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ABSTRACT 
Environmental thermal challenges trigger the brain to coordinate both autonomic 

and behavioral responses to maintain optimal body temperature. It is unknown how 

temperature information is precisely stored and retrieved in the brain, and how it is 

converted into a physiological response. Here, we investigated whether memories 

could control whole-body metabolism by training mice to remember a thermal 

challenge. Mice were conditioned to associate a context with a specific 

temperature, by combining thermoregulatory Pavlovian conditioning with engram 

labeling technology and optogenetics. We report that if mice are returned to an 

environment where they previously experienced a 4°C cold challenge, they 

increase their metabolic rates regardless of the actual environmental temperature. 

Additionally, we show increased hypothalamic activity when animals are exposed 

to the cold, and that a specific network emerges between the hippocampus and 

the hypothalamus during the recall of a cold memory. Moreover, both natural 

retrieval and artificial reactivation of cold-sensitive memory engrams in the 

hippocampus mimic the physiological responses that are seen during a cold-

challenge. These results show that retrieval of a cold memory causes whole-body 

autonomic and behavioral responses that enable animals to maintain thermal 

homeostasis. 
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The field of neuroscience has traditionally focused on investigating the central nervous 

system (CNS) in health and disease. Interactionism, the theory that the mind and body 

are two distinct independent systems that interact with one another, is a philosophical 

theory that was coined in the seventeenth century by Descartes. However, only 

recently have scientists started to investigate how the CNS directly interacts with the 

peripheral nervous system (PNS) in a bidirectional manner. Indeed, there has been a 

growing understanding that psychological states can have an impact on physiological 

processes in the body, and that somatic states can in turn influence the CNS, and as 

a result, the organisms behavior. One example of how mental state can influence 

bodily functions is the impact of stress on biological mechanisms and overall health. 

Psychological stress has been extensively shown to have a negative effect on blood 

pressure, heart rate, and overall longevity [1]. Moreover, stress-related disorders such 

as major depressive disorder (MDD) have been reported to have a high comorbidity 

with immune and inflammatory conditions [2-4]. For instance, a recent study found 

elevated expression of a circulating myeloid cell-specific proteinase in the serum of 

depressed humans and mice, suggesting increased interactions between immune 

cells and the brain during depressive episodes [5].  

 

Pain, a mental state that is physically experienced and that involves neuroimmune 

crosstalk in the skin and dorsal root ganglia (DRG), is another example of how the 

body and brain interact. A recent study showed that the brain is able to encode pain-

state-specific immune responses in the spleen, suggesting that the brain is able to 

control immunity in response to distinct pain states [6]. Several additional studies have 

now also linked the brain with immune responses in healthy and diseased states [7-

9].  For example, Kayama and colleagues showed that there is a direct link between 

dopaminergic phasic firing in the ventral tegmental area (VTA) and peripheral immunity 

[9]. Interestingly, the VTA has also been shown to modulate anti-tumor immune 

responses, as chemogenetic activation of this area resulted in reduced tumor growth, 

suggesting that this area could be a promising target for cancer therapy [7]. In general, 

this growing body of research has unequivocally shown that mental state can affect 

physiological function, and that specific neurons in the brain can influence immune 

responses.  
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Most recent brain-body studies show that top-down signaling from the brain can alter 

responses in the periphery. However, growing evidence now suggests a reciprocal 

signaling pathway, with bottom-up physiological processes from the periphery 

affecting brain function, with knock-on effects in organismal behavior. Prolonged or 

severe immune activation during neurodevelopmental has been shown to increase the 

risk of developing psychiatric illnesses such as depression, schizophrenia and autism 

spectrum disorder [10]. Moreover, physiological theories from over a century ago 

proposed that there could be a dominant flow of information from the body to the brain 

that has a direct influence on emotional state [11]. This theory has been validated by 

a recent study, where optically induced tachycardia increased anxiety-like behavior in 

mice [12]. Interestingly, the increase in anxiety-like behavior was only seen in risky 

contexts, indicating that both central and peripheral processes are necessary in the 

generation of emotional states.   

 

A big question that remains in the body-brain field is how memories interact with 

peripheral physiological processes. Memories play an essential role in mental state 

and adaptive behavior, yet it remains unclear whether memories also have a direct 

influence on peripheral function. For example, patients that are diagnosed with post-

traumatic stress disorder (PTSD) re-experience traumatic life events in the form of 

memory flashbacks that are accompanied with physical sensations such as pain, 

smell, and taste. As such, remembering a traumatic event triggers the bodily 

sensations that were experienced during the original event. Clinicians have 

additionally argued that certain mental health problems could be driven by bodily 

experiences that are stored in the form of memories [13]. Therefore, understanding 

the mechanisms behind the storage and retrieval of memories associated with bodily 

experiences might provide insight into how memories impact physiology in health and 

disease. 

 

Previous studies have demonstrated that memories are stored in the brain in the form 

of engram cells. Engram cells can be operationally defined as neuronal ensembles 

that are activated by learning, undergo physical changes, and whose reactivation 

leads to the retrieval of the target memory [14-17]. By leveraging engram labelling 

technology, we aimed to investigate whether memories control whole-body responses. 

To do so, we focused on thermoregulation, a behavior that relies on various behavioral 



 4 

and physiological components. Our goal was to label a memory of a cold-context with 

engram labelling technology and determine whether cold-engrams control whole-body 

responses. Here, we show that there are cold-sensitive memory engrams in the 

hippocampus and specific regions of the hypothalamus, and that both natural retrieval 

and artificial reactivation of these engrams mimic the physiological responses that are 

seen during a cold-challenge. These results highlight that cold-sensitive engrams 

control whole-body autonomic and behavioral responses that enable animals to 

maintain thermal homeostasis. 

 

The following chapters will aim to demonstrate that:  

 

1. A cold-paired contextual memory increases metabolic rate and causes 

avoidance behavior. 

2. Retrieval of a contextual cold memory increases neural activity in the 

hippocampus and hypothalamus. 

3. Cold-sensitive memory ensembles are located in the DG, LHA, and MPO, 

which correlate with metabolic rate. 

4. Artificially manipulating cold engrams alters whole-body metabolism. 

5. Natural and artificial reactivation of cold memories upregulates thermogenesis 

genes in brown adipose tissue. 
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Chapter 1: 

A cold-paired contextual memory 

increases metabolic rate and causes 

avoidance behavior. 
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INTRODUCTION 
1.1.1 Behavioral and physiological thermoregulation. 

One of the most crucial functions of the nervous system is the regulation of body 

temperature, known as thermoregulation, which is observed across the animal 

kingdom from behavioral changes in reptiles to autonomic shivering in mammals. 

Homeothermy is defined as the ability of organisms to maintain their body temperature 

within a narrow range. Homeothermy, and therefore thermoregulation, are necessary 

for critical cellular function and survival [18, 19]. When animals are exposed to an 

environmental thermal challenge, the brain will trigger several thermoregulatory 

responses to preserve homeostatic body temperature. As a result, animals are able to 

maintain a constant body temperature of approximately 37°C, despite changes in their 

external environment (Figure 1.1.1) [20-22].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The responses that are triggered by the brain can be subdivided into motivated, goal-

directed behavioral responses, and autonomic physiological mechanisms (Figure 

1.1.2). Some of the most basic behavioral responses are cold and warm- seeking 

behaviors, where animals move from one microenvironment to another within their 

habitat. Various studies have shown that when given the choice, mice prefer to spend 

more time in a warmer environment compared to a colder one [23, 24]. Moreover, mice 

that are trained on a self-heating operant task, where a nose poke turns on a heat 

Figure 1.1.1 Core temperature during environmental challenges. Changes in 
brain (left) or rectal (right) temperatures are small during temperature challenges 
in a variety of mammals. Adapted from Tan & Knight, 2018 [20]. 
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lamp, will increase the amount of nose pokes in colder environments [23, 25]. More 

complex thermoregulatory behaviors include nest building, and social behaviors such 

as huddling, which are conscious, and goal orientated behaviors with the ultimate aim 

of decreasing the difference in temperature between the animal and the environment, 

in order to reduce the temperature gradient between internal and external components 

[26]. Eventually, this strategy results in limited metabolic costs in adult individuals.  

 

 
 

 

 

Thermoregulatory mechanisms are thought to be hierarchical, with different 

mechanisms being activated at different temperature thresholds. Typically, behavioral 

responses will precede physiological responses, as they generally are more cost-

effective in terms of energy. Automated physiological responses are also thought to be 

activated in a specific order. For example, cold challenges will trigger vasoconstriction, 

before shivering and non-shivering thermogenesis [20]. Shivering thermogenesis in 

Figure 1.1.2 Types of thermoregulatory responses. Examples of the different 
physiological and behavioral responses used to maintain body temperature. Adapted 
from Tan & Knight, 2018 [20]. 
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skeletal muscles is used to produce heat through the contractile ability of myocytes, 

whereas non-shivering thermogenesis is a neuronal regulated metabolic process that 

contributes to the production of heat and the maintenance of core body temperature, 

and is largely influenced by altered metabolism in brown adipose tissue (BAT) [27, 28]. 

BAT thermogenesis is seen as an essential component of the homeostatic repertoire 

to maintain body temperature when animals are exposed to a cold environment. Taken 

together, these mechanisms ensure that animals maintain a constant body 

temperature in order to sustain crucial cellular processes. 

 

1.1.2 Whole-body metabolism during cold challenges. 

Animals that are exposed to a cold environment will maintain their heat through 

thermogenesis. Thermogenesis is a metabolically costly process, which is reflected in 

an increase in metabolic rates such as oxygen consumption (VO2), carbon dioxide 

emission (CO2) and energy expenditure (EE). Indeed, there is a direct inverse 

correlation between metabolic rate and environmental temperature. Mice 

incrementally increase the amount of oxygen they consume during cold adaptation, as 

the temperature decreases from 28°C to 4°C (Figure 1.1.3)[29]. 

 

 

 

 

 

 

 

 

 

 

 

 

Similar increases have been found for EE, where the variation in EE could largely be 

attributed to temperature changes, and not to fat mass, sex or physical activity [30]. 

Moreover, the inverse correlation between metabolic rate and temperature has been 

reported in mice, in addition to humans [31]. In cold environments, animals will 

additionally increase their food consumption and physical activity [29, 32]. These 

Figure 1.1.3 Metabolic rate during cold adaptation. Oxygen consumption 
increases incrementally with decreasing temperatures. Adapted from Ukropec et 
al., 2006 [29].  
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behavioral and cellular adaptions are directed at releasing cellular energy that is 

necessary for adaptive thermogenesis. In summary, decreasing environmental 

temperatures will increase metabolic rates in animals to fuel physiological responses 

such as shivering and non-shivering thermogenesis (Figure 1.1.4), which will in turn 

enable animals to maintain their body temperature at a constant temperature [33, 34].  

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1.3 Temperature information in the form of memories. 

Thermal challenges require animals to evaluate temperature information and to 

efficiently adapt to the changes in their environment. Whether temperature information 

about a given environment can also be stored in the brain in the form of a memory, 

has yet to be determined. The storage of temperature-based memories could enable 

animals to anticipate thermal challenges based on previous experience and allow 

them to respond in an energy-efficient manner. However, this would require the 

storage, retrieval, and conversion of temperature information into behavioral and 

physiological responses. Up until now, no studies have shown that animals can 

remember that a specific environment is associated with a particular temperature. As 

such, we set out to design a pavlovian thermoregulatory paradigm.  

Figure 1.1.4. Adaptive thermogenesis model. When environmental temperature 
decreases the adaptive thermogenic responses move from insulative to non-shivering 
and finally shivering thermogenesis. This process is accompanied by an increase in 
metabolic rate. Adapted from Celi, 2018 [34]. 
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Pavlovian training was first described by the neurologist Ivan Pavlov in 1927 [35]. In 

his original experiments Pavlov presented an untrained dog with a bell as the 

conditioned stimulus (CS) and showed that the dog had no specific response to the 

CS. Next, the dog was presented with food as the unconditioned stimulus (US) which 

resulted in an unconditioned response (UR) in the form of salivation. The dog was then 

put through a training phase, where the dog was presented with food while the bell 

was rung. As such, in the training phase the US and the CS were paired. Finally, in the 

testing phase Pavlov showed that the bell (the CS) on its own triggered the UR, as the 

dog started salivating without any food being present. With these experiments, Pavlov 

showed that animals can learn to associate two previously unrelated stimuli with each 

other [35, 36]. Although usually not emphasized, through these experiments Pavlov 

also showed that memories can trigger bodily responses such as salivation.  

 

With the original Pavlovian experiments in mind, we set out to design a 

thermoregulatory pavlovian paradigm where mice would learn to associate a specific 

context (the CS) with a cold environmental temperature (the US). We hypothesized 

that by doing so, we would trigger an increase in metabolic rate (the UR) when animals 

are presented with the original context (the CS) where the cold was initially 

encountered. As such, this chapter’s research question aims to answer whether a 

context can be paired with a specific temperature, and whether this association can 

trigger a whole-body metabolic response.  
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METHODS 
1.2.1 Mice 

All experiments were performed with C57BL/6J mice. Male mice were used in all 

experiments. All mice were group-housed in a 12:12-h (07:00-19:00) light-dark colony 

room at 22°C. Food and water were provided ad libitum, and all testing was performed 

during the light phase. Mice used for experiments were approximately 8-12 weeks of 

age. All experiments were conducted in accordance with the European Directive 

2010/63/EU, under an authorization issued by the Health Products Regulatory 

Authority Ireland and approved by the Animal Ethics Committee of Trinity College 

Dublin. 

 

1.2.2 Metabolic Cages 

To capture metabolic and behavioral information, mice were singly housed in 

metabolic cages for a duration of 8 hours per day. These cages were chosen as they 

are specifically designed for high resolution metabolic and behavioral phenotyping 

(Promethion, Sable Systems).  Each cage included a ceiling-mounted food hopper, 

water bottle and house, all attached to a mass monitor. Mice had ad libitum access to 

food and water throughout the entire 8 hours. VO2, CO2, EE, body weight, food and 

water intake, and locomotor activity were monitored throughout the session. Briefly, 

respiratory gasses were measured with an integrated fuel cell oxygen analyzer, a 

spectrophotometric CO2 analyzer, and a water vapor pressure analyzer (GA3m1, 

Sable Systems) [37]. Before each run, gas sensors were calibrated with 100% N2 as 

zero reference and with a span gas containing a known concentration of 0.933% CO2. 

Air flow was measured and controlled with the multichannel mass flow generator (FR8-

1, Sable Systems). Flow rate was set at 2000 mL/min. VO2 and CO2 were measured 

for each mouse at 3-4 min intervals. Energy expenditure was calculated using the 

following equation: Kcal/h = 60 * (0.0003941 * VO2 + 0.001106 * VCO2) [38]. 

 

1.2.3 Cold Training Schedule 

Male mice were taken from their home cage each morning and individually housed in 

the Promethion cages for a maximum of eight hours. On day one and two, mice were 

placed into the Promethion cages at 21°C to allow them to habituate to the machine. 

On day three, mice were put into the Promethion cages at 21°C while metabolic and 

behavioral data were simultaneously recorded in order to establish baseline 
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measurements (Context A). On day four, the cages were changed before the mice 

were placed inside. Contextual cues were added to the chambers, including wall and 

floor patterns, brighter lights, different bedding and 3 drops of acetic acid odor (Context 

B). Once the mice were placed into the cages, the temperature decreased in 

increments of ~10 degrees per hour. As such, the mice spent a total of 6 hours in the 

altered context at a temperature of 4°C. This was repeated for a total of three days, 

with metabolic and behavioral data recorded throughout. Mice were then returned and 

kept in their home cages for a two-day break period. Next, on day nine, mice were put 

back into the Promethion cages without any of the additional cues at 21°C to allow for 

a second baseline measurement (Context A). Finally, on day ten all the additional 

context cues were added back in before the mice were put into the cages (Context B, 

Figure 1.3.1a-b). Temperature was kept at 21°C and metabolic and behavioral data 

was simultaneously recorded to establish the test day measurements. 

 

1.2.4 No Cold Training Schedule 

Mice were run through the exact same behavioral timeline as described above. 

However, in this training schedule the temperature was kept at 21°C throughout the 

entire experiment. As such, mice were exposed to the context changes as described 

above but were never exposed to any cold (Figure 1.3.6a-b).  

 
1.2.5 Conditioned Cold Aversion 

The conditioned place preference (CPP) apparatus consisted of two separate 

chambers. Each chamber had different wall and floor cues (Black and white pattern). 

Mice could freely enter both chambers through an opening in the wall in the middle of 

the apparatus. On day one, mice were taken from their home cage and placed inside 

the apparatus where they could freely explore both sides of the apparatus for a total 

of 20 minutes. The entire apparatus was kept at 21°C. On day two, the opening in the 

middle wall of the apparatus was closed. During the morning sessions, mice were 

exposed to one side of the apparatus at 21°C for a duration of two hours. Mice were 

then returned to their home cage for a two-hour break. In the afternoon sessions, mice 

were then exposed to the other side of the apparatus at 4°C for a duration of two hours. 

This was subsequently repeated for a total of three days. On day five, the opening in 

the middle wall of the apparatus was re-opened before mice were placed back into the 

apparatus. Mice could freely explore both chambers again for a total of 20 minutes, 
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while the entire apparatus was kept at 21°C. All behavior was videotaped and 

subsequently hand scored. Time spent in each chamber in seconds was measured on 

day one (pre-test) and day five (test). The time spent in each chamber was normalized 

using the following formula (test phase duration spent in the cold-paired chamber/ time 

spent there in the pre-test phase), to account for any pre-existing preferences [39]. 

Both time of day and side of apparatus were counterbalanced across all mice. 

 

1.2.6 Statistics 

All data were analyzed using Prism 10. All data were graphed as means ± Standard 

errors of the mean (SEM). An alpha level of 0.05 was used as a criterion for statistical 

significance. The results of figures 1.3.1, 1.3.2, 1.3.3, 1.3.4, 1.3.5 and 1.3.7 were 

analyzed using repeated measure one-way ANOVAS and Tukey’s multiple comparison 

test. Figure 1.3.6 was analyzed using two-way ANOVAS and unpaired t-tests. Figure 

1.3.8 was analyzed with unpaired t-tests.  

 

1.2.7 Figure design and visualization 

Figures and graphical illustrations were created with Biorender (Biorender.com). 
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RESULTS 
1.3.1 Cold exposure upregulates whole-body metabolic rate and alters behavior. 

