n=4). D. Comparison of the
EE values from 16:25-16:55, representing the end of the exposure, on the Baseline day and Test day.
Paired t-test showed a significant difference between the groups (p<0.0001), (n=4). E. Comparison of the
EE values from 9:30-10:00, representing the beginning of the exposure, on the Baseline 2 and Test day.
Paired t-test showed a significant difference between the days (p<0.0001), (n=4). F. Comparison of the
EE values from 11:00-11:30, representing the last 30 minutes of the anticipatory period, on the Baseline
2 and Test day. Paired t-test showed a significant difference between the days (p<0.0001), (n=4). G.
Comparison of the EE values from 11:30-12:00, representing the 30 minutes immediately after the
anticipatory period, on the Baseline 2 and Test day. Paired t-test showed a significant difference between
the groups (p<0.0001), (n=4). H. Comparison of the EE values from 16:25-16:55, representing the end of
the exposure, on the Baseline 2 and Test day. Paired t-test showed a significant difference between the
groups (p=0.0357), (n=4). 1. Comparison of the EE values from 9:30-10:00, representing the beginning of
the exposure, on the Cold day 3 and Test day. Paired t-test showed no significant difference between the
days (p=0.2670), (n=4). J. Comparison of the EE values from 11:00-11:30, representing the last 30
minutes of the anticipatory period, on the Cold day 3 and Test day. Paired t-test showed a significant
difference between the days (p<0.0001) (n=4). K. Comparison of the EE values from 11:30-12:00,
representing the 30 minutes immediately after the anticipatory period, on the Cold day 3 and Test day.
Paired t-test showed a significant difference between the groups (p<0.0001), (n=4). L. Comparison of the
EE values from 16:25-16:55, representing the end of the exposure, on the Baseline 2 and Test day. Paired
t-test showed a significant difference between the groups (p<0.0001), (n=4). Significance denoted in A-L
as: ns p>0.05, * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001. Error bars show mean + S.E.M.

To see whether the results were reproducible across different metabolic measures, the

carbon dioxide emission was compared across each day of the protocol (Figure 3.5.3).
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Figure 3.5.3: A. Time plot showing temperature measurements throughout 7 hours of recording. The
first hour was removed due to calibration fluctuations. Baseline 1, Baseline 2, and Test days remain at a
constant temperature of 21°C throughout the exposure. Cold days 1-3 begin at 21°C and the temperature
decreases to 4°C throughout the first 2 hours of the exposure. The temperature ramp was unintentionally
shifted between the different cold days. For the Cold days, the temperature ramp during the first 2 hours
represents an ‘“anticipatory period” during which the animals are exploring the context but the
temperature has not yet reached the stable exposure condition (represented with green shading). Grey
shading represents the time during which the temperature was stable. B. Time plot showing the CO,
emission from the mice (n=4) across the different days. Days are colour-coded and match the temperature
depicted in A. Two-way ANOVA showed a significant effect of time (throughout exposure) (p=0.0001),
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a significant effect between different exposure conditions (days of protocol) (p<0.0001) and an
interaction between time and exposure condition (p<0.001).

The overall trends seen in carbon dioxide emission rate on each day of the protocol
were similar to the trends of EE. A Repeated Measures Two-way ANOVA revealed a
significant effect of the exposure condition (day of the protocol) on the EE rate
throughout exposure (p<0.0001 for Baseline 1, Cold day 1, Cold day 2, Cold day 3, and
Baseline 2; p=0.0076 for Test). When comparing between the days, the curves were
significantly different for Baseline 2 compared to Cold day 3 (p=0.0006) and Test day
compared to Cold day 3 (p<0.0001). However, there was no significant difference
between the rates of EE on the Baseline 2 and Test days (p=0.2425). The rate of EE
change over time of exposure (interaction effect) was significantly different when
comparing Baseline 2 and Test day EE rates (p=0.0008), when comparing Test and
Cold day 3 (p< 0.0001) EE rates, and when comparing Baseline 2 and Cold day 3
(p=0.0002).