To determine whether mice can store and retrieve temperature information, we 

designed a thermoregulatory Pavlovian conditioning paradigm where mice were 

trained in Context A at 21°C and in Context B at 4°C (Figure 1.3.1a). First, we aimed 

at establishing the effects of cold exposure on whole-body metabolic rate. To achieve 

this, we measured and compared the metabolic rates of mice during baseline day 1 at 

21°C with cold training days at 4°C. As described above, cold exposure stimulates 

thermogenesis by increasing lipid and glucose metabolism in BAT, which in turn 

upregulates whole-body metabolic rate [40-42]. As such, we hypothesized that the 

metabolic rates measured during the cold training days would be significantly higher 

than the rates measured on baseline day 1. In agreement with this, our results show 

that mice increased their oxygen consumption (VO2; Figure 1.3.1b), energy 

expenditure (EE; Figure 3.1c) and carbon dioxide production (VCO2; Figure 1.3.1d) 

when exposed to a 4°C environment compared to a 21°C environment. Additionally, 

we found that this increase in metabolic rate and energy expenditure persisted across 

all three cold training days (Figure 1.3.1b-d). Next, to better understand whether mice 

also behave differently in a cold environment, we tracked movement and the amount 

of food that the mice consumed at baseline and during the training days. Interestingly, 

we found that mice moved significantly more in the 4°C environment than in the 21°C 

environment on the third cold training day (Figure 1.3.2a-b). No differences were found 

with regards to food consumption as the mice ate similar amounts of food during all 

four days (Figure 1.3.2c). Taken together, these data show that, in response to a cold 

environment, mice increase their metabolic rate and alter their behavior. 
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Figure 1.3.1 Cold exposure increases metabolic rate.  
(a) Diagrammatic representation of experimental timeline for Pavlovian conditioning 
to a cold-paired context (left). Environmental temperature during Baseline 1 and 
Cold 1 (right). (b) Time plot of oxygen consumption between mice during Baseline 
1, Cold 1, Cold 2, and Cold 3 (left), with comparisons of total time averaged in 
metabolic cages (right). (c) Time plot of energy expenditure between mice during 
Baseline 1, Cold 1, Cold 2, and Cold 3 (left), with comparisons of total time averaged 
in metabolic cages (right). (d) Time plot of carbon dioxide production between mice 
during Baseline 1, Cold 1, Cold 2, and Cold 3 (left), with comparisons of total time 
averaged in metabolic cages (right). Data shown as mean ± SEM, n = 7-8 mice per 
group. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. BL1, baseline 1; CL1, 
cold 1; CL2, cold 2; CL3, cold 3; VO2, oxygen consumption; VCO2, carbon dioxide 
emission; EE, energy expenditure; h, hour. 
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Figure 1.3.2 Cold exposure alters behavior. 
(a) Diagrammatic representation of experimental timeline for Pavlovian conditioning 
to a cold-paired context (left). Environmental temperature during Baseline 1 and 
Cold 1 (right). (b) Time plot of movement between mice during Baseline 1, Cold 1, 
Cold 2, and Cold 3 (left), with comparisons of total time averaged in metabolic cages 
(right). (c) Time plot of food consumption between mice during Baseline 1, Cold 1, 
Cold 2, and Cold 3 (left), with comparisons of total time averaged in metabolic cages 
(right). Data shown as mean ± SEM, n = 7-8 mice per group. * p < 0.05, ** p < 0.01, 
*** p < 0.001, **** p < 0.0001. BL1, baseline 1; CL1, cold 1; CL2, cold 2; CL3, cold 
3; h, hour; g, grams. 
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1.3.2 A cold-paired contextual memory increases metabolic rate. 

To establish whether mice can associate a specific context with a given temperature, 

we trained mice to associate Context A with 21°C and Context B with 4°C (Figure 

1.3.3a). After training, mice were tested in Context B at 21°C. We hypothesized that if 

mice associated Context B with 4°C, their metabolic rates and behavior would be 

similar to that observed during training days. Here, we found an increase in metabolic 

rate when mice were returned to the cold-paired context, irrespective of the actual 

temperature of that context (Figure 1.3.3b-d), suggesting that mice can learn to 

associate a specific context with a particular temperature. Moreover, we found a 

temporal dynamic on test day, as the metabolic rates resembled cold day 1 during the 

first few hours and came closer to baseline levels after 6 hours (Figure 1.3.3b-d). 

Additionally, mice showed significantly increased movement when returned to the 

cold-paired context, but no differences in food consumption compared to baseline day 

(Figure 1.3.4b-c). These results suggests that in addition to increasing their metabolic 

rates, mice also adjust their behavior in the cold-paired context on test day, similarly 

to what was observed during the 4°C training days. Finally, to confirm that these effects 

were specifically induced by the contextual cues associated with cold training, and not 

just exposure to a neutral context, we also compared the test day measurement to a 

second baseline (BL2). We find that the observed effects can be attributed to test day 

specifically, as we find significantly higher metabolic rates during test day compared 

to both baseline 1 and baseline 2 (Figure 1.3.5). Together, these data suggest that 

mice can learn and recall a cold-paired contextual memory, and that the recall of a 

cold memory will increase their whole-body metabolic rate.  
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Figure 1.3.3 Mice increase their metabolic rate in the cold-paired context. 
(a) Diagrammatic representation of experimental timeline for Pavlovian conditioning 
to a cold-paired context (left). Environmental temperature during Baseline 1 and 
Cold 1 (right). (b) Time plot of oxygen consumption between mice during Baseline 
1, Test 1 and Cold 1 (left). Comparison of oxygen consumption between mice during 
Baseline 1, Test 1 and Cold 1 at hour 2, hour 4, hour 6 and, total time averaged in 
metabolic cages (right). (c) Time plot of carbon dioxide production between mice 
during Baseline 1, Test 1 and Cold 1 (left). Comparison of carbon dioxide production 
between mice during Baseline 1, Test 1 and Cold 1 at hour 2, hour 4, hour 6 and, 
total time averaged in metabolic cages (right). (d) Time plot of energy expenditure 
between mice during Baseline 1, Test 1 and Cold 1 (left). Comparison of energy 
expenditure between mice during Baseline 1, Test 1 and Cold 1 at hour 2, hour 4, 
hour 6 and, total time averaged in metabolic cages (right). Data shown as mean ± 
SEM, n = 7-8 mice per group.* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
BL1, baseline 1; BL2, baseline 2; T1, Test 1; CL1, cold 1; CL2, cold 2; CL3, cold 3; 
VO2, oxygen consumption; VCO2, carbon dioxide emission; EE, energy 
expenditure; h, hour. 
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Figure 1.3.4 Mice show increased movement when returned to the cold-paired 
context. (a) Diagrammatic representation of experimental timeline for Pavlovian 
conditioning to a cold-paired context (left). Environmental temperature during 
Baseline 1 and Cold 1 (right). (b) Time plot of food consumption between mice 
during Baseline 1, Test 1 and Cold 1 (left). Comparison of food consumption 
between mice during Baseline 1, Test 1 and Cold 1 at hour 2, hour 4, hour 6 and, 
total time averaged in metabolic cages (right). (c) Time plot of movement between 
mice during Baseline 1, Test 1 and Cold 1 (left). Comparison of movement between 
mice during Baseline 1, Test 1 and Cold 1 at hour 2, hour 4, hour 6 and, total time 
averaged in metabolic cages (right). Data shown as mean ± SEM, n = 7-8 mice per 
group. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. BL1, baseline 1; BL2, 
baseline 2; T1, Test 1; CL1, cold 1; CL2, cold 2; CL3, cold 3; h, hour; g, grams. 
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Figure 1.3.5 Metabolic rate increases specifically on test day 1 as a result of 
cold memory recall. (a) Diagrammatic representation of experimental timeline for 
Pavlovian conditioning to a cold-paired context. (b) Comparison of oxygen 
consumption between mice during Baseline 1, Baseline 2 and Test 1 at hour 2, hour 
4, hour 6 and, total time averaged in metabolic cages. Data shown as mean ± SEM, 
n = 7-8 mice per group. * p < 0.05, ** p < 0.01, *** p < 0.001. VO2, oxygen 
consumption; BL1, baseline 1; BL2, baseline 2; T1, Test 1. 
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1.3.3 Increased metabolic rates are not caused by extended cold effects or novelty. 

To confirm that the upregulation of metabolic rate on test day was due to the pairing 

of 4°C with Context B, and not due to novelty of the context, we trained mice in the 

same Pavlovian timeline without deviating the temperature from 21°C (Figure 1.3.6a). 

As such, these mice were never exposed to 4°C. We found that, although the novelty 

of Context B caused an increase in metabolic rate in the initial 2 hours of the no-cold 

training and test days, there were no differences in metabolic rate between baseline, 

no-cold training, and test after two hours (Figure 1.3.6b), suggesting that novelty does 

not affect metabolic rate beyond two hours. Next, we directly compared mice that 

underwent 4°C cold training in Context B with mice that underwent the 21°C no-cold 

training in Context B. Our results demonstrate that cold training at 4°C in Context B 

significantly increased metabolic rate on test day 1 compared to 21°C no-cold training 

(Figure 1.3.6c). Moreover, these effects were not due to initial differences between the 

two groups, as they did not significantly differ in metabolic rate on baseline day (Figure 

1.3.6d). These data suggest that the increase in metabolic rate was not caused by the 

novelty of Context B, but rather by the association of 4°C with Context B.  

 

Finally, to rule out that the increase in metabolic rate was not due to prolonged effects 

of long-term cold exposure, a separate cohort of mice was allowed to recover in their 

home cage for four consecutive days instead of two after cold training (Figure 1.3.7a). 

We found that the increase in metabolic rate persisted even after a prolonged recovery 

break, indicating that the observed increase in whole-body metabolism was not due to 

prolonged cold effects, but rather to the recall of the cold-paired contextual memory 

(Figure 1.3.7b-d). Taken together, these data suggest that neither novelty nor 

extended cold effects were causing the above reported increases in metabolic rate.  
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Figure 1.3.6 Novelty does not increase metabolic rate.  
(a) Diagrammatic representation of experimental timeline for no cold-paired context 
control (left). Environmental temperature during Baseline 1 and No Cold 1 (right). 
(b) Time plot of oxygen consumption between mice during Baseline 1, Test 1 and 
No Cold 1 (c) Comparison of oxygen consumption between the cold-paired and no-
cold paired cohorts on test day (6 hours averaged; left), and at hours 2, 4 and 6 
(right). (d) Comparison of oxygen consumption between the cold-paired and no-
cold paired cohorts on Baseline 1 (6 hours averaged; left), and at hours 2, 4 and 6 
(right). Data shown as mean ± SEM, n = 7-8 mice per group. ** p < 0.01, ***. BL1, 
baseline 1; BL2, baseline 2; T1, Test 1; CL1, cold 1; CL2, cold 2; CL3, cold 3; VO2, 
oxygen consumption; h, hour.  
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Figure 1.3.7 Metabolic rates do no increase due to extended cold effects. 
(a) Diagrammatic representation of experimental timeline for Pavlovian conditioning 
to a cold-paired context with an extended (4 day) break. (b) Time plot of oxygen 
consumption between mice during Baseline 1, Test 1 and Cold 1 following an 
extended (4 day) break (left), with comparisons of total time averaged in metabolic 
cages (right). (c) Time plot of energy expenditure between mice during Baseline 1, 
Test 1 and Cold 1 following an extended (4 day) break (left), with comparisons of 
total time averaged in metabolic cages (right). (d) Time plot of carbon dioxide 
production between mice during Baseline 1, Test 1 and Cold 1 following an extended 
(4 day) break (left), with comparisons of total time averaged in metabolic cages 
(right). Data shown as mean ± SEM, n = 5 mice per group. * p < 0.05, ** p < 0.01. 
BL1, baseline 1; T1, Test 1; CL1, cold 1; VO2, oxygen consumption; EE, energy 
expenditure; VCO2, carbon dioxide emission; h, hour. 
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1.3.4 A cold-paired contextual memory causes avoidance behavior. 

In the above-described Pavlovian timelines, mice were not able to escape the cold-

context due to being locked into the metabolic cages to allow for continuous metabolic 

rate measurements. However, to further demonstrate the behavioral expression of a 

cold memory, we investigated whether mice developed a conditioned cold aversion 

due to training at 4°C in a CPP apparatus (Figure 1.3.8a). We show that mice had no 

preference for either side of the apparatus during the pre-test day at 21°C (Figure 

1.3.8b); however, mice trained at 4°C displayed a conditioned place aversion to the 

cold-paired side of the CPP apparatus, but not to the 21°C paired side (Figure 1.3.8c). 

These data show that not only do mice form a contextual memory for a cold 

environment, but that they will avoid the cold-paired context if given the choice.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.3.8 A memory of a cold-paired context causes avoidance behavior.  
(a) Diagrammatic representation of experimental timeline for Pavlovian conditioning 
to the cold-paired side, or no cold paired side, of a CPP apparatus. (b) Time spent 
in each chamber of the CPP apparatus during pre-test. (c) Place preference for the 
no cold paired side of the CPP apparatus compared to the cold-paired side, time 
spent in either the cold-paired side, or no cold paired side was divided by the time 
spent in the same chamber during pre-test (Test/Pre-test). Data shown as mean ± 
SEM, n = 7 mice per group. * p < 0.05. s, seconds; CPP, conditioned place 
preference. 
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DISCUSSION 
In this chapter, we showed that when mice were exposed to a cold environment, they 

increased their metabolic rates. These results are in line with previous studies showing 

that increases in metabolic rate are necessary to maintain body temperature at a 

constant rate during cold adaptation [29, 31, 34]. Next, we showed that mice increased 

their metabolic rates when recalling a cold environment, indicating that mice can store 

and recall temperature information. Moreover, we showed that mice adjust their 

behavior accordingly, as they avoided the cold-paired context when given the choice. 

To our knowledge, this is the first study showing that mice can store and recall 

temperature information and that cold memories increase whole-body metabolism.   

 

The increase in metabolic rates that were observed on test day lasted six hours yet 

showed a temporal decrease. Indeed, the test day metabolic rates resembled cold day 

1 during the first few hours and leveled off over the course of the six testing hours. As 

such, one question that remains is how long a cold memory lasts. As animals are 

tested at 21°C, it is possible that at the end of the testing day animals have updated 

the original memory and no longer associate Context B with a cold environment. 

Future studies are needed to establish exactly how long cold memories last, and 

whether there are any extinction effects on subsequent testing days. Moreover, in the 

above-described experiments, mice were trained at 4°C for three consecutive days. 

Future experiments are needed to establish whether fewer training days result in 

shorter memory effects on metabolic rates.  

 

We found no differences in food consumption during cold exposure or cold memory 

recall, suggesting that six hours of cold exposure is not long enough to cause changes 

in feeding behavior, in line with previously reported studies [43]. Interestingly, we found 

that animals increased their movement across training days and when recalling the 

cold, indicating that previous experience and expectations cause adaptive behavioral 

responses in mice. It is therefore possible that mice would increase their food 

consumption as well upon recall of a cold memory. To determine whether a cold 

memory leads to an increase in food consumption, more long-term experiments are 

needed where mice are tested for more than six hours. 



 26 

During the 4°C training days, we chose to expose animals gradually to a cold 

environment. As such, the temperature decreased in increments of ~10 degrees per 

hour. The gradual decrease of temperature was chosen to avoid any cold shock 

effects, as sudden exposure to 4°C could potentially result in high stress levels in mice. 

Recent studies have shown that other stressful experiences, such as exposure to a 

predator odor, do not increase metabolic rate [44]. Thus, the reported increase in 

metabolic rate during training and test days can be attributed to the cold specifically 

and not to a general stress response. 

 

The results presented in this chapter show that Pavlovian conditioning can be used to 

demonstrate that memories not only elicit a behavioral response, but that they can 

also trigger a whole-body reaction. More studies are necessary to explore what bodily 

responses are triggered by the recall of certain memories. For example, PTSD patients 

often report traumatic physical sensations that are triggered by memory flashbacks of 

a traumatic event, yet few studies have explored how these sensations are exactly 

triggered by the memories. Further understanding of the connection between 

memories and whole-body responses will allow us to design better treatment 

strategies for these patients in the future.  
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Chapter 2: 

Retrieval of a contextual cold memory 

increases neural activity in the 

hippocampus and hypothalamus. 
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INTRODUCTION 
2.1.1 Immediate early genes as a proxy for neuronal activity 

Immediate-early genes (IEGs) are the most extensively used activity markers to 

dissect the neuronal circuits that are involved in specific behaviors across species [45]. 

IEG expression increases rapidly following neural activity, is associated with the 

induction of synaptic plasticity (Figure 2.1.1) and with neural encoding processes [46, 

47]. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Different stages of neuronal activation can be distinguished that lead to the induction 

of the intracellular cascade of IEGs. The first responses to neuronal stimulation include 

the activation of voltage dependent Ca2+ channels or membrane receptors that 

respond to neurotransmitters and growth factors (Figure 2.1.2). This activation triggers 

intracellular secondary messenger pathways such as protein kinase A (PKA) and 

Ca2+/CaM-dependent protein kinase II (CaMKII). The activity of these kinases modifies 

the function of ion channels and the expression of constitutive transcription factors 

such as cAMP and CREB, and eventually cause the expression of IEGs. Generally, 

IEGs are subdivided into two functional classes: regulatory transcription factors (RTFs) 

and effector proteins. RTFs such as c-Fos, zif268 and c-Jun broadly influence cell 

function depending on the downstream genes that they regulate [48, 49]. Effector 

proteins such as Arc and Homer directly modulate specific cellular functioning and are 

Figure 2.1.1 Neural activity rapidly increases IEG expression. Induction of LTP 
increases zif268 mRNA levels in granule cell neurons of the dentate gyrus. Adapted 
from Cole et al., 1989 [46]. 
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involved in processes such as receptor modulation, vesicle storage and synaptic 

trafficking [49]. It is estimated that the IEG response in neurons is limited to 30-40 

genes, of which 10-15 are RTFs [50].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IEGs expression is rapid and transient in nature and are expressed at low levels in the 

absence of sensory stimulation. This makes them ideal markers to study neuronal 

activation and circuitry in healthy and diseased states. Indeed, IEGs are most 

commonly used to further understand which brain regions are important for specific 

behaviors, and to create a roadmap regarding the functional construction of the brain 

[45].  

 

Figure 2.1.2 The intracellular pathways of IEG activation. Extracellular signals 
activate channels and receptors that will in turn trigger a variety of intracellular 
pathways. Kinases mediate the expression of the constitutive transcription factors, 
whose activation will lead to the expression of IEGs. Protein products from these IEGs 
will act as inducible transcription factors or direct effector proteins. Adapted from 
Sommerlandt et al., 2019 [49]. 
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2.1.2 Hippocampal circuitry and memory. 

For many decades, the hippocampus has been associated with memory. Early human 

studies have shown that bilateral damage of the hippocampus causes anterograde 

amnesia [51]. Similar results have been found in monkeys, where damage to the 

hippocampus and its connections resulted in impaired object location memories [52]. 

At a systems level, the hippocampus receives inputs from a variety of different 

association areas in the cortex (Figure 2.1.3). This cortical information is relayed to 

the hippocampus through both the parahippocampal gyrus and the entorhinal cortex. 

As a result, the hippocampus has access to multimodal information that has previously 

been processed by different interconnected sensory pathways [52].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.3 Systems-level model of hippocampal circuitry. Information is 
processed in cortical areas and relayed to the hippocampus through the 
parahippocampal gyrus, perirhinal and entorhinal cortex. From here, information 
reaches the dentate gyrus granule cells, before being projected to CA3 and CA1 
pyramidal neurons. The CA1 then communicates back to the entorhinal cortex through 
the subiculum, making the circuitry come full circle again. Adapted from Rolls, 1996 
[51] and from Mancini et al., 2017 [53]. 
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From the entorhinal cortex, information reaches the dentate gyrus (DG) granule cells 

trough projections in the perforant path. The DG granule cells then project to Cornu 

Ammonis 3 (CA3) and Cornu Ammonis 1 (CA1) cells through mossy fibers, providing 

a powerful connection between the DG, CA3 and CA1 [52]. CA3 pyramidal cells 

additionally project to ipsilateral CA1 pyramidal neurons directly, through connecting 

fibers called Schaffer Collaterals [53]. Finally, CA1 axons communicate directly and 

indirectly with the entorhinal cortex through projections that cross the subiculum [52, 

53]. Many different types of memory have been shown to rely on this hippocampal 

circuitry and it is now accepted that this circuitry is essential for the encoding and 

retrieval of memories in general [54-57].  

 

2.1.3 Hypothalamic circuitry and thermoregulation.  

It is currently understood that the hypothalamus is a key structure that integrates 

temperature information and coordinates both the behavioral and autonomic 

responses that are necessary to maintain homeostasis [20]. The primary input into the 

thermoregulatory circuitry comes from the sensory neurons that have cell bodies in 

peripheral ganglia and axons in tissues such as the skin and spinal cord. Additionally, 

there are sensory neurons located within the brain that measure the temperature of 

the hypothalamus specifically. Within the hypothalamus, several regions have been 

identified that are essential for thermoregulatory responses (Figure 2.1.4). For 

example, the preoptic area (POA) has been shown to have thermosensitive neurons 

which induce BAT thermogenesis [58, 59]. However, the POA does not seem to be 

necessary for all types of thermoregulatory responses, as lesions to the rat POA were 

shown to have no effect on behavioral thermoregulatory responses [60, 61]. 

 
 

 

 

 

 

Figure 2.1.4 Hypothalamic circuitry underlying behavioral and autonomic 
thermoregulatory responses. The brain regions that have been found to be involved 
in various thermoregulatory processes and their proposed pathway to brown adipose 
tissue. Adapted from Tan & Knight, 2018 [20]. 
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Thermal information that is received in the POA is subsequently communicated to 

downstream structures such as the dorsomedial hypothalamus (DMH) and the rostral 

raphe pallidus (rRPA). These regions have been established as key regions for several 

physiological responses that are important for thermoregulation. For example, 

chemical stimulation of the DMH was shown to increase BAT thermogenesis, whereas 

silencing the DMH prevented it [62, 63]. Moreover, optogenetically stimulating the 

DMH resulted in an increase of heart rate and energy expenditure [64].  Although many 

regions within the hypothalamus have been shown to be important for 

thermoregulation in general, there have been few regions associated with both the 

physiological and behavioral aspects of thermoregulation. However, an exception to 

this seems to be the lateral hypothalamus (LHA). In recent studies, LHA neurons have 

been shown to be necessary for diverse thermoregulatory behaviors and for the 

control of energy homeostasis [23, 65]. On top of this, neurons that express orexins in 

the LHA have been shown to promote BAT thermogenesis [66]. Therefore, the LHA 

may be a crucial and essential region that is involved in both the physiological and the 

behavioral aspects of thermoregulation.  

 

2.1.4 Brain-wide mapping of cFos+ cells. 

Up until the 19th century the predominant view was that specific brain regions were 

responsible for certain cognitive functions [67]. However, recent studies have been 

shifting away from this, by adapting a more brain-wide approach to understand the 

underlying circuitry of complex behaviors. This novel framework suggests that 

cognitive functions are supported by the coordinated activity, or networks, of multiple 

brain regions. With these network-based approaches have been able to identify large-

scale anatomical and functional connections in the brain across species [68-71]. 

Moreover, multiple studies investigating how memories are stored in the brain have 

now leveraged these network-based approaches and quantified IEG activity 

throughout the entire brain [72-75]. To quantify IEG activity reliably throughout multiple 

regions, different tissue clearing techniques have been employed to facilitate 

maximum IEG visibility in different brain structures. Popular clearing techniques 

include, iDISCO, CLARITY and CUBIC [76-78]. All clearing techniques aim at making 

tissue transparent by minimizing light scattering and light absorption to allow for the 

imaging of large samples (Figure 2.1.5).  
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Finally, when these clearing techniques are combined with molecular labeling methods 

they enable for brain-wide imaging at cellular resolution [79]. With the advancement 

of these techniques, studies have been able to perform brain-wide analysis of neuronal 

activity and identify the functional connectivity between multiple brain regions. For 

example, previous studies have found the brain networks underlying contextual fear 

memory in mice and showed that a single memory is distributed across multiple brain 

regions, rather than just the amygdala and hippocampus [72, 75].  

 

This chapter’s research question aims at examining the underlying circuitry that is 

activated during the encoding and retrieval of a contextual cold experience. Moreover, 

we aimed at understanding the underlying brain networks of cold memories by 

analyzing the functional connectivity between multiple regions. Here, we designed a 

brain-wide c-Fos detection pipeline to be able to simultaneously count c-Fos+ neurons 

in hippocampal, hypothalamic, and cortical regions from animals that were encoding 

and recalling a cold experience.  

 
 
 
 

Figure 2.1.5 Principles of tissue clearing. Heterogenous substances such as 
proteins and lipids with different optical properties cause light scattering. Light 
scattering is caused by light absorbing components such as hemoglobin and melanin. 
Both light scattering and absorption cause tissue opacity. Tissue clearing techniques 
aim at making tissue optically transparent by reducing light scattering and absorption. 
Adapted from Tian et al., 2021 [79]. 
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METHODS 
2.2.1 Mice 

All experiments were performed with C57BL/6J mice. Male mice were used in all 

experiments. All mice were group-housed in a 12:12-h (07:00-19:00) light-dark colony 

room at 22°C. Food and water were provided ad libitum, and all testing was performed 

during the light phase. Mice used for experiments were approximately 8-12 weeks of 

age. All experiments were conducted in accordance with the European Directive 

2010/63/EU, under an authorization issued by the Health Products Regulatory 

Authority Ireland and approved by the Animal Ethics Committee of Trinity College 

Dublin. 

 

2.2.2 Brain Harvest  

Brains were harvested from mice that went through the above-described Cold Memory 

Schedule (methods chapter 1). All brains were harvested on baseline day 1, cold day 

1, baseline day 2 and test day 1. To ensure that the differences seen were due to the 

differences in conditions and not time of day, all brains were harvested exactly 3 hours 

after the mice were put inside the Promethion cages. 

 

2.2.3 Brain Tissue Preparation  

Mice were transcardially perfused with 4% paraformaldehyde (PFA), and brains were 

fixed in 4% PFA overnight. The next day, brains were transferred into phosphate 

buffered saline (PBS) and kept at 4°C. They were subsequently sliced in 100 μm 

coronal sections with a vibratome (Leica VT1200 S) and collected in PBS. 

 
2.2.4 Immunohistochemistry  

To get clear immunolabeling we utilized the previously described iDISCO-based 

immunohistochemistry protocol [76, 80]. Sections were rinsed 3 times in 1X (PBS) 

before subsequently being dehydrated in 50% MeOH/ PBS at room temperature for 

2.5 hours. Sections were then rinsed 3 times in 0.2% PBS with TritonX-100 (PBST) 

and blocked in 0.2% PBST with 10% dimethyl sulfoxide (DMSO) and 6% normal goat 

serum (NGS) for two hours at room temperature. After blocking, they were washed 3 

times in PBS with 0.2% Tween-20 and 10 μg/ml heparin (PTwH).  Sections were then 

incubated with primary antibody rabbit polyclonal IgG anti-c-Fos (1:1000) Invitrogen, 
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Waltham, MA) at 4°C on a shaker for 3 days in PTwH with 5% DMSO and 3% NGS.  

On day 4, sections were washed 3 times in PTwH and incubated with a secondary 

antibody Alexa 568 Anti-Rabbit IgG (1:500, Invitrogen, Waltham, MA) overnight at 4°C. 

The next day, sections were washed three times in PTwH, followed by 3 washes in 

PBS at room temperature. Finally, sections were stained with DAPI in PBS for 10 

minutes followed by a final wash in PBS. Sections were then mounted on superfrost 

slides using Vectashield-DAPI, cover slipped and sealed. 

 

2.2.5 Confocal Imaging  

All images were taken on a confocal scanning microscope (Leica TCS SP8, Leica 

Microsystems Inc.). Fluorescence from DAPI was detected at 417–488 nm, and Alexa 

Fluor 568 was detected at 595–650 nm. Sections were imaged with a dry 20x objective 

(NA 0.70, working distance 0.5 mm), with a pixel size of 1.14 x 1.14 μm2, a z step of 3 

μm, and a z-stack of approximately 25 μm. Fields of view were stitched together to 

form tiled images by using an automated stage and the algorithm of the LAS X 

software.   

 
2.2.6 Automated Cell Counting 

To perform automatic brain wide analysis of c-Fos+ cells we used the NeuroInfo 

software (MBF Bioscience). Briefly, immunohistochemistry-labelled whole brain 

sections were aligned to the Allen Mouse Brain Atlas using the registration tool within 

the program [81]. Here, brain sections were matched to the most closely 

corresponding atlas plate. All sections were manually adjusted where necessary, to 

ensure accurate fit. After the correct atlas plate was identified, all anatomical regions 

of interest were delineated and measured for size in μm2. Next, c-Fos+ cells were 

identified using the cell detection workflow. Throughout all sections, only cells between 

7 μm and 19 μm were counted for size consistency. These parameters where then 

combined with a deep learning algorithm to successfully identify c-Fos+ cells. Counts 

were then checked for accuracy and adjusted were necessary. Finally, detected cells 

were mapped to the Allen Mouse Brain Atlas and tallied in the corresponding 

anatomical brain structure. Normalized counts (cells per μm2) were subsequently 

plotted into Prism 10.0 for further analysis.  
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2.2.7 Network Analysis 

Cross-correlations between all pairs of regions were calculated in R as previously 

reported [74]. Pearson’s correlations were computed in all cases after which networks 

were created using the igraph package. To be able to interpret the networks, 

correlations with an absolute value below 0.5 were not included. Both positive and 

negative correlations were included in the networks. 

 
2.2.8 Statistics 

All data were analyzed using Prism 10. All data were graphed as means ± Standard 

errors of the mean (SEM). An alpha level of 0.05 was used as a criterion for statistical 

significance. The results of figures 2.3.1, 2.3.2, 2.3.3 and 2.3.4 were analyzed using 

repeated measure one-way ANOVAS with Tukey’s multiple comparison tests. Figures 

2.3.1 and 2.3.2 were furthermore analyzed with simple linear regressions. Figure 2.3.5 

was analyzed using unpaired t-tests. Figures 2.3.7 and 2.3.8 were made using 

Pearson’s correlations.  

 

2.2.9 Figure design and visualization 

Figures and graphical illustrations were created with Biorender (Biorender.com). 
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RESULTS 
2.3.1 Retrieval of a cold memory increases neural activity in the hippocampus. 

To identify the neuronal activity patterns underlying cold memory encoding and 

retrieval, we examined c-Fos expression throughout multiple brain regions. Here, we 

compared c-Fos activity during baseline (BL1), cold training day 1 (CL1) and test day 

(T1), to determine which regions were active during specific conditions (Figure 2.3.1a). 

To enable automated c-Fos detection in various hippocampal regions, all brains were 

run through an automated brain-wide counting pipeline (Figure 2.3.1b-c). Our results 

show no differences in the number of c-Fos+ cells in the DG between the BL1, CL1 

and T1 day conditions (Figure 2.3.1d). However, increased c-Fos activity was found in 

the CA3 and CA1 subregions of the hippocampus at CL1 and T1, compared to BL1, 

suggesting that CA3 and CA1 are important areas that are involved in contextual cold 

memories (Figure 2.3.1e-f). Although no raw differences in c-Fos+ cells were found in 

the DG between the three conditions, we hypothesized that there may be differences 

in how this region interacts with whole-body metabolism. As such, we correlated c-Fos 

activity in the DG with oxygen consumption (VO2) at BL1, CL1, or T1 (Figure 2.3.1g). 

Our results show that at BL1, there is no correlation between c-Fos activity in the DG 

and metabolic rate. At CL1, there is a significant negative correlation between VO2 and 

DG activity. However, at T1, there is a significant positive correlation between VO2 and 

DG activity (Figure 2.3.1g). A similar correlation pattern was observed in CA1 but not 

in CA3 (Figure 2.3.1h-i). We conclude that various subregions of the hippocampus are 

involved in the encoding or retrieval of contextual cold memories, and that the DG and 

CA1 play a role on T1 in regulating whole-body metabolism. 
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Figure 2.3.1 Neural activity in the hippocampus increases during the retrieval 
of a cold memory.  (a) Diagrammatic representation of experimental timeline for 
tissue collection. (b) Diagrammatic representation of the automated brain-wide c-
Fos detection pipeline used to identify c-Fos+ cells in multiple brain regions 
simultaneously. (c) Representative image of hippocampal slice (left) with c-Fos+ 
cells (red; bottom-right) and DAPI+ cells (blue; top-right). Comparison of c-Fos+ 
neurons normalized to area in the (d) DG (e) CA3 and (f) CA1 between mice housed 
during BL1, CL1 and T1. (g) Correlation between c-Fos+ cells in the DG and oxygen 
consumption between mice housed during BL1, CL1 and T1. (h) Correlation 
between c-Fos+ cells in the CA3 and oxygen consumption between mice housed 
during BL1, CL1 and T1. (i) Correlation between c-Fos+ cells in the CA1 and oxygen 
consumption between mice housed during BL1, CL1 and T1. Data shown as mean 
± SEM, n = 7-10 mice per group.* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
BL1, baseline 1; T1, Test 1; CL1, cold 1; DG, dentate gyrus; CA3, cornu ammonis 
3; CA1, cornu ammonis 1; VO2, oxygen consumption. 
 
 
 
 
 
 
 



 39 

2.3.2 The hypothalamus is important for the encoding and retrieval of a cold memory.  

Previous studies have identified the lateral hypothalamic area (LHA), medial preoptic 

area (MPO), and lateral preoptic area (LPO) as key regions involved in 

thermoregulation [82]. Therefore, we aimed at comparing c-Fos activity in these 

regions at BL1, CL1 and T1 (Figure 2.3.2a). In line with previous studies, we show that 

c-Fos activity in the LHA is upregulated when mice are exposed to the cold during CL1 

(Figure 2.3.2b). Interestingly, we found similar levels of activity in this area when mice 

were retrieving a cold memory on T1 compared to that on CL1. Although we also 

observed increased activity in the MPO and LPO during cold exposure (Figure 2.3.2c-

d), we found no increases in c-Fos activity in these areas on T1. Next, we analyzed c-

Fos activity in four additional hypothalamic regions to determine whether hypothalamic 

activity generally increased after cold exposure and cold memory retrieval (Figure 

2.3.2e-h). We found no significant differences in activity between BL1, CL1 or T1 in 

the periventricular hypothalamic nucleus (PVi), arcuate hypothalamic nucleus (ARH), 

ventromedial hypothalamic nucleus (VMH) or dorsomedial nucleus of the 

hypothalamus (DMH). This suggests that only certain subregions of the hypothalamus 

are important for the encoding and retrieval of a contextual cold memory. Finally, we 

tested whether the LHA, MPO and LPO correlated with metabolic rate. We found that 

mice that were exposed to the cold on CL1 showed a positive correlative trend 

between c-Fos activity in the LHA and oxygen consumption (Figure 2.3.2i). This trend 

was not found in any other condition or hypothalamic region (Figure 2.3.2j-k). These 

findings suggest that the LHA is important during encoding and retrieval of a cold 

memory, and that it correlates with metabolic rate during a cold experience.  
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Figure 2.3.2 Retrieval of a contextual cold memory increases neural activity in 
specific regions of the hypothalamus. (a) Diagrammatic representation of 
experimental timeline for tissue collection. Comparison of c-Fos+ neurons 
normalized to area in the (b) LHA (c) MPO (d) LPO (e) PVi (f) ARH (g) VMH and (h) 
DMH between mice housed during BL1, CL1 and T1. (i) Correlation between c-Fos+ 
cells in the LHA and oxygen consumption between mice housed during BL1, CL1 
and T1. (j) Correlation between c-Fos+ cells in the MPO and oxygen consumption 
between mice housed during BL1, CL1 and T1. (k) Correlation between c-Fos+ cells 
in the LPO and oxygen consumption between mice housed during BL1, CL1 and 
T1. Data shown as mean ± SEM, n = 3-10 mice per group.* p < 0.05, ** p < 0.01. 
BL1, baseline 1; T1, Test 1; CL1, cold 1; LHA, lateral hypothalamic area; MPO, 
medial preoptic area; LPO, lateral preoptic area; PVi, periventricular hypothalamic 
nucleus, intermediate part; ARH, arcuate hypothalamic nucleus; VMH, ventromedial 
hypothalamic nucleus; DMH, dorsomedial nucleus of the hypothalamus; VO2, 
oxygen consumption. 
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2.3.3 Encoding and retrieval of a cold memory increases activity in the insular and 

somatosensory cortex. 

The agranular insular cortex (AI) was recently been found to be involved in body-brain 

interactions, whereas the primary somatosensory cortex (SSp) has been shown to be 

a part of the neural circuitry underlying cold perception [8, 83]. Therefore, to further 

understand what brain regions are involved when mice encode and retrieve a cold 

experience, we quantified c-Fos activity in the insular and somatosensory cortex 

(Figure 2.3.3a). We found that both the AI and the SSp were highly activated when 

mice were exposed to a cold environment at CL1 (Figure 2.3.3b-c). In line with 

previous literature, this suggests that both cortical regions are important for thermal 

perception specifically and that they are part of the multimodal sensory input system. 

Interestingly, we found that the AI and SSp were also highly active when mice were 

retrieving a cold memory at T1 (Figure 2.3.3b-c). As such, we conclude that the AI and 

the SSp are important for both the encoding and the retrieval of cold memories. 
 
 

 
  

Figure 2.3.3 The insular and somatosensory cortex are important for the 
encoding and retrieval of cold memories. (a) Diagrammatic representation of 
experimental timeline for tissue collection. Comparison of c-Fos+ neurons 
normalized to area in the (b) AI and (c) SSp between mice housed during BL1, CL1 
and T1. Data shown as mean ± SEM, n = 6-9 mice per group.* p < 0.05, ** p < 0.01, 
*** p < 0.001, **** p < 0.0001. BL1, baseline 1; T1, Test 1; CL1, cold 1; AI, agranular 
insular area; SSp, primary somatosensory area; VO2, oxygen consumption. 
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2.3.4 The amygdala is not important for the retrieval of a cold memory.  

Previously, we have shown that mice avoid a cold-paired context if given the option 

(Chapter 1). Therefore, we hypothesized that a cold experience is associated with a 

negative valence, and that this experience is potentially linked to stress. Previous 

studies have extensively shown that stress exposure can induce amygdala activation 

and that this area is involved in the processing of emotionally arousing events [84]. 

Moreover, the bed nucleus of the stria terminalis (BST), has been identified as a 

potentially important area that mediates longer lasting responses to sustained stressful 

events [85]. To exclude the possibility that the above-described results are solely due 

to stress, we quantified c-Fos activity throughout multiple amygdalar regions and in 

the BST during BL1, CL1 and T1 (Figure 2.3.4a). In line with previous literature, we 

found that the BST and the central amygdalar nucleus (CeA) were significantly more 

activated during CL1 compared to BL1 (Figure 2.3.4b-e). No differences were found 

in the basolateral amygdalar nucleus (BLA) or the basomedial amygdalar nucleus 

(BMA). Moreover, we found no significant increases in any region during the retrieval 

of a cold memory on T1. These data suggest that being exposed to a cold environment 

is potentially stressful, yet retrieving a contextual cold memory is not stress dependent. 