To investigate the effect of the anticipatory period, we compared the Test day CO;
emission rates to Baseline 1, Baseline 2, and Cold day 3 CO; emission rates. As in the
EE data, the Test day CO, emission values are significantly higher than those of the
Baseline 1 and Baseline 2 day values at most time points throughout the exposures.
However, the CO; emission rate do not reflect as strong of an anticipatory effect as was
shown in the EE data. This is shown by the lack of difference between the Baseline 1
and Test day CO, rate immediately after the anticipatory period. Taken together, the
higher CO, emission rates seen on the Test day when compared to the Baseline days
reflects that there was a context-elicited cold-defensive response occurring on the Test

day.

Comparison of the Cold day 3 and Test day CO, emission rates revealed a similar effect
as seen in the EE data. The Test day CO, emission rates are significantly lower than the
Cold day 3 CO; emission rates throughout the entire exposure. This signifies that the
context-elicited metabolic response was not as strong as the natural metabolic response

to cold temperature exposure.
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Figure 3.5.4: A. Comparison of the CO, values from 9:30-10:00, representing the beginning of the
exposure, on the Baseline day and Test day. Paired t-test showed no significant difference between the
days (p=0.1921), (n=4). B. Comparison of the CO, values from 11:00-11:30, representing the last 30
minutes of the anticipatory period, on the Baseline day and Test day. Paired t-test showed a significant
difference between the groups (p=0.0008), (n=4). C. Comparison of the CO, values from 11:30-12:00,
representing the 30 minutes immediately after the anticipatory period, on the Baseline day and Test day.
Paired t-test showed no significant difference between the groups (p=0.0960), (n=4). D. Comparison of
the CO, values from 16:25-16:55, representing the end of the exposure, on the Baseline day and Test day.
Paired t-test showed a significant difference between the groups (p<0.0001), (n=4). E. Comparison of the
CO, values from 9:30-10:00, representing the beginning of the exposure, on the Baseline 2 and Test day.
Paired t-test showed a significant difference between the days (p=0.0007), (n=4). F. Comparison of the
CO, values from 11:00-11:30, representing the last 30 minutes of the anticipatory period, on the Baseline
2 and Test day. Paired t-test showed a significant difference between the days (p<0.0001), (n=4). G.
Comparison of the CO, values from 11:30-12:00, representing the 30 minutes immediately after the
anticipatory period, on the Baseline 2 and Test day. Paired t-test showed a significant difference between
the groups (p<0.0001), (n=4). H. Comparison of the CO, values from 16:25-16:55, representing the end
of the exposure, on the Baseline 2 and Test day. Paired t-test showed no significant difference between
the groups (p=0.4105), (n=4). I. Comparison of the CO, values from 9:30-10:00, representing the
beginning of the exposure, on the Cold day 3 and Test day. Paired t-test showed a significant difference
between the days (p<0.0001), (n=4). J. Comparison of the CO, values from 11:00-11:30, representing the
last 30 minutes of the anticipatory period, on the Cold day 3 and Test day. Paired t-test showed a
significant difference between the days (p<0.0001), (n=4). K. Comparison of the CO, values from 11:30-
12:00, representing the 30 minutes immediately after the anticipatory period, on the Cold day 3 and Test
day. Paired t-test showed a significant difference between the groups (p<0.0001), (n=4). L. Comparison
of the CO; values from 16:25-16:55, representing the end of the exposure, on the Baseline 2 and Test day.
Paired t-test showed a significant difference between the groups (p<0.0001), (n=4). Significance denoted
in A-L as: ns p>0.05, * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001. Error bars show mean +
S.E.M. Error bars show mean + S.E.M.
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3.6 Effect of sex on metabolic rate in different temperature conditions
The next aim of this project was to investigate how thermoregulation is affected by
different variables, including sex of animal and time of day. Specifically, we focused on

how these different states affect EE in both room temperature and cold exposure.

The first question addressed was whether sex has an effect on EE. The same male mice
that went through the anticipatory cold-context association protocol shown in Figure
3.4.1 were compared with a group of female mice that underwent the same
experimental design. The rate of EE from both groups was compared on Baseline day 1

(21°C) and Cold day 1 (4°C).

The group of males showed significantly higher EE at hour 1. However, since the
females weigh less we would expect them to expend less energy (Figure 3.6.1).

Therefore, we cannot say that the significance is due to sex.
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Figure 3.6.1: A. Time plot from CalR for male(n=4) and female (n=7) EE at room temperature (21°C).
Bar at top shows temperature throughout reading (21°C for entire exposure). Purple line in graph
represents males and yellow represents females. EE is higher for males throughout, with a significant
difference at hour 1 (p=0.0364). Error bars show mean = S.E.M. B. Weights of females and males taken
before Baseline day (21°C ). A two-tailed unpaired t-test showed males weighed significantly more than
females (p<<0.0001). Error bars show mean + S.E.M. C. Time plot from CalR for male and female EE on
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Cold day 1 (4°C). Bar at top shows temperature throughout recording (starts at 21°C and then ramps
down to 4°C degrees by hour 2). EE is higher for males throughout, with a significant difference at hour
2 (p=0.0445), hour 3 (p=0.0012), hour 4 (p=0.0073), hour 5 (p=0.0298), hour 6 (p<0.001), hour 7
(p=0.0011). Error bars show mean + S.E.M. D. Weights of females and males taken before Cold day 1
(4°C) exposure. A two-tailed unpaired t-test shows that males weighted significantly more than females
(p<0.0001). Bar at top shows temperature throughout reading (starts at 21°C and then ramps down to
4°C by hour 2). Error bars show mean = S.E.M.

To measure the level of BAT thermogenesis occurring in each group, mice were
sacrificed 40 hours after 3 days of cold exposure, and the intrascapular brown adipose
tissue (iBAT) was harvested. UCP-1 mRNA was measured in the iBAT post-mortem

using RT qPCR analysis.

There was no significant difference between the levels of UCP-1 mRNA in males and
females (Figure 3.6.2). This supports previous findings showing that at cold
temperature the UCP-1 levels were the same for males and females (Quevedo et al.,

1998).
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Figure 3.6.2: UCP-1 upregulation compared for females (n=7) and males (n=4). A two-tailed unpaired t-
test revealed that there was no significant difference between the groups (p=0.3874). Error bars show
mean + S.E.M.

3.7 Influence of time of day on metabolic rate in different temperature conditions

The next experimental goal was to investigate the effect of time of day on EE. The
same male mice that underwent the anticipatory cold-context association protocol in
Figure 3.4.1 were compared to a group of male mice that underwent the same protocol,
except during night time instead of daytime hours. The rates of EE for these two groups
were compared on the Baseline day 1 (21°C) and the Cold day 1 (4°C) to understand

whether mice respond to cold exposure differently depending on the time of day.
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Overall, there were not large differences in the rate of EE for the night time and
daytime groups. However, the timing of when EE increases and when it decreases is
opposite for the groups, which is what we would expect based on circadian rhythms. On
Baseline day 1 (21°C), the night time group shows higher EE throughout the second
half of the exposure, however this is not to a significant level. On the Cold day 1 (4°C),
the overall rhythm of EE is opposite for the daytime and night time groups. The night
time group begins at significantly higher EE than the daytime group and throughout the
exposure the EE rate decrease. Contrastingly, the EE rates for the daytime group begin