As such, we conclude that although some stress is involved with real time cold 

exposure, our previously established effects on T1 are not specifically caused by 

stress. 
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  Figure 2.3.4 The amygdala is not activated during the retrieval of cold 

memories. (a) Diagrammatic representation of experimental timeline for tissue 
collection. Comparison of c-Fos+ neurons normalized to area in the (b) BST (c) BLA 
(d) BMA and (e) CeA between mice housed during BL1, CL1 and T1. Data shown 
as mean ± SEM, n = 7-10 mice per group. * p < 0.05, ** p < 0.01. BL1, baseline 1; 
T1, Test 1; CL1, cold 1; BST, bed nuclei of stria terminalis; BLA, basolateral 
amygdalar nucleus; BMA, basomedial amygdalar nucleus; CeA; central amygdalar 
nucleus; VO2, oxygen consumption. 
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2.3.5 Increases in neural activity are specific to the cold context.  

To confirm that the previously found increases in c-Fos activity were specifically due 

to the cold-paired context, we compared raw differences in c-Fos+ cells between BL2 

and T1 (Figure 2.3.5a). This enabled us to compare neural activity caused by re-

exposure to a cold-paired context with neural activity caused by re-exposure to a 

neutral context. Our results showed no differences in c-Fos activity between BL2 and 

T1 in the DG or CA3 (Figure 2.3.5b-c). However, increased neural activity was found 

in the CA1 on T1 compared to BL2 (Figure 2.3.5d), suggesting that the CA1 may have 

a unique role with regards to context specificity of cold memories. Although we found 

no significant differences between the BL2 and T1 in the LHA, there was a trending 

increase in c-Fos+ cells at T1 compared to at BL2 (Figure 2.3.5e). No differences were 

found in the MPO; however, a significant increase was found in the LPO (Figure 2.3.5f-

g). These data suggest, in line with our previous results, that the lateral sections of the 

hypothalamus are important for the retrieval of contextual cold memories. Next, we 

compared BL2 neural activity with T1 in the BST and found no differences between 

the two conditions, potentially suggesting that re-exposure to the cold context is not 

more or less stressful than re-exposure to a neutral context (Figure 2.3.5h). Finally, 

we found a large difference in neural activity in the AI at T1 compared to BL2 (Figure 

2.3.5i). Taken together, these data suggest that the increases in c-Fos+ cell activity 

found in the CA1, LHA, LPO and AI on T1 are context specific and important for the 

retrieval of a cold memory.  
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Figure 2.3.5 Increases in neural activity are specific to the cold context.  
(a) Diagrammatic representation of experimental timeline for tissue collection. 
Comparison of c-Fos+ neurons normalized to area in the (b) DG (c) CA3 (d) CA1 
(e) LHA (f) MPO (g) LPO (h) BST and (i) AI between mice housed during BL1, CL1 
and T1. Data shown as mean ± SEM, n = 6-10 mice per group. * p < 0.05, **** p < 
0.0001. BL2, baseline 2; T1, Test 1; BST, bed nuclei of stria terminalis; DG, dentate 
gyrus; CA3, cornu ammonis 3; CA1, cornu ammonis 1; LHA, lateral hypothalamic 
area; MPO, medial preoptic area; LPO, lateral preoptic area; BST, bed nuclei of stria 
terminalis; AI, agranular insular area; VO2, oxygen consumption. 
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2.3.6 Functional connectivity between the hippocampus and the hypothalamus 

increases during cold retrieval. 

To understand how functional connectivity between brain regions is altered during cold 

exposure and cold memory retrieval, we performed further correlational analyses of c-

Fos activity across brain regions (Figure 2.3.6a-c). From this, we built correlational 

networks that corresponded to BL1, CL1, and T1 to further visualize changes in 

functional connectivity (Figure 2.3.7a-c). We found that, compared to the baseline 

network, there was increased functional connectivity between hypothalamic regions 

when mice are exposed to the cold (Figure 2.3.7a-b). Moreover, we found an increase 

in functional connectivity between the hippocampus and the hypothalamus when mice 

are recalling the cold, compared to when they are experiencing the cold, which is not 

observed in the baseline network (Figure 2.3.7a-c). These data suggest that this is a 

plasticity feature that only forms after mice encode a cold contextual memory.  
 

 
  Figure 2.3.6 Functional connectivity between the hippocampus and 
hypothalamus increases during cold recall. (a) Correlation matrix of c-Fos+ cells 
normalized to area during baseline day (BL1), with positive (red) and negative (grey) 
correlations. (b) Correlation matrix of c-Fos+ cells normalized to area during cold 
training day (CL1), with positive (red) and negative (grey) correlations. (c) 
Correlation matrix of c-Fos+ cells normalized to area during the recall of a contextual 
cold memory on test day, with positive (red) and negative (grey) correlations.  n = 7-
9 mice per group. DG, dentate gyrus; CA3, cornu ammonis 3; CA1, cornu ammonis 
1; LHA, lateral hypothalamic area; MPO, medial preoptic area; LPO, lateral preoptic 
area; BST, bed nuclei of the stria terminalis; AI, agranular insular area. 
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  Figure 2.3.7 Functional connectivity between the hippocampus and the 

hypothalamus is important for the retrieval of a cold memory. Correlation 
analysis of c-Fos+ cells between brain regions at (a), baseline (BL1), (b), cold 
exposure (CL1), and (c), cold recall (T1). Correlations with R>.5 are displayed in 
red. Correlations with R<.5 are displayed in grey. Line thickness is proportional to 
the strength of the correlation (R value). n = 7-10 mice per group. DG, dentate gyrus; 
CA3, cornu ammonis 3; CA1, cornu ammonis 1; LHA, lateral hypothalamic area; 
MPO, medial preoptic area; LPO, lateral preoptic area; BST, bed nuclei of the stria 
terminalis; AI, agranular insular area. 
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DISCUSSION 
In this chapter, we used an automated brain-wide detection protocol to determine 

which brain regions are important for encoding and retrieval of a cold experience. With 

this protocol, we found an increase in c-Fos+ cell activity in specific hippocampal, 

hypothalamic, and cortical regions. Moreover, we showed that the c-Fos activity in the 

DG, CA1 and LHA correlated with whole-body metabolism during the encoding and 

retrieval of cold memories. By analyzing several amygdalar regions, we also found 

that although a cold experience may be stressful, retrieving a cold memory is not. 

Finally, we showed that the retrieval of a cold memory resulted in increased functional 

connectivity between the hippocampus and the hypothalamus.  

 
The development of clearing techniques and molecular labeling methods that allow for 

brain-wide imaging at cellular resolution has revolutionized the way brain activity is 

analyzed. With these techniques, we were able to simultaneously assess IEG activity 

in multiple brain regions and determine how the activity in these regions correlate with 

one another. By doing so, we aimed at obtaining a more accurate representation of 

neural activity following the retrieval of a cold memory. However, in this study we only 

analyzed c-Fos activity. To further understand the role that different IEGs play in the 

encoding and retrieval of contextual cold experiences, future studies are necessary 

that perform brain-wide analyses with other IEGs such as Arc, for example. Indeed, 

recent studies have shown low overlap between ensembles labeled by both Arc and 

c-Fos, despite them labeling the same experience [86].  

 

When analyzing the neural activity of the DG, we found no differences between any of 

the conditions that were quantified. The DG has previously been shown to be crucial 

for the formation of contextual representations, pattern separation and encoding of 

spatial information [87-89]. In general, all four of the investigated conditions (BL1, CL1, 

BL2 and T1) were highly contextual experiences. As such, the similar levels of c-Fos+ 

cell activity that were observed between conditions are in line with published literature 

[87, 88]. Interestingly, both the CA3 and CA1 showed increased activity after cold 

exposure during CL1. This raises the question of whether there are innate cold-

sensing cells present in these areas. The hippocampus has been found to hold warm-

sensitive cells, as exposure to warm temperatures resulted in increased c-Fos 

expression in the DG [90]. To our knowledge, innate cold-sensitive cells have not been 
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identified in the hippocampus specifically. As such, future follow up studies will be 

necessary to determine whether the CA3 and CA1 do indeed contain such cells. In 

this study, we analyzed neural activity during CL1, to prevent confounding memory 

effects that might be present during CL2 and CL3. Future comparisons of c-Fos activity 

between the three cold training days may give us more insight as to what regions hold 

innate cold-sensing cells in general, in addition to how a memory representation might 

change throughout repeated exposure to the same contextual experience.   

 

As described above, many studies have previously linked the hypothalamus with the 

coordination of thermoregulatory responses. In alignment with this, we found that the 

LHA, MPO and LPO are activated when mice are exposed to a cold environment. We 

also found that this increase does not happen throughout the entire hypothalamus, 

suggesting that cold experiences activate specific hypothalamic subregions. 

Interestingly, we found that from all the regions examined, only the LHA is activated 

when mice retrieve a cold memory. This finding fits with the idea that the LHA may act 

as an integrator of metabolic and environmental needs [91]. Indeed, it has been 

suggested that LHA neurons can sense glucose, leptin, and CO2, and that this 

structure is essential for metabolic function in general [92]. Future studies are needed 

to investigate how the LHA exerts its effects on whole-body metabolism in general and 

during cold challenges specifically. 

 

Our results indicated that cortical regions are involved when mice are exposed to a 

cold environment, as both the AI and SSp showed increased c-Fos activity at CL1. In 

humans, insular infarctions have been shown to result in the loss of cold- and cold 

pain perception, and in rodents a secondary somatosensory representation has been 

found to be located in the AI [93-95]. The AI might therefore be involved in cold-

perception, in addition to being important for body-brain interactions. Interestingly, both 

the SSp and the AI showed increased activity when mice retrieved a contextual cold 

memory at T1. This raises the question of whether mice also perceive or ‘feel’ cold 

when they retrieve a cold memory. For example, it is possible that mice perceive the 

environment as actual cold when they recall a contextual memory, and that this is due 

to increased activity in cortical regions. 
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Finally, by analyzing the BST and amygdalar regions, we attempted to determine 

whether a cold experience and a cold memory are associated with stress. We found 

increased activity in the BST and CeA during CL1 but not during T1. This suggests 

that being exposed to a cold environment causes some stress, but that remembering 

a cold environment does not. However, it remains complicated to disentangle the exact 

effects that stress and cold have on different brain regions, as cold exposure will 

inevitably be a negative and stressful experience. It is therefore likely that mice 

remember that a specific context is associated with the cold because the original cold 

experience became salient due to it being stressful or negative. We therefore conclude 

that stress is involved during cold exposure, but that our findings during memory 

retrieval are not due to stress only.  

 

In this chapter we aimed at furthering our understanding into the brain circuitry that 

underlies cold exposure and the retrieval of a cold memory. Taken together, we show 

that specific hippocampal and hypothalamic regions are involved in the encoding and 

retrieval of a cold memory. These findings were then used as a guide in subsequent 

chapters. Although we quantified many different regions, we were not able to analyze 

the entire brain. Future studies will be necessary where intact brains are cleared and 

analyzed for IEG activity to get a complete picture regarding the underlying whole-

brain networks that are important for the encoding and retrieval of temperature 

memories.   
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Chapter 3: 

Cold-sensitive memory ensembles are 

located in the DG, LHA, and MPO 

which correlate with metabolic rate.   
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INTRODUCTION 
3.1.1 Past and present definitions of the engram.  

Memory is defined as the ability to encode, store, and retrieve information [96]. Indeed, 

in order to develop adaptive behavior to survive, animals encode information through 

learning processes and store this information in the form of memories [97]. In 1904, 

Richard Semon introduced the term ‘engram’ for the first time to describe how 

memories are represented in the brain [98, 99]. Semon described the engram as ‘’the 

enduring though primarily latent modification in the irritable substance produced by a 

stimulus’’ [98, 99]. Essentially, Richard Semon considered the engram to be the 

equivalent of a memory trace. Years after this conceptualization, the psychologist Karl 

Lashley attempted to systematically locate an engram in the rodent brain [100-102]. 

In his studies, Lashley trained animals on a memory task and subsequently removed 

cortical tissue from different locations and in varying sizes (Figure 3.1.1). He would 

then observe how these lesions would affect the behavior of animals on the memory 

task. Lashley concluded that the behavioral impairments he subsequently found 

mostly correlated with the size off the lesion, and not with the location. His final 

conclusion therefore was that engrams cells were not located in the cortex specifically, 

and that they were too difficult to find in general [103].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.1 Lesion localization method. Lesion localization method with Lashley’s 
handwritten anatomical notes. Adapted from Nadel & Maurer, 2020 [102]. 
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Although Lashley was not successful in finding the engram, he and Semon inspired 

many other scientist to search for it [104-106].  Based on Semon’s theories, the 

engram is currently defined as the enduring physical and chemical changes that were 

elicited by learning and that underlie new memories [15, 107]. According to this 

definition, cells are considered to be engrams if: 1) they are activated by a learning 

experience, 2) they are physically and/or chemically modified by that learning 

experience, 3) reactivation of these cells results in the retrieval of the original memory, 

and 4) they are necessary for the retrieval of the original memory [15, 107, 108]. 

 

3.1.2 Finding the engram with observational studies. 

In the recent decade, the hunt for the engram has intensified due to the development 

of novel tools that enable scientists to visualize and manipulate individual cells. Many 

of these tools rely on IEG promoters to visualize neurons that were active during a 

particular experience. Indeed, cells that were active during a training experience can 

be labeled using viral or genetic strategies that allow temporally inducible IEG 

promotors that enable the expression of long-lasting fluorescent markers [109-111]. 

Cells active during the memory retrieval can subsequently be identified by using IEG 

immunohistochemistry. The overlapping cells that were both active during training and 

during memory retrieval are then identified to study engram biology (Figure 3.1.2).  

 

 

 

 

Figure 3.1.2 Indelible labeling of engram cells. Cells that were active during the 
encoding of an experience are labeled with EYFP. Cells that were active during the 
retrieval of the experience (the memory) are identified with the IEG Arc. The cells 
that are active during both experiences are engram cells. Adapted from Denny et 
al., 2014 [110]. 
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One of the earliest studies using these techniques showed that neurons that were 

active during an auditory fear conditioning task could be labeled in the amygdala. After 

three days, mice were returned to the training context and active neurons were marked 

with the IEG ZIF268. To identify the engram cells associated with auditory fear 

conditioning, all cells that were active during training and memory retrieval were 

quantified. In this study, they showed that approximately 11% of the total cells in the 

amygdala were active during both experiences and were therefore identified as 

engram cells [109]. Using similar techniques, engram cells have been observed across 

different brain regions such as the hippocampus and the cortex, for many different 

types of experiences [110, 112-114]. Taken together, observational studies like the 

ones above have provided evidence for the existence of the engrams cells that were 

described by Semon over a century ago.  

 

3.1.3 Finding the engram with gain-of-function studies.  

To show that engram cells are actually necessary for the representation of an 

experience, various studies have aimed at artificially reactivating engram cells 

specifically. This has been made possible by combining optogenetic tools with engram 

labeling techniques (Figure 3.1.3). In the first engram specific gain-of-function study, 

researchers labeled DG neurons that were active during contextual fear conditioning 

with the excitatory opsin channelrhodopsin 2 (ChR2). They subsequently showed that 

artificial reactivation of the labeled DG neurons induced the learning-specific 

conditioned response [16]. Various studies have now shown that artificial reactivation 

of engram cells can induce memory expression in a variety of tasks. For example, 

optogenetic stimulation of fear acquisition neurons was shown to elicit fear in mice, 

whereas activation of extinction neurons suppressed fear [113]. Similar results have 

been shown for engram cells outside of the hippocampus, as artificial stimulation of 

fear engrams in the retrosplenial cortex (RSC) were shown to produce context-specific 

behavior [115]. Moreover, by combining engram technology with optogenetic 

reactivation researchers have been able to shed light on the underlying neural circuits 

of complex matters such as emotional memory, infantile and adult amnesia, and 

Alzheimer’s disease [116-119]. Together, these experiments demonstrate that cells 

that are activated by learning are able to elicit memory recall once they are reactivated, 

and that these cells can be considered to be engram cells. 
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3.1.4 Finding the engram with loss-of-function studies. 

Loss-of-function studies rely on similar techniques as the gain-of-function studies 

described above (Figure 3.1.3). However, these studies aim at inhibiting memory-

related neurons to cause memory impairments. Memory engrams have been 

successfully silenced in a variety of brain regions within the hippocampus and 

amygdala. For example, neuronal populations that were labeled in the DG or CA3 

during fear memory acquisition were shown to cause impaired fear memory recall after 

optogenetic inhibition [110]. Similar results were found for other hippocampal regions, 

as memory impairments were found when labeled CA1 engrams were inhibited [120]. 

These types of studies hold a large translational value, as silencing engrams 

associated with maladaptive behaviors could prove to be beneficial in general. For 

example, silencing neurons associated with a cocaine memory was shown to result in 

reduced cocaine seeking behavior [121]. In general, these loss-of-function studies 

show that inhibiting memory engram cells leads to the disruption of a specific memory.  

 

 
 

 

 

 

 

 

Figure 3.1.3 Artificially reactivating engram cells. Neurons that were active 
during the formation of fear memory were labeled with ChR2. Using blue light, these 
neurons are subsequently reactivated in a neutral context. Adapted from Tonegawa 
et al., 2015 [108]. 
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3.1.5 Engram labeling strategies. 

Viral and genetic strategies that allow for the expression of fluorescent markers have 

proven to be key in order to label and study engram cells. In the past decade, many 

different strategies have been developed that allow for the labeling of neurons that 

were active during a training experience [122]. These strategies can generally be 

subdivided into two classes: IEG-based strategies and strategies using synthetic 

promoters (Figure 3.1.4). Both designs can be further subdivided into either 

doxycycline (dox) or tamoxifen dependent strategies. For instance, the Fos-tTa 

transgenic mouse is an example of a dox dependent IEG-based strategy. In this 

mouse, a Fos promoter drives expression of the repressible tetracycline transactivator 

(tTa), which is inhibited in the presence of dox. In the absence of dox, the tTa will bind 

to a tetracycline response element (TRE), where it will eventually cause the expression 

of an effector protein [109].  

 

On the other hand, Robust Activity Marking (RAM) is a good example of a dox 

dependent viral strategy that uses a synthetic promoter. Here, a small synthetic 

promoter called PRAM drives the expression of a destabilized tTa, which in the 

absence of dox will bind to TRE and allow for the expression of an effector protein 

[123]. Dox dependent strategies have proven to be useful for the labeling of active 

neurons, however, these strategies have a large labeling window (1-3 days).  

Alternatively, tamoxifen dependent strategies have much smaller labeling windows (6-

24 hours) and allow for permanent labeling of active neurons. The ArcCreERT2 and 

the TRAP2 mice are good examples of well documented tamoxifen dependent IEG-

based labeling strategies. In both these lines, CreERT2 is knocked into the Fos or Arc 

translation sites. In the presence of tamoxifen (4-OHT), CreERT2 will translocate to the 

nucleus to recombine floxed alleles, which eventually results in the permanent 

expression of effector proteins [110, 111]. Finally, E-SARE is a well-known example of 

a viral strategy that uses a synthetic promoter that is tamoxifen dependent. This 

synthetic promoter has five repeats of a synaptic-activity responsive element (SARE) 

that drives CreERT2. In the presence of tamoxifen, CreERT2 will translocate to the 

nucleus, allowing for temporal control and permanent labeling of active neurons [124]. 