lower and increase in the second half of the exposure (Figure 3.7.1).
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Figure 3.7.1: A. Time plot for daytime (n=4) and night time (n=4) EE at room temperature (21°C). Bar
at top shows temperature throughout recording (21°C for entire exposure). Yellow line in graph
represents daytime and blue represents night time. At hour 1 and hour 3 there are significant differences
(p=0.0052 and p=0.0153, respectively), however there is also an interaction effect of the mass effect and
group effect at these time points, so therefore the significance result is inconclusive. Error bars show
mean + S.E.M. B. Weights of both groups before Baseline day (21°C). A two-tailed unpaired t-test
revealed that there was no significant difference (p=0.6288). Error bars show mean + S.E.M. C. Time
plot for daytime (n=4) and night-time (n=4) EE on Cold day 1 (4°C). Bar at top shows temperature
throughout recording (starts at 21°C and then ramps down to 4°C degrees by hour 2). EE is higher for
night time group in the first half of the exposure but switches to lower in the second half of the exposure.
At hour 0 the night time group has significantly higher EE than the daytime group (p=0.0480). At hour 4
there is a significant difference between the groups (p=0.0288), however there is also an interaction effect
of the mass effect and group effect at hour 4, so therefore the significance result is inconclusive. Error
bars show mean £ S.E.M. D. Weights of both groups before Cold day 1 (4°C ). A two-tailed unpaired t-
test shows there was no significant difference (p=0.6239). Error bars show mean + S.E.M.
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To investigate whether there was an effect of time of day on the level of BAT

thermogenesis occurring in each group, mice were sacrificed 40 hours after 3 days of

cold exposure, and the intrascapular brown adipose tissue (iBAT) was harvested. UCP-

I mRNA was measured in the iBAT post-mortem using RT qPCR analysis (Figure

3.7.2). Analysis of UCP-1 mRNA showed no significant difference between the groups,

signifying that the time of day doesn’t affect the level of thermogenesis.
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Figure 3.7.2: UCP-1 upregulation compared for males during night time (n=4) and day time(n=4). A
two-tailed unpaired t-test showed no significant difference between the groups (p=0.7886). Error bars

show mean = S.E.M.
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Chapter 4: Discussion

4.1 Application of engram technology

The advent of engram labelling technology paired with optogenetics provided the
opportunity to label and manipulate specific neurons that are activated during a unique
learning experience. The application of engram technology to temperature research
would allow investigation of innate responses in the same way that we can currently
interrogate learned experiences. The ability to label and manipulate temperature-
sensitive neurons and circuitry would provide more clarity about the different
components required for activation of innate responses. Using a similar method to study
both innate and learned responses would also allow investigation into the shared
mechanisms between these two types of information. Therefore, one aim of this project
was to apply engram labelling technology to thermoregulation research, representing

the first attempt to do this.

Engram labelling was first used in the hippocampus to label the specific cells associated
with a memory. When adapting this technology to temperature research, there are many
variables that need to be considered, including the viability of the technique in a new
brain region with different types of cells. The brain region of interest in this project was
the MnPO due to its significance in temperature regulation. Previous research has
successfully utilised c-Fos as a marker of recent activity in the MnPO and therefore,
this research applied the same method to label the specific hypothalamic region. This
research verified that there are temperature sensitive neurons in the MnPO that can be
labelled using c-Fos as a marker of recent activity. In future research, it would be
beneficial to compare other methods of activity dependent labelling, such as Arc and
zif268 IEG expression, with c-Fos to see which method proves the most effective in

labelling cells in the MnPO.

After successfully labelling temperature sensitive neurons in the MnPO with c-Fos, it
was hypothesised that these neurons could be tagged using the tTA engram labelling
system. However, when this was attempted the post-mortem immunohistochemistry

revealed a very small number of neurons labelled in the MnPO. There was some
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labelling identified in the peripheral regions to the MnPO, but the pattern of labelling
suggested that there was massive cell death within the MnPO.

Cell death has been reported as a result of the engram labelling technique, due to
overexpression of c-Fos protein. In the original successful application of engram
labelling technology, the experience used to label the memory lasted a relatively short
time, less than 15 minutes. However, in our experiments, the temperature exposure
lasted for 4 hours, which could have caused overexpression of c-Fos in the MnPO
during this time. Therefore, we hypothesised that such a long exposure time for the
labelling window could have led to cell death, which would result in a lack of labelling

in the MnPO.

The next approach was to use a Cre-based method for labelling the temperature-
sensitive neurons. The results from this engram labelling method were much more
promising, with much clearer labelling in the MnPO. However, in comparison to the
endogenous c-Fos activated in the MnPO region after temperature exposure, we were
still seeing a small percent of temperature-sensitive neurons labelled in the MnPO using

the Cre-based engram strategy.

As with the tTA labelling strategy, there are many factors that could influence the
efficiency of this method. The system used in this research relies on the use of
fosTRAPxAi32 transgenic mice combined with 4-OHT injection to label the neurons
active in a specific time window. The first approach was to use only one injection of 4-
OHT immediately after the temperature experience, but this resulted in very low levels
of labelling. Adding a second 4-OHT injection 2 hours post-exposure provided
promising results for labelling a higher percent of active neurons in the MnPO after
temperature exposure. While the labelling levels were not high enough to be confident
that we were labelling all active neurons, this approach is very promising for future

research.

There is evidence that 4-OHT injection can be administered before or after stimulus
exposure and therefore one potential for optimisation could be to test the timing of 4-
OHT injection to see which is the most relevant for this application (Cazzulino et al.,

2016). Similar to the tTA labelling strategy, the other area for optimisation could be the
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timing of exposure. To ensure that temperature-reactive neurons are being labelled, the
temperature exposure window could be reduced. Taken together, these results can
inform and direct future investigation into the optimisation of engram technology for

temperature research.

4.2 Developing a protocol for context-temperature association

Another objective of this research was to investigate the different factors influencing
temperature regulation. Specifically, it was hypothesised that memory plays a role in
thermoregulation. It would be advantageous for animals to remember a place where
they experienced an aversive temperature condition and if ever exposed to the place
again they could immediately activate thermoregulatory responses to defend their core
temperature. Therefore, one aim of this project was to investigate whether a context
could be associated with an aversive temperature, and whether the temperature-paired
context alone could elicit a temperature response. To probe these questions, it was
necessary to develop a protocol to test whether context memory could affect the

metabolic responses associated with temperature regulation.

This research successfully developed a Pavlovian experimental paradigm for training
mice to associate a temperature with a context. This protocol included a 2 hour
anticipatory period at the beginning of each exposure, during which mice were placed
in a context but not yet exposed to an aversive temperature. By measuring the EE and
CO; emission during this time, it was possible to compare the effect of the context
without the influence of the temperature. After 3 days of cold training in a specific
context, mice were tested in the context alone without the cold temperature. Mice
showed a trend towards higher EE during and immediately after the anticipatory period,
which signifies an increased metabolic rate was activated in reaction to the context
alone. This result indicates that mice are able to associate a context with a temperature,
and that the context alone is sufficient to induce metabolic effects seen in the natural
temperature condition. Furthermore, this result suggests that memory plays a role in

temperature regulation.
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4.3 Factors influencing thermoregulation

Using the anticipatory cold-context association protocol, we investigated other factors
influencing thermoregulation. To understand whether sex has an effect on the rate of
EE at both room temperature and cold conditions, we examined the level of
thermogenesis in males and females using the anticipatory cold-context association
protocol. Our results show that there were no significant differences in the level of
UCP-1 mRNA upregulation and the rate of EE for males and females at both cold and
room temperature conditions. This finding suggests that there is not a large effect of sex
on the thermogenic response. However, previous research done by Quevedo et al found
that females induce higher levels of thermogenesis at room temperature (Quevedo et al.,
1998). It is possible that the female mice used in our experiments could have been cold
acclimated from living at room temperature and therefore, do not show as high of a
response to the room temperature condition as seen in other research. Therefore, more
research needs to be done to understand whether sex has an effect on thermoregulatory

mechanisms.

Similarly, we investigated whether the time of day had an effect on levels of
thermogenesis. Mice undergoing the anticipatory cold-context association protocol
either during the daytime or the night time showed a difference in the timing of
increases and decreases in the rate of EE, which is what we would expect based on our
knowledge of circadian rhythms. As core body temperature and activity levels fluctuate
throughout a 24-hour cycle, the EE rate reflects these changes. The results from this
experiment do not show a significant difference in the rate of EE or UCP-1 mRNA

levels in daytime compared to night time.