Taken together, these and other strategies have enabled researchers to label and 

manipulate neurons that were active during a specific experience with high temporal 

control and specificity. 
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In this chapter, we set out to identify the engrams cells that are involved in a contextual 

cold memory. To do so, we created a novel transgenic mouse by combining TRAP2 

transgenic mice with a R26R reporter line. This mouse was created to ensure 

consistent labeling in the hypothalamus. Here, we designed a labeling paradigm that 

would allow us to identify the cells that were active during the encoding and retrieval 

of a cold experience. Taken together, this chapter’s research question aims at 

identifying cold-sensitive engrams and determining their influence on whole-body 

metabolism.  

 
 
 
 
 
 
 
  

Figure 3.1.4 Engram labeling strategies. To label cells that were active during a 
particular experience, two strategies can be employed: IEG-based strategies or viral 
strategies using a synthetic promoter. Moreover, both designs can be further 
subdivided based on whether they are dependent on doxycycline or tamoxifen.  
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METHODS 
3.2.1 Mice 

All experiments were performed with TRAP2 x R26R mice. These mice were created 

by breeding heterozygous TRAP2 mice [111] with homozygous R26R mice [125]. Male 

mice were used in all experiments. All mice were group-housed in a 12:12-h (07:00-

19:00) light-dark colony room at 22°C. Food and water were provided ad libitum, and 

all testing was performed during the light phase. Mice used for experiments were 

approximately 8-12 weeks of age. All experiments were conducted in accordance with 

the European Directive 2010/63/EU, under an authorization issued by the Health 

Products Regulatory Authority Ireland and approved by the Animal Ethics Committee 

of Trinity College Dublin. 

 

3.2.2 Experimental labeling paradigm 

Here, we adapted our previously developed cold training schedule (chapter 1) to 

enable the labeling of cold-sensitive engrams. Male mice were taken from their home 

cage each morning and individually housed in the Promethion cages for a maximum 

of eight hours. On day one and two, mice were placed into the Promethion cages at 

21°C to allow them to habituate to the machine. On day three, mice were put into the 

Promethion cages at 21°C while metabolic and behavioral data were simultaneously 

recorded in order to establish baseline measurements (Context A). On day four, the 

cages were changed before the mice were placed inside. Contextual cues were added 

to the chambers, including wall and floor patterns, brighter lights, different bedding and 

3 drops of acetic acid odor (Context B). Once the mice were placed into the cages, the 

temperature decreased in increments of ~10 degrees per hour. As such, the mice 

spent a total of 6 hours in the altered context at a temperature of 4°C. To label the 

neurons that were active during these 6 hours of 4°C cold exposure, mice were 

injected with tamoxifen five hours after being put in the Promethion cages. Immediately 

after labeling, all mice were returned to their home cages. Mice subsequently went 

through two additional training days as previously described. After these training days, 

mice were returned and kept in their home cages for a two-day break period. Next, on 

day nine, mice were put back into the Promethion cages without any of the additional 

cues at 21°C to allow for a second baseline measurement (Context A). Finally, on day 

ten half of the animals were put back into the cages (Context B) and the other half was 

kept in their homecage. 
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3.2.3 4-OHT 

To label cold-sensitive engrams in TRAP2 x R26R transgenic animals, we 

intraperitoneally injected mice with 4-OHT (50 mg/ kg, Santa Cruz). All 4-OHT was 

freshly prepared on the labeling day in a mix of sunflower seed oil and castor oil (4:1, 

Sigma-Aldrich) at 10 mg/ml [126].  

 

3.2.4 Brain Harvest  

Brains were harvested from mice that went through the above-described labeling 

paradigm. More specifically, all brains were harvested from either test animals on test 

day 1 or from control animals that were kept in their home cage. To ensure that the 

differences seen were due to the differences in conditions and not time of day, all 

brains were harvested exactly 3 hours after the mice were put inside the Promethion 

cages. Brains that were harvested from home cage controls were harvested at the 

exact same time as those harvested from the test animals.  

 

3.2.5 Brain Tissue Preparation  

Mice were transcardially perfused with 4% paraformaldehyde (PFA), and brains were 

fixed in 4% PFA overnight. The next day, brains were transferred into phosphate 

buffered saline (PBS) and kept at 4°C. They were subsequently sliced in 100 μm 

coronal sections with a vibratome (Leica VT1200 S) and collected in PBS. 

 
3.2.6 Immunohistochemistry  

In order to get clear immunolabeling we utilized the previously described iDISCO-

based immunohistochemistry protocol [76, 80]. Sections were rinsed 3 times in 1X 

phosphate buffered saline (PBS) before subsequently being dehydrated in 50% 

MeOH/ PBS at room temperature for 2.5 hours. Sections were then rinsed 3 times in 

0.2% PBS with TritonX-100 (PBST) and blocked in 0.2% PBST with 10% dimethyl 

sulfoxide (DMSO) and 6% normal goat serum (NGS) for two hours at room 

temperature. After blocking, they were washed 3 times in PBS with 0.2% Tween-20 

and 10 μg/ml heparin (PTwH).  Sections were then incubated with primary antibody 

chicken polyclonal anti-GFP (1:1,000, Invitrogen, Waltham, MA) and rabbit polyclonal 

IgG anti-c-Fos (1:1,000, Invitrogen, Waltham, MA) at 4°C on a shaker for 3 days in 

PTwH with 5% DMSO and 3% NGS.  On day 4, sections were washed 3 times in PTwH 
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and incubated with secondary antibodies Alexa 568 Anti-Rabbit IgG (1:500, Invitrogen, 

Waltham, MA) and Alexa 488 Anti-Chicken IgG (1:500, Invitrogen, Waltham, MA) 

overnight at 4°C. The next day, sections were washed three times in PTwH, followed 

by 3 washes in PBS at room temperature. Finally, sections were stained with DAPI in 

PBS for 10 minutes followed by a final wash in PBS. Sections were then mounted on 

superfrost slides using Vectashield-DAPI, cover slipped and sealed.   

 

3.2.7 Confocal Imaging  

All images were taken on a confocal scanning microscope (Leica TCS SP8, Leica 

Microsystems Inc.). Fluorescence from DAPI was detected at 417–488 nm, Alexa 

Fluor 568 was detected at 595–650 nm, and Alexa Fluor 488 was detected at 500-

550nm. Sections were imaged with a dry 20x objective (NA 0.70, working distance 0.5 

mm), with a pixel size of 1.14 x 1.14 μm2, a z step of 3 μm, and a z-stack of 

approximately 25 μm. Fields of view were stitched together to form tiled images by 

using an automated stage and the algorithm of the LAS X software.   

 

3.2.8 Cell Counting   

After imaging, stitched TIF files were imported into Fiji [127]. Regions of interest (the 

DG, LHA, MPO and LPO) were subsequently manually drawn and measured for their 

size in μm2. Next, eYFP+, c-Fos+ and co-labeled cells were bilaterally identified and 

counted throughout the entire z-stack. All cell counts were normalized to their 

respective areas and plotted as cells per μm2. 

 

3.2.9 Statistics 

All data were analyzed using Prism 10. All data were graphed as means ± Standard 

errors of the mean (SEM). An alpha level of 0.05 was used as a criterion for statistical 

significance. The results of figure 3.3.1 were analyzed using unpaired t-tests. Figure 

3.3.2 was analyzed with simple linear regressions. Figures 3.3.3 and 3.3.4 were made 

using Pearson’s correlations 

 

3.2.10 Figure design and visualization 

Figures and graphical illustrations were created with Biorender (Biorender.com). 
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RESULTS 
3.3.1 Cold-sensitive memory ensembles are located in the DG, LHA, and MPO. 

As previously described, engrams have been identified in many different areas of the 

brain, such as the hippocampus, amygdala and prefrontal cortex for various sensory 

modalities [74, 110, 115, 116, 118, 128]. Yet, no studies have shown reliable 

hypothalamic engram labeling. To better understand how cold memories are encoded 

and retrieved, we aimed at achieving optimal labeling in DG, LHA, MPO, and LPO. To 

do so, we crossed TRAP2 mice [111] with R26R-STOP-floxed enhanced yellow 

fluorescent protein (eYFP) transgenic mice [110, 125]. To quantify activated engram 

cells in multiple brain regions, mice were put through a cold engram labeling protocol 

(Figure 3.3.1a-b). Here, cold-sensitive engrams were labeled by injecting 4-OHT on 

cold day 1. Subsequent immunohistochemical analysis revealed consistent labeling in 

all target areas (Figure 3.3.1c). Next, the number of eYFP+ cells were quantified in the 

DG, LHA, MPO, and LPO (Figure 3.3.1c-g). Our results show no differences in the 

number of eYFP+ cells between mice recalling a contextual cold memory at T1 and 

home cage controls in the DG, LHA, MPO, or LPO, suggesting comparable amounts 

of labeled cells in both groups (Figure 3.3.1d-g). We then quantified the number of c-

Fos+ cells between the groups (Figure 3.3.1h-l). There was a significant increase in 

the number of c-Fos+ cells in mice retrieving the cold in the LHA (Figure 3.3.1j), 

whereas no significant differences were found in the DG, MPO, or LPO (Figure 3.3.1i, 

k-l). Finally, we quantified the cells active during both encoding and expression of a 

cold memory (i.e., ((c-Fos+eYFP+)/eYFP+; Figure 3.3.1m). Our results show a 

significant increase in co-labeling in the DG, LHA and MPO (Figure 3.3.1o-p), but not 

in the LPO (Figure 3.3.1q) in mice retrieving a cold memory when compared to home 

cage controls. Together, these data suggest that cold-sensitive memory engrams are 

located in the DG, LHA, and MPO. 
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  Figure 3.3.1 Putative contextual cold memory engrams labeled in the DG, LHA 

and MPO.  (a) Genetic strategy. (b) Diagrammatic representation of experimental 
timeline to label cold-sensitive memory ensembles in TRAP2 x R26R mice, including 
timeline for tissue collection. (c) Representative image of a hypothalamic slice with 
eYFP+ cells in green. Comparison of eYFP+ neurons normalized to area between 
the test cohort and home cage control cohort in (d), the DG, (e), the LHA, (f), the 
MPO and (g), the LPO. (h) Representative image of c-Fos+ cells in red. Comparison 
of c-Fos+ neurons normalized to area between the test cohort and home cage 
control cohort in (i), the DG, (j), the LHA, (k), the MPO and (l), the LPO. (m) 
Representative image of eYFP+c-Fos+ colabeled cells with eYFP in green, c-Fos in 
red and colabeled in yellow. Comparison of colabeled neurons between the test 
cohort and home cage control cohort in (n), the DG, (o), the LHA, (p), the MPO and 
(q), the LPO.Data shown as mean ± SEM, n = 6 mice per group. * p < 0.05, ** p < 
0.01, *** p < 0.001. HC, home cage; Ctx, context; h, hour; m, minutes; DG, dentate 
gyrus; LHA, lateral hypothalamic area; MPO, medial preoptic area; LPO, lateral 
preoptic area. 
 
 
 
 
 



 63 

3.3.2 Contextual cold engrams correlate with metabolic rates. 

Previous studies have shown that correlational analyses can help determine how 

engram cell activity influences behavioral responses. For example, Reijmers and 

colleagues showed that the number of engram cells in the lateral amygdala correlated 

with freezing behavior in mice that underwent fear conditioning [109]. In a similar 

fashion, we examined how increased reactivation of cold-sensitive engrams affected 

whole-body metabolism. To do so, we correlated the amount of co-labeled cells in the 

DG with the metabolic rates that were measured exactly 45 minutes before the brains 

were harvested (Figure 3.3.2a-b). As such, we were able to correlate cold-sensitive 

engram cell activity in the DG with VO2, VCO2, and EE.  We found strong positive 

correlations between cold engram cell reactivation and metabolic rate at T1 and CL1, 

but not at BL1 (Figure 3.3.2c-f). These results show that increased cold engram 

reactivation correlates with increases in whole-body metabolism during both recall and 

encoding on the original training day. 
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Figure 3.3.2 Cold-sensitive memory ensembles in the DG correlate with 
metabolic rate.  (a) Genetic strategy. (b) Diagrammatic representation of 
experimental timeline to label cold-sensitive memory ensembles in TRAP2 x R26R 
mice, including timeline for tissue collection. (c) Representative DG image of 
eYFP+c-Fos+ colabeled cells with eYFP in green, c-Fos in red and colabeled in 
yellow. (d) Correlation between the percentage of colabeled/ eYFP+ cells in the DG 
and oxygen consumption at T1, CL1 and BL1. (e) Correlation between the 
percentage of colabeled/ eYFP+ cells in the DG and carbon dioxide production at 
T1, CL1 and BL1. (f) Correlation between the percentage of colabeled/ eYFP+ cells 
in the DG and energy expenditure at T1, CL1 and BL1. Data shown as mean ± SEM, 
n = 6 mice per group. HC, home cage; Ctx, context; h, hour; m, minutes; DG, dentate 
gyrus; VO2, oxygen consumption; BL1, Baseline 1; CL1, Cold 1; T1, test 1; VCO2, 
carbon dioxide production; EE, energy expenditure. 
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3.3.3 The DG and LHA show coordinated engram activity when mice recall the cold. 

To further understand how contextual cold memories are stored throughout the brain, 

we performed correlational analyses of engram reactivation across brain regions. 

Previous studies have namely shown that correlation heatmaps of engram reactivation 

can further our understanding of how different memories are stored across multiple 

regions [74]. Here, we compared coordinated engram activity between animals 

retrieving a contextual cold memory and home cage control animals. Our analyses 

revealed a significant positive correlation between the DG and LHA in animals 

retrieving a cold memory (Figure 3.3.3b), whereas this type of coordinated activity was 

not found in the home cage control animals (Figure 3.3.3c). Similarly, we find 

coordinated activity between the MPO and LPO in test animals but not in controls 

(Figure 3.3.3a-b). In line with our previous c-Fos data, these results suggest that when 

mice recall the cold, a specific pathway emerges between the DG and LHA, in addition 

to a connection between the MPO and LPO, and that coordinated hypothalamic 

activity is essential for contextual cold memories. 
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Figure 3.3.3 Coordinated activity between the DG and LHA is essential for 
contextual cold memories. (a) Diagrammatic representation of experimental 
timeline to label cold-sensitive memory ensembles in TRAP2 x R26R mice, including 
timeline for tissue collection. (b) Correlation of percentage of colabeled/ eYFP+ cells 
during the recall of a contextual cold memory on test day. Asterisks represent a 
significant correlation. (c) Correlation of percentage of colabeled/ eYFP+ cells of the 
home cage control group. Data shown as mean ± SEM, n = 6 mice per group. * p < 
0.05. HC, home cage; Ctx, context; h, hour; m, minutes; DG, dentate gyrus; LHA, 
lateral hypothalamic area; MPO, medial preoptic area; LPO, lateral preoptic area. 
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3.3.4 Cold engrams in the DG and LHA specifically correlate with metabolic rates. 

As described above, we found that cold-sensitive memory engrams are located in the 

DG, LHA, and MPO (Figure 3.3.1). Moreover, we show that cold-sensitive memory 

ensembles in the DG covaried with metabolic rate during T1 and CL1 (Figure 3.3.2). 

Here, we aimed at determining whether these results were specific to the DG or 

whether all the areas that were found to hold contextual cold engrams covary with 

metabolic rates. To investigate this, we created correlation matrices that included 

engram cell activity from the DG, LHA, MPO and LPO, and the metabolic rates of T1, 

BL1 and CL1 (Figure 3.3.4a-d). In line with our previous results, we found that cold 

engrams in the DG correlated with VO2 and EE during T1 and CL1. However, these 

correlations were not observed with the cold engram cells found in the LHA, MPO and 

LPO (Figure 3.3.4b, d). Finally, we found that cold engrams in the DG and LHA both 

correlated with VCO2 on T1 specifically (Figure 3.3.4c). These results were specific to 

the DG and LHA, as these correlations were not found for the MPO or LPO. Moreover, 

we found that engram activity in general did not correlate with the metabolic rates 

during BL1 (Figure 3.3.4b-d). Taken together, these data suggest that engram cell 

reactivation in the DG and LHA specifically contribute to the increased metabolic rates 

that were observed on T1 and CL1.  
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  Figure 3.3.4 Correlation matrices of cold engram activity and metabolic rates. 
(a) Diagrammatic representation of experimental timeline to label cold-sensitive 
memory ensembles in TRAP2 x R26R mice, including timeline for tissue collection. 
(b) Correlation matrix of the percentage of colabeled/ eYFP+ cells during the recall 
of a contextual cold memory on test day and the amount of oxygen consumed on 
T1, BL1 and CL1. (c) Correlation matrix of the percentage of colabeled/ eYFP+ cells 
during the recall of a contextual cold memory on test day and the amount of carbon 
dioxide consumed on T1, BL1 and CL1. (d) Correlation matrix of the percentage of 
colabeled/ eYFP+ cells during the recall of a contextual cold memory on test day and 
energy expenditure on T1, BL1 and CL1. Data shown as mean ± SEM, n = 6 mice 
per group. * p < 0.05, # p < 0.1. HC, home cage; Ctx, context; h, hour; m, minutes; 
DG, dentate gyrus; LHA, lateral hypothalamic area; MPO, medial preoptic area; 
LPO, lateral preoptic area; BL1, Baseline 1; CL1, Cold 1; T1, test 1; VO2, oxygen 
consumption; VCO2, carbon dioxide production; EE, energy expenditure. 
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DISCUSSION 
In this chapter, we designed a novel transgenic mouse that enabled us to consistently 

label cold-sensitive engrams in hippocampal and hypothalamic regions. By combining 

TRAP2 mice with R26R-STOP-floxed eYFP transgenic mice, we were able to visualize 

and quantify contextual cold engrams in the DG, LHA, MPO and LPO. By combining 

these mice with a behavioral labeling protocol, we found a significant increase in co-

labeling in the DG, LHA and MPO in mice retrieving a cold memory, compared to home 

cage controls. We also showed that when mice recall the cold, a specific pathway 

emerges between the DG and LHA, and that coordinated hypothalamic activity is 

essential for contextual cold memories. Finally, we show that cold-sensitive memory 

ensembles in the DG and LHA correlate with metabolic rate, suggesting that cold 

engram cells are involved in whole-body metabolism.   

 

In this study we relied on a tamoxifen dependent tagging strategy to label cold-

sensitive engram cells. One big advantage of using a tamoxifen dependent tagging 

system was the smaller labeling window, compared to the relatively large labeling 

window that is associated with doxycycline dependent tagging systems. Indeed, 

previous studies using TRAP2 mice have shown that upon injection of 4-OHT, only the 

cells that were active 3 hours prior and 3 hours after the injection are labeled [111]. In 

our behavioral labeling paradigm, once mice were placed into the metabolic chambers 

on CL1, the temperature decreased in increments of ~10 degrees per hour. As such, 

the mice spent a total of 6 hours in the altered context at a temperature of 4°C. To 

label the cells that were active during exposure to 4°C, we injected mice with 4-OHT 

exactly five hours after being put in the metabolic chambers. Therefore, by using a 

tamoxifen dependent tagging strategy we were able to tightly control which 

temperatures were tagged in our behavioral paradigm.   

 

Next, we show that with our novel TRAP2xR26R mouse we were able to label cold-

sensitive engrams in a variety of regions. Although consistent labeling was observed 

in the DG, we found no labeling in other hippocampal areas (i.e. CA3 and CA1). It 

remains unclear whether these areas do not hold any cold-sensitive engram cells, or 

whether the chosen genetic strategy does not allow for labeling in these regions 

specifically. Future studies are necessary, where different behavioral and sensory 
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modalities are piloted in the TRAP2xR26R mouse to fully establish the potential of this 

genetic strategy. 