This result would suggest that there is not a significant influence of time of day on
thermogenesis levels, in both cold and room temperature conditions. However, there are
clearly differences in the timing of increases and decrease in EE during daytime and
night-time and therefore further investigation could focus on the interaction between
variables affecting EE, such as core body temperature, based on the influence of

circadian rhythms.

55



4.4 Extended effect of cold exposure on thermogenesis

Additionally, this project has provided information on how long the effects of cold
exposure can last for. Previous research shows that BAT mRNA levels peak after 6
hours in the cold and then decrease as cold exposure continues (Nedergaard and
Cannon, 2013). But research has not yet clarified if thermogenesis remains higher after
cold exposure even when mice are placed back at room temperature instead of given

continuous cold exposure.

Our results show that 3 days of cold exposure can have an extended thermogenic effect
for at least 16 hours after exposure. The increased UCP-1 mRNA levels signifying a
thermogenic effect are seen 16 hours after cold exposure but decrease by 40 hours post-
exposure. However, this experimental design lacks a pre-exposure UCP-1 mRNA
quantification and therefore does not provide conclusive evidence that the level of
thermogenesis has returned to pre-exposure conditions at 40 hours post-exposure.
Further research could be done to clarify the exact amount of time required after cold
exposure to allow for the UCP-1 mRNA to reach pre-exposure levels, signifying that

there is no longer a thermogenic effect.

Additionally, this research acknowledges that UCP-1 mRNA levels do not solely
represent the magnitude of thermogenesis activation. Therefore, the rate of EE was also
measured to understand whether metabolic effects of thermogenesis were present. The
rate of EE 16 hours post-exposure was higher than 40 hours post-exposure. This
metabolic data supports our conclusion that the thermogenic effect of cold exposure

lasts for at least 16 hours and decreases by 40 hours post-exposure.

4.5 Future directions

One main goal of this project was to adapt the engram-labelling technique to be used in
temperature research. The temporal and spatial specificity provided by engram labelling
could benefit thermoregulation research by providing information about the
characteristics of temperature-sensitive neurons and the circuits involved in
thermoregulation. While this project was unsuccessful in labelling temperature-
sensitive neurons using the engram labelling technique, there is still potential for this

technique to be useful for temperature research. Future investigation could focus on
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optimisation of the target area, as well as the length of exposure in order to develop this

technique properly in the given application.

Another objective of this research was to better understand the different factors
influencing thermoregulation. Our results show that neither sex nor time of day have a
significant influence on the levels of thermogenesis or EE in both room temperature and
cold conditions. However, this research only addressed EE and UCP-1 mRNA levels to
understand thermogenesis, while in reality there are many additional influences on
thermoregulatory mechanisms. Therefore, future research could focus on different
metabolic and behavioural thermoregulatory responses to provide a broader

understanding of the thermoregulatory system in mammals.

Finally, this research has provided a novel protocol for investigating the influence of
memory on thermoregulation. Our results indicate that mice can associate a context
with a temperature, and that the context alone is sufficient to elicit metabolic responses
seen in natural temperature exposure. These results provide a foundation to investigate
the mechanisms through which thermoregulatory responses are initiated by memory in
the absence of natural cues. One limitation of this protocol is that the temperature ramp
on the cold days is introduced immediately after the animal enters the context. To
improve on this, future experiments could add a short period at the beginning of the
exposure where the animal experiences the context alone without the temperature ramp.
This context-only period would provide definitive results as to whether a context

memory can elicit metabolic responses.

The results from this research provide preliminary evidence for the role of memory in
thermoregulation. This finding opens up many opportunities for future research into the
interaction between memory and innate responses. Future research could investigate
whether optogenetically reactivating the contextual engram for a temperature exposure
can elicit metabolic responses seen in the natural temperature condition. Another
potential direction is to investigate whether innate temperature responses can be
modulated by learning and memory. This avenue would be particularly interesting for
investigating treatments for thermoregulatory deficiencies. It would also provide a

platform to interrogate the potential of shared encoding mechanisms in the brain
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between innate and learned information. In conclusion, this research provides a

foundation for further investigation of innate temperature representations in the brain.
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