 

In this chapter, we also quantified the number of c-Fos+ cells between groups and 

found a significant increase in the number of c-Fos+ cells in mice retrieving the cold in 

the LHA, but not in the DG, MPO, or LPO. These data are in line with the c-Fos results 

found in chapter two, where we showed that only the LHA had increased c-Fos activity 

on T1 compared to BL1. We therefore demonstrate that these results could be 

replicated in our transgenic mouse model. Next, when quantifying the cells that were 

both active during the encoding and expression of a cold memory, we found a 

significant increase in co-labeling in the DG. In line with these results, previous studies 

have shown that contextual engrams are located in the DG [16, 110]. To our knowledge 

however, we show here for the first time that cold-sensitive engrams are located in the 

LHA and MPO.  

 

To further understand how contextual cold memories are stored in the murine brain, 

we performed correlational analyses of engram reactivation activity across brain 

regions. We found that when mice recall the cold, a specific pathway emerges between 

the DG and LHA, and that coordinated hypothalamic activity may be important for 

contextual cold memories. This is in line with previous studies showing that the 

hypothalamus is important for thermoregulatory responses and with our previous 

correlational analyses of c-Fos activity in chapter two. Using similar analyses, we also 

found that that engram cell reactivation in DG and LHA specifically correlates with the 

increased metabolic rates that were observed on T1 and CL1. This suggests that cold-

sensitive engram cells are involved in whole-body metabolism. Up until now, engram 

cell activity has never been directly correlated with whole-body responses. Indeed, 

typical engram activity is only correlated with behavioral responses [74, 109]. Future 

studies are necessary to further explore which body-responses are controlled by 

engram cells specifically.  

 
In this chapter we aimed at identifying and quantifying cold-sensitive engram cells in 

multiple brain regions. Moreover, we aimed at understanding whether contextual cold 

engrams also have an influence on whole-body metabolism. This chapter showed 

observational evidence that cold-sensitive engrams are located in the hippocampus 
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and hypothalamus. Based on these results, we designed subsequent gain and loss-

of-function studies to further establish whether cold-sensitive engram cells control 

whole-body metabolism.    
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Chapter 4: 

Artificially manipulating cold engrams 

alters whole-body metabolism. 
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INTRODUCTION 
4.1.1 The development of optogenetic tools. 

In 1979, Francis Crick wrote an article stating that to really understand how the brain 

works, new ways of thinking about it, combined with novel techniques, would be 

necessary [129]. Moreover, he suggested that one of the major challenges was the 

need for tools that allowed for the control of one type of cell in the brain, while leaving 

others unaltered. Crick speculated that electrodes would not allow for precise targeting 

of specific cells, nor would they be able to turn neurons on or off. As such, he proposed 

that light could serve as a control tool, enabling the delivery of precisely timed pulses 

in different locations of the brain. However, at the time no clear strategy was available 

to make specific cells respond to light.  

 

Meanwhile in the microbiology field, researchers were working on microorganisms that 

were known to produce light-gated proteins, known as opsins, which directly regulated 

the flow of ions across the plasma membrane. Indeed, certain species of algae have 

opsin proteins that respond to visible light. When illuminated, these opsin protein 

channels allow electrically charged ions to cross membranes for the extraction of 

energy from their environments [130]. Different types of opsins with varying light 

sensitivity and responses to different wavelengths of light have since been discovered 

(Figure 4.1.1), such as channelrhodopsin (ChR2) and halorhodopsin (NpHR) [131, 

132]. Although these opsins were all discovered in the seventies, it took another 30 

years before they were introduced into the neuroscience field [133].  

 

In 2005, Boyden and colleagues showed for the first time that upon insertion of an 

opsin gene, neurons become responsive to light [134]. Moreover, they demonstrated 

that opsin-based technology allowed light to alter neural processes at the level of 

single spikes and synaptic events. With that, the field of optogenetics was born, as 

several additional follow-up studies showed that channelrhodopsin and halorhodopsin 

could be used to turn neurons on and off in a cell-specific and rapid manner  In addition 

to allowing for temporal control of neurons at a single cell resolution, optogenetics has 

been shown to be a powerful tool that can be used to control different types of defined 

cells in freely moving mice [135, 136].   
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4.1.2 Combining optogenetics with engram labeling technology. 

Optogenetic tools quickly became a key technique in neuroscience in general and in 

the memory field specifically. Indeed, these tools advanced the memory field 

significantly, as researchers could now address more targeted questions with regards 

to how memories are encoded in the brain. For example, one of the earliest studies 

combining optogenetics with memory tasks showed that optogenetic inhibition of CA1 

neurons blocked the acquisition and retrieval of fear memories [137]. In this study, all 

excitatory CA1 neurons were inhibited from spiking, resulting in inhibition of 94% of 

the cells in this area. However, with the development of the previously described 

engram labeling strategies, subsequent studies were able to combine these labeling 

strategies with optogenetics to reactivate or inhibit specific ensembles of cells. Indeed, 

Liu and colleagues were able to label and reactivate a subpopulation of DG cells that 

were active during the encoding of a memory [16]. This was achieved by targeting the 

DG of c-fos-tTa transgenic mice with an AAV9-TRE-ChR2-EYFP virus and an optical 

fibre implant (Figure 4.1.2). By doing so, they could reactivate specific cells in the DG 

Figure 4.1.1 Light-sensitive proteins and their relative response to light. 
Channelrhodopsin (ChR2) and halorhodopsin (NpHR) are light-gated proteins that 
directly regulated the flow of ions across the plasma membrane. They each have 
varying light sensitivity as ChR2 peaks at 470 nm and NpHR at 589 nm. Adapted from 
Deisseroth, 2010 [133].    
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that were active during the encoding of a fear memory by shining blue light through 

the optical fibre. With this set up, they showed that optical stimulation of engram cells 

induced post-training freezing [138]. Various studies have since shown that different 

types of memory engrams can be labeled and reactivated in different brain regions 

[107, 139, 140].  

 

 
 

 

 

 

 

4.1.3 Optogenetics outside of the brain.  

Optogenetics were initially designed to be applied in rodent models for the control of 

specific neural circuits in the brain. However, recent technological advancements have 

allowed for the use of optogenetic tools in other organs and tissues. For example, 

Hsueh and colleagues developed a method for noninvasive optogenetic control of 

cardiac rhythms in freely moving mice [12]. With this method, they showed that 

optically induced tachycardia elicited anxiety-like behaviors in risky contexts, 

suggesting that both the brain and the body are involved in the development of 

emotional states and aversive behaviors. Similar advancements in optogenetic tools 

have been reported for the gut, where wireless devices specifically designed for 

optogenetic control of the gastrointestinal tract have allowed for in vivo colonic motility 

and transit studies [141]. Wireless optogenetic tools have become increasingly 

popular, as they can be freely implanted in a wide variety of organs. Indeed, to activate 

adipose tissue thermogenesis without the presence of a cold environmental stimulus, 

Tajima and colleagues developed a wireless optogenetic device that triggered Ca2+ 

Figure 4.1.2 Optical stimulation of engram cells induces freezing. c-fos-tTa 
transgenic mice are injected with an AAV9-TRE-ChR2-EYFP virus and implanted with 
an optical fibre implant. Only those cells that are active during a certain experience 
are labeled when doxycycline is removed. Optical stimulation of labeled engram cells 
results in increased freezing.  Adapted from Liu et al., 2014 [138]. 
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cycling selectively in brown adipocytes [142]. With this device, they showed that 

optogenetic stimulation of adipose tissue activated non-shivering thermogenesis and 

increased whole-body energy expenditure in the absence of cold stimuli. In addition to 

the manipulation of organ specific processes, various studies have now also shown 

that these tools can be used to modulate activity in limbs, the spinal cord and other 

peripheral areas [143]. As such, optogenetic tools have been shown to be useful in 

manipulating circuits inside and outside of the brain. 

 

4.1.4 Manipulating neurons using pharmacosynthetics 

Optogenetic approaches are not the only tools that can be used to study specific brain 

circuits. Indeed, pharmacogenetics enables the use of designer receptors to 

selectively modulate neuronal functioning with pharmacological tools [136]. 

Nowadays, Designer Receptors Exclusively Activated by Designer Drugs (DREADDs) 

are commonly used to study the function of specific brain cells and regions [144]. 

DREADDS are G-protein coupled receptors that can be expressed in neurons through 

viral vectors, and that show little activity in the absence of the ligand clozapine N-oxide 

(CNO). By including promoters for specific neuronal cell types, these receptors allow 

for the manipulation of specific cell types in vivo through the administration of CNO 

[145]. For example, available DREADDs include hM3Dq, which increases excitability 

in neurons, and hM4Di which causes presynaptic inhibition and silencing (Figure 

4.1.3). In addition, it has been shown that there are equivalent effects between 

optogenetic and DREADD techniques, and that both tools are useful to activate and 

silence neurons [144]. Due to the longer effect duration and bioavailability of CNO and 

DREADD activity, they display less precise temporal control compared to optogenetic 

approaches. 

 

DREADDs are now also commonly used to further understand the neuronal circuitry 

that is involved in different types of memories. For example, Park and colleagues 

showed that by using DREADDs they could silence a small number of CREB-

overexpressing DG neurons 5 minutes after training and disrupt subsequent memory 

expression [146]. Moreover, studies have shown that engram labeling strategies can 

be combined with pharmacological tools to inhibit specific neuronal ensembles. 

Indeed, DREADD inhibition of specific cortical ensembles that were active during fear 

conditioning was shown to reduce fear expression [147]. As such, DREADDs can be 
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used to inhibit engrams of specific memories in a variety of regions. DREADDs are 

therefore powerful tools that can be used to dissect the neural circuitry underlying 

learning and memory. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1.5 Artificially manipulating thermoregulatory circuitry 

To further understand the neural circuitry underlying thermoregulation, studies have 

used both optogenetic and pharmacogenetic approaches. For example, acute 

chemogenetic activation of the dorsomedial hypothalamus (DMH) was shown to cause 

increases in body temperature, BAT temperature, energy expenditure and heart rate 

[64]. Conversely, chemogenetic inhibition of the DMH decreased body temperature 

and energy expenditure, suggesting that this area has a clear role in thermoregulatory 

responses. Similar results were found for the preoptic area of the hypothalamus 

(POA), where optogenetic reactivation of this area resulted in increased body 

temperature [148]. Finally, chemogenetic inhibition of the LHA was shown to inhibit 

behavioral thermoregulatory responses such as nest building and postural extension 

[23]. The development of optogenetic and chemogenetic tools has majorly contributed 

to our understanding regarding the underlying circuits of the physiological as well as 

the behavioral components of thermoregulation. However, up until now no studies 

Figure 4.1.3 Overview of inhibitory and excitatory DREADs. DREADDs are 
receptors that can be expressed in neurons through viral vectors. These receptors are 
activated if CNO is present in the system. hM4Di DREADDs can be used to inhibit 
neurons, whereas hM3Dq DREADDs can be used to increase excitability in neurons. 
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have used these tools to examine how artificial manipulation of cold memories affects 

thermoregulatory responses.  

 

In this chapter, we set out to artificially manipulate cold-sensitive engrams with 

optogenetic and chemogenetic tools. We aimed at understanding whether memories 

control whole-body responses and whether artificial manipulation of cold engrams 

causes changes in whole-body metabolism. Here, we designed a behavioral timeline 

that allowed us to label cold-sensitive engrams with ChR2, and optogenetically 

reactivated these engram cells while simultaneously measuring metabolic rates. To 

fully understand how cold engrams influence thermoregulatory responses, we also 

inhibited these engram cells using inhibitory DREADDs. Taken together, this chapter’s 

research question aims at examining whether we can artificially alter whole-body 

metabolic rates by manipulating cold engrams in the brain. 
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METHODS 
4.2.1 Mice 

Optogenetic reactivation experiments were performed with TRAP2 x Ai32 mice. These 

mice were created by breeding homozygous TRAP2 mice [111] with homozygous Ai32 

mice [149]. Additional optogenetic control experiments were performed with c-fos-tTa 

transgenic mice. These mice were created by breeding WT mice with heterozygous 

FtTa mice [109]. All chemogenetic experiments were performed with TRAP2 mice. 

Male mice were used in all experiments. All mice were group-housed in a 12:12-h 

(07:00-19:00) light-dark colony room at 22°C. Food and water were provided ad 

libitum, and all testing was performed during the light phase. Mice used for 

experiments were approximately 8-12 weeks of age. All experiments were conducted 

in accordance with the European Directive 2010/63/EU, under an authorization issued 

by the Health Products Regulatory Authority Ireland and approved by the Animal Ethics 

Committee of Trinity College Dublin. 

 

4.2.2 Optic Fiber Implant Surgeries 

Mice that were used in optogenetic experiment were implanted with a custom implant 

containing two optic fibers (200 mm core diameter; Doric Lenses). The optical fiber 

implant was lowered above the injection site at -1.75 mm dorsoventral (DV). To secure 

the implant, an even layer of Metabond (C&B Metabond) was applied and left to dry 

for 15 minutes. A protective cap was then made from a black polypropylene 

microcentrifuge tube and secured with dental cement. Animals were then put in a 

recovery chamber at 29°C until they were fully recovered from the anesthesia before 

being returned to their home cage. Animals were allowed to recover from surgery ~2-

3 weeks before behavioral testing.  

 

4.2.3 Viral Injection Surgeries 

For optogenetic experiments, c-fos-tTa transgenic mice were put on a diet containing 

doxycycline (DOX) 48 hours prior to surgeries. All surgeries were performed when the 

animals were ~7-8 weeks old. Mice were anesthetized with 500 mg kg-1 avertin and 

head fixed on a stereotaxic frame. Bilateral craniotomies were performed using a 

0.5mm diameter drill at -2.00 mm anteroposterior (AP), and ±1.35 mm mediolateral 

(ML). Next, 300 μL AAV9-TRE-ChR2-EYFP was injected in each side using a micro 

syringe pump (UMP3; WPI) and a Hamilton syringe (701LT; Hamilton) at -2.00 mm 
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anteroposterior (AP), ±1.35 mm mediolateral (ML), and -2.00 mm dorsoventral (DV). 

Injection speed was performed at 60 nL/min, and the needle was subsequently left on 

site for an additional 10 minutes after virus delivery to achieve maximum virus spread.  

 

For chemogenetic experiments, TRAP2 mice were injected with 300 μL pAAV-hSyn-

DIO-HA-hM4D(Gi)-IRES-mCitrine in each side at -2.00 mm anteroposterior (AP), 

±1.35 mm mediolateral (ML), and -2.00 mm dorsoventral (DV). Injection speed was 

performed at 60 nL/min. 

 

4.2.4 Optogenetic Reactivation Timeline: TRAP2xAi32 Strategy 

Here, we adapted our previously developed labeling paradigm (Chapter 3) to enable 

the reactivation of cold-sensitive engrams. On day one and two, mice with fiber optic 

implants were attached to a patch cord, placed into the Promethion cages at 21°C, 

and allowed to habituate 8 hours each day. On day three, mice were put into the 

Promethion cages at 21°C while metabolic and behavioral data were simultaneously 

recorded in order to establish baseline measurements (Context A). On day four, 

contextual cues were added to the chambers, and the mice spent a total of 6 hours in 

the altered context at a temperature of 4°C. To label the neurons that were active 

during these 6 hours of 4°C cold exposure, mice were injected with 4-OHT five hours 

after being put in the Promethion cages. Immediately after labeling, all mice were 

returned to their home cages. Mice subsequently went through two additional training 

days as previously described. Optogenetic reactivation was performed a week later in 

context A (day 13). On the reactivation day, mice were exposed to a 15-minute 

optogenetic stimulation session that was divided into 3-minute on- and 1-minute off 

periods (i.e. 3 minutes on, followed by 1 minute off). Optogenetic activation was 

performed through a 450 nm laser diode fiber light source (Doric LDFLS 450/080). 

During the light-on epochs, mice received blue light stimulation (20 Hz) with a pulse 

width of 15ms for the entire 3-minute duration. During the light-off period the mice 

received no light stimulation. To enable animals to return to baseline, each 15-minute 

stimulation period was followed by 1 hour of no light stimulation. Mice received a total 

of 3 rounds of 15-minute stimulation periods. Metabolic rates were measured 

continuously.  
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4.2.5 Optogenetic Reactivation Timeline: c-fos-tTa Strategy 

To label and reactivate cold engram cells in a second mouse line, we adapted the 

above-described reactivation timeline to fit with the c-fos-tTa labeling strategy. Here, 

mice were kept on a DOX diet and run through the same training schedule. To label 

cells activated by a cold experience, DOX food was substituted by normal food 36h 

before being exposed to a cold experience on day four. Cold engrams were identified 

as the cells that expressed ChR2-EYFP as a result of being active during the cold.  To 

close the labeling window, mice were immediately put back on DOX food after the 

initial cold experience. On the reactivation day, mice were exposed to a 25-minute 

optogenetic stimulation session that was divided into 5-minute on- and 5-minute off 

periods. Optogenetic activation was performed through a 450 nm laser diode fibre light 

source (Doric LDFLS 450/080). During the light-on epochs, mice received blue light 

stimulation (20 Hz) with a pulse width of 15ms for the entire 5-minute duration. 

Metabolic rates were measured continuously.   

 

4.2.6 Chemogenetic Inhibition Timeline  

To inhibit cold engrams, we used the same labeling timeline as described previously. 

Briefly, mice went through two habituation days and a baseline measurement day in 

Context A, at 21°C. On day four, contextual cues were added to the chambers, and 

the mice spent a total of 6 hours in the altered context at a temperature of 4°C. To 

label the neurons that were active during these 6 hours of 4°C cold exposure, mice 

were injected with 4-OHT five hours after being put in the Promethion cages. 

Immediately after labeling, all mice were returned to their home cages. Mice 

subsequently went through two additional training days and were subsequently kept 

in their home cages for a two-day break period. On day nine, mice were put back into 

the Promethion cages without any of the additional cues at 21°C to allow for a second 

baseline measurement (Context A). Finally, on day ten half of the mice were injected 

with CNO (2 mg/ kg, Tocris) and half of the mice were injected with Saline. Mice were 

kept in their home cage for 30 minutes post injection and were then put into the 

Promethion cages (Context B, 21°C). 

 

4.2.7 4-OHT 

To label cold-sensitive engrams in transgenic animals, we intraperitoneally injected 

mice with 4-OHT (50 mg/ kg, Santa Cruz). All 4-OHT was freshly prepared on the 
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labeling day in a mix of sunflower seed oil and castor oil (4:1, Sigma-Aldrich) at 10 

mg/ml.  

 

4.2.8 Brain Harvest  

Brains were harvested from all mice in order to be able to verify implant and virus 

location. For optogenetic experiments, all brains were harvested exactly 45 minutes 

after the last light stimulation ended. For chemogenetic experiments, all brains were 

harvested exactly 4 hours and 45 minutes after the animals were put into metabolic 

chambers.   

 

4.2.9 Brain Tissue Preparation and Immunohistochemistry 

Brains were prepared and immunolabeled using the same protocols that were 

described in chapter 3.  

 

4.2.10 Confocal Imaging  

In order to check for implant and virus location, all images were taken on a confocal 

scanning microscope as previously described in Chapter 3. Only the mice that had 

correct virus and implant locations were kept in subsequent analyses.  

 

4.2.11 Statistics 

All data were analyzed using Prism 10. All data were graphed as means ± Standard 

errors of the mean (SEM). An alpha level of 0.05 was used as a criterion for statistical 

significance. The results of figures 3.1, 3.2, 3.4 and 3.5 were analyzed using paired t-

tests. Figure 3.3 was analyzed with paired t-tests and a two-way ANOVA. Figures 3.6 

and 3.7 were analyzed with paired and unpaired t-tests 

 

4.2.12 Figure design and visualization 

Figures and graphical illustrations were created with Biorender (Biorender.com). 
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RESULTS  
4.3.1 Optogenetic activation of cold-sensitive engrams increases metabolic rate. 

To determine whether cold-sensitive engrams are functionally relevant for whole-body 

metabolism, we set out to optogenetically reactivate cold engrams in the DG.  To do 

so, we labeled cold-sensitive engrams in the DG on cold day 1, and optogenetically 

reactivated them in a neutral context (Figure 4.3.1a-d). With this paradigm, we show 

that optogenetic reactivation of cold-sensitive engrams was sufficient to artificially 

increase oxygen consumption (Figure 4.3.1e). Moreover, we show that oxygen 

consumption rates increased when cold-sensitive engrams were stimulated, and that 

they returned to baseline during the unstimulated periods (Figure 4.3.1f-i). Of note, 

oxygen consumption only increased during the first two consecutive stimulations, but 

not during a third stimulation, suggesting an attenuation of whole body-responses or 

a limitation of optogenetic engram stimulation (Figure 4.3.1h). 

 

In addition to oxygen consumption, we also analyzed energy expenditure and carbon 

dioxide production to further understand whether optogenetic reactivation of cold 

engrams altered these metabolic processes. Here, we show that when cold-sensitive 

engrams were stimulated, both energy expenditure and carbon dioxide production 

artificially increased (Figure 4.3.2). We also show that similar to oxygen consumption, 

these rates returned to baseline levels during the unstimulated off periods (Figure 

4.3.2c-l). Both energy expenditure and carbon dioxide emission did not increase 

during the third optogenetic stimulation period, suggesting a similar attenuation of 

whole body-responses as described above (Figure 4.3.2f, k). Together, these results 

suggest that optogenetic activation of cold-sensitive engrams increases metabolic 

rate.  
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Figure 4.3.1 Artificial optogenetic reactivation of cold-sensitive memory 
engrams in the DG increases oxygen consumption. (a) Genetic strategy (b) 
Representative image of hippocampal slice with c-Fos+ cells (red) and eYFP+ cells 
(green) (c) Diagrammatic representation of experimental timeline to label and 
reactivate contextual cold memory engrams. (d) Environmental temperature during 
the labeling window on cold day 1. (e) Time plot of oxygen consumption during 
artificial reactivation of cold-sensitive engrams. Blue bars indicate the time the laser 
was turned on during the 3 stimulation periods. (f, g, h) Comparison of oxygen 
consumption between the on and off epochs during the three stimulations of cold-
sensitive cells. (i) Comparison of oxygen consumption between the on and off 
epochs of cold-sensitive cells during all stimulations combined. n = 8-9 mice per 
group. ** p < 0.01. 4-OHT, 4-hydroxytamoxifen; ChR2, Channelrhodopsin; DG, 
dentate gyrus; VO2, oxygen consumption; Stim 1, stimulation 1; Stim 2, stimulation 
2; Stim 3, stimulation 3.  
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Figure 4.3.2 Artificial optogenetic reactivation of cold-sensitive memory 
engrams in the DG increases metabolic rate. (a) Diagrammatic representation of 
experimental timeline to label and reactivate contextual cold memory engrams. (b) 
Environmental temperature during the labeling window on cold day 1. (c) Time plot 
of energy expenditure during artificial reactivation of cold-sensitive engrams. Blue 
bars indicate the time the laser was turned on during the 3 stimulation periods. (d, 
e, f) Comparison of energy expenditure between the on and off epochs during the 
three stimulations of cold-sensitive cells. (g) Comparison of energy expenditure 
between the on and off epochs of cold-sensitive cells during all stimulations 
combined. (h) Time plot of carbon dioxide production during artificial reactivation of 
cold-sensitive engrams. Blue bars indicate the time the laser was turned on during 
the 3 stimulation periods. (i, j, k) Comparison of carbon dioxide production between 
the on and off epochs during the three stimulations of cold-sensitive cells. (l) 
Comparison of carbon dioxide production between the on and off epochs of cold-
sensitive cells during all stimulations combined. n = 8-9 mice per group. * p < 0.05, 
** p < 0.01. EE, energy expenditure; Stim 1, stimulation 1; Stim 2, stimulation 2; Stim 
3, stimulation 3; VCO2, carbon dioxide production. 
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4.3.2 Optogenetic activation of no-cold engrams does not increase metabolic rate. 

To confirm that the above-described increases in metabolic rate were due to contextual 

cold memories, we designed a control experiment where mice were run through the 

same timeline but were never exposed to the cold (Figure 4.3.3a-b). As such, we 

labeled no-cold engram cells and optogenetically reactivated them in a neutral context. 

Our results showed that optogenetically stimulating no-cold engram cells does not 

increase oxygen consumption (Figure 4.3.3c). There were no significant differences 

between on and off periods, during any of the three stimulations (Figure 4.3.3d-g). 

Interestingly, a slight decrease in oxygen consumption was found when the laser was 

on compared to when it was off (Figure 4.3.3g). Next, we directly compared 

optogenetic stimulation of cold-sensitive engrams with “no-cold” contextual engrams 

(Figure 4.3.3h). We show that oxygen consumption significantly increased in the cold 

labeled group compared to the no-cold labeled group during laser stimulation (Figure 

4.3.3i). This difference in metabolic rate during laser activation was not due to pre-

existing differences between the cohorts, as no differences were found between the 

cold and no-cold labeled groups when the laser was off (Figure 4.3.3i). Finally, we 

show that optogenetically stimulating no-cold engram cells does not increase energy 

expenditure or carbon dioxide production either, as there were no significant 

differences in these rates during any of the three stimulations (Figure 4.3.4). Therefore, 

we conclude that only cold-sensitive engrams control whole-body metabolism, as 

optogenetic activation of no-cold engrams did not results in increased metabolic rate.  
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Figure 4.3.3 Artificial optogenetic reactivation of no-cold engrams in the DG 
does not increase oxygen consumption. (a) Diagrammatic representation of 
experimental timeline to label and reactivate no cold control engrams. (b) 
Environmental temperature during the labeling window on no cold day 1. (c) Time 
plot of oxygen consumption during artificial reactivation of no cold control engrams. 
Blue bars indicate the time the laser was turned on during the 3 stimulation periods. 
(d, e, f) Comparison of oxygen consumption between the on and off epochs during 
the three stimulations of no cold control cells. (g) Comparison of oxygen 
consumption between the on and off epochs of no cold control cells during all 
stimulations combined. (h) Change of oxygen consumption before, during and after 
stimulating cold-sensitive engram cells and no cold control cells normalized to the 
initial 20 minutes of recording.  (i) Comparison of the change in oxygen consumption 
during on and off epochs between cold-sensitive stimulated cells and no cold control 
stimulated cells. n = 8-9 mice per group. ** p < 0.01, **** p < 0.0001. 4-OHT, 4-
hydroxytamoxifen; DG, dentate gyrus; VO2, oxygen consumption; Stim 1, 
stimulation 1; Stim 2, stimulation 2; Stim 3, stimulation 3. 
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  Figure 4.3.4 Artificial optogenetic reactivation of no-cold engrams in the DG 

does not increase metabolic rates. (a) Diagrammatic representation of 
experimental timeline to label and reactivate no cold control engrams. (b) 
Environmental temperature during the labeling window on no cold day 1. (c) Time 
plot of energy expenditure during artificial reactivation of no cold control engrams. 
Blue bars indicate the time the laser was turned on during the 3 stimulation periods. 
(d, e, f) Comparison of energy expenditure between the on and off epochs during 
the three stimulations of no cold control cells. (g) Comparison of energy expenditure 
between the on and off epochs of no cold control cells during all stimulations 
combined. (h) Time plot of carbon dioxide production during artificial reactivation of 
no cold control engrams. Blue bars indicate the time the laser was turned on during 
the 3 stimulation periods. (i, j, k) Comparison of carbon dioxide production between 
the on and off epochs during the three stimulations of no cold control cells. (l) 
Comparison of carbon dioxide production between the on and off epochs of no cold 
control cells during all stimulations combined. 4-OHT, 4-hydroxytamoxifen; DG, 
dentate gyrus; VO2, oxygen consumption; Stim 1, stimulation 1; Stim 2, stimulation 
2; Stim 3, stimulation 3. 
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4.3.3 Optogenetic activation of cold engrams increases metabolic rate across lines. 

To demonstrate that optogenetic reactivation of cold-sensitive engrams is possible with 

multiple transgenic mouse lines, we designed an additional experiment where we 

labeled and reactivated cold-sensitive engram cells using c-Fos-tTa transgenic mice 

(Figure 4.3.5a). Here, we labeled cold-sensitive engrams in the DG on cold day 1 by 

removing DOX from the animals diet and subsequently optogenetically reactivated the 

labeled cells in a neutral context (Figure 4.3.5b). In line with our previous findings, we 

show that optogenetic activation of cold-sensitive engrams increases metabolic rate, 

whereas no light controls did not show an increase in metabolic rate (Figure 4.3.5c-h). 

As such, these results show that cold-sensitive engrams can be artificially reactivated 

with multiple transgenic mouse lines and with different engram labeling strategies.   
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  Figure 4.3.5 Artificial reactivation of cold-sensitive engrams in the DG 
increases metabolic rate in c-Fos tTA mice. (a) Diagrammatic representation of 
the c-Fos tTA transgenic labeling system for ChR2::GFP expression. (b) 
Diagrammatic representation of experimental timeline to label cold-sensitive 
memory ensembles using c-Fos tTA mice. Time plot of (c), oxygen consumption (e), 
energy expenditure and (g), carbon dioxide production during artificial reactivation 
of cold-sensitive engrams (left), with comparison of oxygen consumption, energy 
expenditure and carbon dioxide production between the on and off epochs during 
the first stimulation of cold-sensitive cells (right). Time plot of (d), oxygen 
consumption (f), energy expenditure and (h), carbon dioxide production during 
artificial reactivation of no cold control cells (left), with comparison of oxygen 
consumption, energy expenditure and carbon dioxide production between the on 
and off epochs during the first stimulation of no cold control cells (right). Blue bars 
indicate the time the laser was turned on during the 3 stimulation periods. n = 4-6 
mice per group; * p < 0.05, ** p < 0.01. ChR2, channelrhodopsin-2; GFP, green 
fluorescent protein; DOX, doxycycline; VO2, oxygen consumption; VCO2, carbon 
dioxide production; Stim 1, stimulation 1; Stim 2, stimulation 2; Stim 3, stimulation 
3. 
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4.3.4 Chemogenetic inhibition of cold-sensitive engrams prevents the memory 

associated increases in oxygen consumption.  

In the above-described experiments, we set out to determine whether cold-sensitive 

engrams are functionally relevant for whole-body metabolism, by optogenetically 

reactivating cold engrams in the DG. To further explore the role of cold-sensitive 

engram cells, we aimed to chemogenetically inhibit these cells in vivo. To do so, we 

injected inhibitory DREADDs into the DG of TRAP2 mice (Figure 4.3.6a-b). Next, we 

labeled cold-sensitive engrams on cold day 1, and chemogenetically inhibited these 

cells by injecting CNO on test day 1 (Figure 4.3.6c). Here, we show that control 

animals that are injected with Saline on test day 1 showed increased oxygen 

consumption rates on test day 1 compared to baseline day 1 (Figure 4.3.6d). This 

increase in oxygen consumption was found throughout the first two hours, and for the 

combined total testing time (Figure 4.3.6e-g).  

 

Next, we found that mice injected with CNO on test day 1 no longer show the memory 

associated increase in oxygen consumption (Figure 4.3.6h). Indeed, we show that the 

conditioned response is no longer present at any point throughout the testing time 

(Figure 4.3.6i-k). Finally, we plotted the responses of the Saline and CNO injected 

mice as the percentage of change in oxygen consumption rates that occurred between 

test day 1 and baseline day 1 (Figure 4.3.6l-m). When directly comparing the Saline 

and CNO injected mice, we found a significantly higher percentage of change in the 

Saline injected mice compared to the CNO injected mice (Figure 4.3.6n). Together, 

these data suggest that chemogenetic inhibition of cold-sensitive cells in the DG 

prevents the conditioned whole-body response, as we found no increases in oxygen 

consumption in mice injected with CNO specifically.   
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Figure 4.3.6 Chemogenetic inhibition of cold-sensitive engrams in the DG 
prevents the memory associated increases in oxygen consumption. (a) 
Genetic strategy (b) Representative image of hippocampal slice with c-Fos+ cells 
(red) and mCitrine+ cells (green) (c) Diagrammatic representation of experimental 
timeline to label and inhibit contextual cold memory engrams. (d) Time plot of 
oxygen consumption of saline injected mice during Baseline 1 and Test 1 (e, f, g) 
Comparison of oxygen consumption of saline injected mice during Baseline 1 and 
Test day 1 at hour one, hour two and total time averaged. (h) Time plot of oxygen 
consumption of CNO injected mice during Baseline 1 and Test 1 (i, j, k) Comparison 
of oxygen consumption of CNO injected mice during Baseline 1 and Test day 1 at 
hour one, hour two and total time averaged. (l) Time plot of the % change of oxygen 
consumption on Test 1 compared to Baseline 1 in Saline injected mice. (m) Time 
plot of the % change of oxygen consumption on Test 1 compared to Baseline 1 in 
CNO injected mice. (n) Comparison of the % change of oxygen consumption 
between Saline and CNO injected mice. n = 5-7 mice per group. * p < 0.05, ** p < 
0.01. 4-OHT, 4-hydroxytamoxifen; VO2, oxygen consumption; T1, test 1; BL1, 
baseline 1; m, minutes; CNO, clozapine N-oxide. 
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4.3.5 Chemogenetic inhibition of cold-sensitive engrams prevents the memory 

associated increases in metabolic rate. 
To further establish whether the chemogenetic inhibitory results found above were 

specific for oxygen consumption rates, we additionally analyzed carbon dioxide 

production and energy expenditure. Cold-sensitive engrams were labeled on cold day 

1, and chemogenetically inhibited on test day 1 with CNO (Figure 4.3.7a). In line with 

our previous results, we found that Saline injected control animals showed an increase 

in carbon dioxide production on test day 1, compared to baseline day 1 (Figure 4.3.7b-

c). However, this increase was not observed in the CNO injected animals, as no 

difference in carbon dioxide production was found in these mice between test day 1 

and baseline day 1 (Figure 4.3.7d-e). Moreover, direct comparison of the percentage 

of change between Saline and CNO injected mice revealed a significantly higher 

percentage of change in carbon dioxide production in Saline injected controls 

compared to CNO injected mice (Figure 4.3.7f). Similar results were found with 

regards to energy expenditure, as Saline control mice showed increased energy 

expenditure on test day 1 compared to baseline day 1, whereas CNO injected animals 

showed no differences (Figure 4.3.7g-j). Finally, we found that CNO injected mice had 

a lower percentage of change in energy expenditure compared to Saline injected mice 

(Figure 4.3.7k). Together, these data show that by inhibiting cold-sensitive cells in the 

DG, we were able to inhibit contextual cold memories and as a result, prevent the 

conditioned whole-body responses that were associated with those memories.  
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  Figure 4.3.7 Chemogenetic inhibition of cold-sensitive engrams in the DG 

prevents the memory associated increases in metabolic rates. (a) 
Diagrammatic representation of experimental timeline to label and inhibit contextual 
cold memory engrams. (b) Time plot of carbon dioxide production of saline injected 
mice during Baseline 1 and Test 1 (c) Comparison of carbon dioxide production of 
saline injected mice during Baseline 1 and Test day 1 for the total time averaged. 
(d) Time plot of carbon dioxide production of CNO injected mice during Baseline 1 
and Test 1 (e) Comparison of carbon dioxide production of CNO injected mice during 
Baseline 1 and Test day 1 for the total time averaged. (f) Comparison of the % 
change of carbon dioxide production between Saline and CNO injected mice. (g) 
Time plot of energy expenditure of saline injected mice during Baseline 1 and Test 
1 (h) Comparison of energy expenditure of saline injected mice during Baseline 1 
and Test day 1 for the total time averaged. (i) Time plot of energy expenditure of 
CNO injected mice during Baseline 1 and Test 1 (j) Comparison of energy 
expenditure of CNO injected mice during Baseline 1 and Test day 1 for the total time 
averaged. (k) Comparison of the % change of energy expenditure between Saline 
and CNO injected mice. n = 5-7 mice per group. * p < 0.05, ** p < 0.01. 4-OHT, 4-
hydroxytamoxifen; VCO2, carbon dioxide production; T1, test 1; BL1, baseline 1; m, 
minutes; CNO, clozapine N-oxide; EE, energy expenditure. 
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DISCUSSION 
In this chapter, we used optogenetic and chemogenetic tools to artificially manipulate 

cold-sensitive engrams. By using these techniques, we aimed at investigating whether 

contextual cold memories controlled whole-body metabolic responses. We showed 

that we could label cold-sensitive engrams that were active during a cold experience, 

and that we could artificially reactivate these cells in a neutral context using 

optogenetics. With this protocol, we showed that optogenetic reactivation of cold-

sensitive cells increased whole-body metabolism. Importantly, we showed that cold-

sensitive engram cells could be reactivated with multiple transgenic mouse lines and 

with different engram labeling strategies. Finally, by using chemogenetics, we showed 

that we could also inhibit cold-sensitive cells and prevent the conditioned whole-body 

responses that were associated with contextual cold memories. 

 
Previous studies have shown that optogenetic activation of engrams is sufficient to 

induce a learning-specific conditioned response [16]. In these studies, behavioral 

responses such as freezing are the most commonly used measure of the conditioned 

response [15]. To our knowledge, this is the first study that has investigated whether 

memories in general, and engrams specifically, control whole-body responses such as 

metabolic rate. In this chapter, we have shown that cold-sensitive engrams, and 

therefore contextual cold memories, control whole-body metabolism. These results 

suggest that engram cells not only control behavioral responses, but that they 

additionally control a variety of whole-body processes. For example, it is likely that fear 

engrams not only control freezing behaviors, but also bodily processes such as heart 

rate and the release of specific stress hormones. More studies are needed to 

investigate how and which bodily processes are controlled by the engram cells of 

different types of memories.  

 

One big question that remains is whether bodily responses in turn also have an 

influence on engram cells specifically and memories in general. For example, 

increasing heart rate by optogenetic activation of cardiac rhythms resulted in 

enhanced anxiety [12]. It is therefore highly likely that information not only flows from 

the brain to the body but also vice-versa. With the development of novel optogenetic 

tools, it is now possible to manipulate circuits outside of the brain in organs such as 

BAT. With the help of these tools, future studies will be able to determine how bodily 
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states modulate the storage and formation of memories, and how this relates to 

engram cells. 

 

We showed that we could artificially manipulate temperature engrams and control 

whole-body metabolic responses as a result. Interestingly, we found that after 

optogenetically stimulating cold-sensitive engram cells, an hour-long break was 

necessary to allow metabolic rates to return to baseline levels. This is in contrast with 

other engram studies showing that 5-minute breaks are sufficient for behavioral 

responses to return to baseline. However, our data suggest that complex bodily 

responses may take longer to return to their original baseline. This is in line with 

previous studies, where body temperature only returned to baseline levels after a 

prolonged period of time follow optogenetic reactivation of hypothalamic neurons 

[148]. We also found that we could only increase metabolic rates during the first two 

consecutive optogenetic stimulations, but not during a third stimulation. It remains 

unclear whether this effect is due to an attenuation of whole body-responses, a 

limitation of optogenetic engram stimulation, or rather competing information from the 

real temperature experienced by the animal, compared to cold temperature 

information from the memory. Indeed, future studies are necessary to further explore 

the limitations of optogenetically stimulating engram cells and their effects on whole-

body responses. 

 

In this study we exclusively manipulated cold-sensitive engrams in the DG, as we 

aimed at understanding whether contextual memories have an influence on bodily 

processes. However, our previous results have shown that functional connectivity 

between the hippocampus and the hypothalamus increases during cold retrieval. 

Moreover, studies have previously shown that reactivation of preoptic hypothalamic 

neurons results in the alteration of whole-body responses such as heart rate, body 

temperature and energy expenditure. As such, we hypothesize that the results found 

in this chapter may in part be due to an underlying network that emerges between the 

hippocampus and the hypothalamus when we artificially manipulate cold engrams in 

the DG. However, to fully elucidate the underlying network that is activated when we 

artificially stimulate cold engrams in the DG, tracing studies are needed to determine 

whether activation of the DG result in the activation of other hypothalamic regions.  
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In this chapter we aimed at optogenetically reactivating and chemogenetically 

inhibiting cold-sensitive engrams. Here, we aimed at understanding whether artificially 

reactivating cold memories affects whole-body thermoregulatory responses. This 

chapter showed gain- and loss-of-function evidence that cold-sensitive engrams are 

located in the DG and that these cells control whole-body metabolic rates. Taken 

together, our data provides evidence that memories can control peripheral 

physiological processes beyond the traditionally studied behavioral responses. 
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Chapter 5: 

Natural and artificial reactivation of 

cold memories upregulates 

thermogenesis genes in brown 

adipose tissue. 
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INTRODUCTION 
5.1.1 The homeostatic role of adipose tissue depots. 

Adipose tissue is a complex organ that has been found to have profound effects on 

physiology and pathophysiology. It has been shown to be essential for whole-body 

metabolism and is now regarded as the endocrine organ at the center of systemic 

homeostasis [150]. Adipose tissue can be subdivided into two major types: white 

adipose tissue (WAT) and brown adipose tissue (BAT). WAT plays a predominant role 

in energy storage and systemic glucose homeostasis [151]. Moreover, WAT is mainly 

composed of white adipocytes, which consist of a single large lipid droplet with few 

mitochondria. In contrast, BAT is mainly composed of brown adipocytes, which contain 

multiple small lipid droplets with a high abundance of mitochondria. The primary 

function of BAT is thermogenesis, a process that is strongly induced by cold exposure. 

Both WAT and BAT have been found in humans and rodents, across different body 

sites (Figure 5.1.1). Indeed, studies have shown that adult humans have metabolically 

active BAT depots, and that cold exposure results in increases of BAT content in both 

humans and rodents [150-152]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.1 Adipose tissue in humans and rodents. Both WAT and BAT have been 
found in multiple locations in humans and rodents. WAT consists of a large lipid droplet 
with few mitochondria. BAT contains multiple lipid droplets with many mitochondria. 
Adapted from Torres Irizarry et al., 2022 [151].  
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5.1.2 The BAT thermogenesis pathway. 

As described in previous chapters, thermoregulation is the ability of animals to 

maintain their physiological body temperature within a narrow range. This type of 

thermogenesis relies predominantly on brown adipocytes in BAT, where mitochondrial 

respiration is used for heat dissipation. As BAT is highly vascularized, it can transfer 

dissipated heat to the blood, and therefore maintain body temperature within a set 

range [153]. External temperature is relayed to BAT via the sympathetic nervous 

system, through the release of noradrenaline from nerve terminals into the BAT 

environment [66]. Noradrenaline will subsequently activate the b3-adrenergic receptor 

(AR-b3) on the surface of adipocytes (Figure 5.1.2), inducing the activation of cyclic 

adenosine monophosphate (cAMP) signaling cascades [41]. The increased 

concentrations of intracellular cAMP in adipocytes will induce the phosphorylation and 

activation of hydrolytic enzymes adipose triglyceride lipase (ATGL), and hormone 

sensitive lipase (HSL). 

 

 

 

 

 

 

 

 

Figure 5.1.2 Brown adipose tissue thermogenesis is important to generate heat. 
Cold exposure will cause the activation of BAT and the upregulation of UCP-1. This 
will result in non-shivering thermogenesis and the production of heat. Cold exposure 
will cause noradrenaline to be released, resulting in the activation of b3-adrenergic 
receptors. Through secondary messengers, ATGL and HSL will be activated, which 
will cause them to convert lipid droplets to FFAs. FFAs are converted to fatty acyl-CoA 
molecules by CPT1 and transported into the mitochondria by CACT. Here, it acts as 
fuel for UCP1. 
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Both ATGL and HSL will then convert lipid droplets to free fatty acids (FFAs) and 

glycerol [154]. FFAs are converted to fatty acyl-CoA molecules, which in turn are 

converted to acylcarnitines by the enzyme carnitine palmitoyltransferase 1 (CPT1) on 

the surface of the mitochondrial membrane. Next, the transporter carnitine 

acyltransferase (CACT) transports the acylcarnitines into the mitochondria where it 

acts as fuel for the uncoupling protein-1 (UCP-1) on the inner mitochondrial 

membrane. UCP-1 is then able to create heat by uncoupling the electron transport 

chain (ETC) from adenosine triphosphate (ATP) generation to allow for heat 

dissipation [155]. 

 
5.1.3 BAT activation after different psychological stressors. 

Adipose tissue is considered to act as a regulator of various metabolic and endocrine 

processes. Indeed, not only has BAT been shown to be key for non-shivering 

thermogenesis, it has also been shown to regulate appetite, lipid metabolism and 

glucose homeostasis [151]. More recently, studies have suggested that BAT might be 

a stress-responsive endocrine organ that is required for an adaptive ‘’fight or flight’’ 

response. For example, Kataoka and colleagues examined the effect of social defeat 

stress on the temperature of interscapular BAT (TBAT) in rats. In this study, they showed 

that when intruder rats were introduced to the cages of resident rats, the intruders 

were defeated by the residents and the TBAT of the intruders increased as a result of 

this defeat [156]. The authors therefore suggest that psychological stress potentially 

activates BAT thermogenesis. However, in this study no data was provided regarding 

any of the above-described genes that are essential for BAT dependent non-shivering 

thermogenesis. In a separate study, Qing and colleagues showed that psychological 

stress resulted in interleukin-6 (IL6) production from brown adipocytes in an AR-b3 

dependent manner [157]. However, they also show that no thermogenic programs 

were involved in this response as they found no differences in UCP-1, despite finding 

increased AR-b3 activity. Finally, Jovanovic and colleagues showed that exposing 

male mice to the predator odor trimethylthiazoline (TMT) does not increase BAT 

temperature [44]. As such, it seems that not all types of psychological stress recruit 

BAT and that different stressors elicit different responses from this organ. As such, 

BAT could potentially be considered a stress-responsive endocrine organ, that has 

several different responses depending on the contextual inputs. 
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Up until now, no studies have examined whether specific memories can cause the 

upregulation of genes in organs outside of the brain.  As such, in this chapter, we set 

out to determine whether contextual cold memories control whole-body 

thermoregulatory responses by examining thermogenic genes in BAT. First, we 

leveraged our previously designed behavioral timelines to examine how cold exposure 

influences BAT. We next aimed to establish whether natural retrieval of a cold memory 

has an effect on thermogenic genes in BAT. To fully understand how cold memories 

interact with these genes, we additionally labeled cold-sensitive engrams with ChR2, 

optogenetically reactivated these engram cells and harvested BAT for further analysis. 

Taken together, this chapter’s research question aims at examining whether natural 

and artificial reactivation of cold memories upregulates thermogenesis genes in BAT.  
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METHODS 
5.2.1 Mice 

All experiments except the optogenetic reactivation experiments were performed with 

C57BL/6J mice.  Optogenetic reactivation experiments were performed with TRAP2 x 

Ai32 mice. Male mice were used in all experiments. All mice were group-housed in a 

12:12-h (07:00-19:00) light-dark colony room at 22°C. Food and water were provided 

ad libitum, and all testing was performed during the light phase. Mice used for 

experiments were approximately 8-12 weeks of age. All experiments were conducted 

in accordance with the European Directive 2010/63/EU, under an authorization issued 

by the Health Products Regulatory Authority Ireland and approved by the Animal Ethics 

Committee of Trinity College Dublin. 

 
5.2.2 Optic Fiber Implant Surgeries  
Mice that were used in optogenetic experiments were implanted with a custom fiber 

optic implant using the same surgical protocol as described in chapter 4.  

 

5.2.3 Cold Training Schedule 

For the natural cold recall experiments, the same behavioral paradigm was used as 

the one described in chapter 1. 

 

5.2.4 Optogenetic Reactivation Timeline 

For the artificial cold recall experiments, the same optogenetic settings and behavioral 

paradigm (TRAP2 x Ai32 strategy) were used as the ones described in chapter 4. 

 

5.2.5 Contextual Fear Conditioning Timeline  

Prior to training, mice were handled for 3 consecutive days in order to habituate them 

to the experimenter. One day prior to the training day, mice were habituated to the 

arena and allowed to freely explore the context for 10 minutes. The next day, mice 

underwent a contextual fear conditioning protocol, where they were allowed to explore 

the arena for the first 3 minutes. After these 3 minutes, half of the mice received 3 foot 

shocks (0.2 s, 0.75mA) that were spaced by intervals of 1 min, whereas the other half 

of the mice received no foot shocks. Mice were subsequently returned to their home 

cage for 45 minutes.  
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5.2.6 Predator Odor Exposure Timeline 

Mice were placed into a vacuum powered 4-chamber olfactory arena, which was 

replicated from previously published designs [158]. Air entered each corner of the 

arena at a flow rate of 150ml/minute and was odorized by passing through a bottle 

containing 20ml of H2O or 350mM trimethylthiazole. Mice were exposed to the odor 

for 5 minutes and were then sacrificed for tissue collection. 

 
5.2.7 4-OHT 

To label cold-sensitive engrams in transgenic animals, we intraperitoneally injected 

mice with 4-OHT (50 mg/ kg, Santa Cruz). All 4-OHT was freshly prepared on the 

labeling day in a mix of sunflower seed oil and castor oil (4:1, Sigma-Aldrich) at 10 

mg/ml.  

 

5.2.8 Tissue Harvest  

For the natural cold recall experiments, BAT was harvested on Baseline day 1, Cold 

day 1, Baseline day 2, and Test day 1. To ensure that the differences seen were due 

to the differences in conditions and not time of day, all tissue was harvested exactly 3 

hours after the mice were put inside the Promethion cages. For the artificial cold recall 

experiments, BAT of mice with cold-sensitive stimulated cells and no cold control 

stimulated cells was harvested 45 minutes after the last optogenetic stimulation ended. 

For the contextual fear conditioning experiments, BAT was harvested 45 minutes after 

the training session ended. Finally, for the predator odor exposure experiments, BAT 

was harvested exactly one hour after the animals were exposed to the odors.  

 
5.2.9 Brown adipose Tissue Preparation 

Mice were euthanized by CO2 inhalation and adipose tissue was removed by making 

a careful incision between the shoulder blades. Interscapular brown adipose tissue 

was subsequently collected, snap frozen in liquid nitrogen, and stored at -80°C.  

 
5.2.10 RNA Extraction and qPCR Analysis 

Harvested brown adipose tissue was defrosted at room temperature and transferred 

to a 2ml tube and stainless-steel beads were added to each individual tube. Next, 

tissues were homogenized in 1mL trizol reagent in a tissue lyser for 2.5 minutes at 25 

pulses per second. 200µL chloroform was subsequently added to each tube, after 
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which they were inverted and left at room temperature for 3 minutes. All tubes were 

then centrifuged at 12,000g for 15 minutes, the RNA was transferred into a new tube 

and 500µL isopropanol was added to precipitate the RNA. All tubes were inverted 10 

times and left at room temperature for 10 minutes, before being centrifuged again at 

12,000g for 10 minutes. Supernatants were then discarded, and all remaining RNA 

pellets were washed in 1mL of 25% RNAse free dH20 and 75% ethanol. After being 

centrifuged at 12,000g for 5 minutes, all supernatants were discarded by inverting the 

tube. RNA pellets were left to dry at room temperature for 20-30 minutes until they 

were transparent, after which they were resuspended in 50µl RNAse free water. 

Finally, RNA was left on ice for 30 min and subsequently put on a heat block at 55°C 

for 15 minutes. A Nanodrop 2000 UV spectrophotometer (Thermo Fisher Scientific) 

was used to assess RNA quality and concentration. 20µl of cDNA was subsequently 

synthesized from 2µg of isolated RNA using a cDNA reverse transcription kit 

(Biosciences Ltd) in a MiniAmp Thermal Cycler (BD Biosciences). qPCRs were then 

performed to quantify the relative mRNA expression of genes of interest. Relative 

mRNA levels were calculated using the ∆∆ cycle threshold (∆∆Ct) method and 

normalized to corresponding endogenous controls (Ppib).  
 
5.2.11 Brain Tissue Preparation and Immunohistochemistry 
Brains were harvested from mice that went through the artificial cold recall 

experiments. All brains were prepared and immunolabeled using the same protocols 

that were described in chapter 3.  

 

5.2.12 Confocal Imaging  

In order to check for implant location, all images were taken on a confocal scanning 

microscope as previously described in Chapter 3. Only the mice that had the correct 

implant locations were kept in subsequent analyses.  

 

5.2.13 Statistics 

All data were analyzed using Prism 10. All data were graphed as means ± Standard 

errors of the mean (SEM). An alpha level of 0.05 was used as a criterion for statistical 

significance. The results of figures 5.3.1, 5.3.2, 5.3.3, 5.3.4 and 5.3.5 were analyzed 

using unpaired t-tests. 
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RESULTS  
5.3.1 Cold exposure causes an increase in thermogenic gene expression in BAT. 

As discussed above, the lipolytic metabolic pathway has been demonstrated to fuel 

the thermogenic response in brown adipocytes via UCP-1 (Figure 5.3.1a). To 

determine the effect of cold exposure on the thermogenic genes in this pathway, we 

harvested BAT from experimental mice that were exposed to a 4°C environment (CL1), 

and from control mice that were exposed to a 21°C environment (BL1; Figure 5.3.1b). 

In line with previous studies, we found that mice that were exposed to 4°C had a 

significant upregulation of Ucp1 in BAT compared to the controls (Figure 5.3.1c).  

Moreover, we found an increase in mitochondrial genes Cpt1a and Cact in cold 

exposed mice, compared to the 21°C exposed control mice (Figure 5.3.1d-e). To fully 

examine the effect of cold on the entire thermogenic pathway, we also compared 

genes associated with fatty acid release from lipid droplets (Figure 5.3.1f-g). We found 

that Atgl significantly increased in mice exposed to 4°C, compared to mice exposed to 

21°C (Figure 5.3.1f). Although not significant, we found a similar trend in Hsl (Figure 

5.3.1g). Finally, we found an increase in Pgc1a expression in cold exposed mice 

compared to controls (Figure 5.3.1h). Together, these findings show that we could 

replicate existing findings and confirm that cold exposure causes an increase in 

thermogenic gene expression in BAT. 
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Figure 5.3.1 Innate cold exposure increases lipolytic and thermogenic gene 
expression in BAT. (a) Diagrammatic representation of the thermogenic pathway 
in BAT. (b) Diagrammatic representation of experimental timeline for tissue 
collection. Relative expression of lipolysis and thermogenesis genes (c), Ucp1, (d), 
Cpt1α, (e), Cact, (f), Atgl, (g), Hsl and (h), Pgc1α from the BAT of mice housed 
during BL1(21oC) compared to cold exposed mice (CL1, 4oC). n = 3-4 mice per 
group. * p < 0.05. BAT, brown adipose tissue; FFA, free fatty acid; BL1, baseline 1; 
CL1, cold 1. 
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5.3.2 Natural recall of a cold memory increases thermogenic gene expression in BAT.  

Our next aim was to understand the relationship between a memory of a cold 

experience and whole-body metabolic responses. Since the above results showed that 

a cold experience causes an increase in thermogenic gene expression in BAT, we 

asked whether a memory of that experience would cause a similar increase. To 

investigate this, we harvested BAT from mice on BL2 and T1 (Figure 5.3.2a-b). 

Strikingly, we find that several thermogenic genes are also upregulated in mice during 

cold recall on T1, compared to control mice on BL2 (Figure 5.3.2c-h). Indeed, we 

observed an upregulation of Ucp1 (Figure 5.3.2c), in addition to an increase in 

mitochondrial genes, Cpt1a and Cact (Figure 5.3.2d-e) and genes associated with 

fatty acid release from lipid droplets, such as Atgl and Hsl, (Figure 5.3.2f-g) and 

Pgc1a (Figure 5.3.2h). Together, these results showed that natural recall of a cold 

memory is sufficient to upregulate thermogenic genes in BAT.  

 
5.3.3 Artificial reactivation of cold memories increases thermogenic genes in BAT. 

Since natural recall of cold memories was sufficient to upregulate thermogenic genes 

in BAT, we next asked whether we could optogenetically reactivate cold-sensitive 

engrams to artificially induce a thermogenic response. To answer this, we compared 

thermogenic gene expression from mice that underwent optogenetic reactivation of 

cold-sensitive engrams, in comparison to mice with no-cold engram cells (Figure 

5.3.3a-b). Our results showed that artificial reactivation of a cold-sensitive engram led 

to an increase in Ucp1 and Cpt1a expression in BAT, compared to the reactivation of 

no-cold engram cells (Figure 5.3.3c-d). No differences were found in any other 

thermogenic genes (Figure 5.3.3e-g). These data suggest that cold-sensitive engram 

cells control whole-body thermoregulatory responses as reactivation of these engram 

cells caused an upregulation of certain thermogenesis genes in BAT. Together, these 

results show that both natural and artificial retrieval of cold memories causes an 

upregulation of specific thermogenic genes in brown adipocytes. 
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Figure 5.3.2 Natural recall of a cold memory increases lipolytic and 
thermogenic gene expression in BAT. (a) Diagrammatic representation of the 
thermogenic pathway in BAT. (b) Diagrammatic representation of experimental 
timeline for tissue collection. Relative expression of lipolysis and thermogenesis 
genes (c), Ucp1, (d), Cpt1α, (e), Cact, (f), Atgl, (g), Hsl and (h), Pgc1α from the BAT 
of mice housed during BL2 compared to T1. n = 4 mice per group.* p < 0.05, ** p < 
0.01, *** p < 0.001. BAT, brown adipose tissue; FFA, free fatty acid; BL2, baseline 
2; T1, test 1; h, hour; m, minutes. 
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  Figure 5.3.3 Artificial reactivation of cold-sensitive memory engrams 

increases lipolytic and thermogenic gene expression in BAT. (a) Diagrammatic 
representation of the thermogenic pathway in BAT. (b) Diagrammatic representation 
of optogenetic timeline for cold engram reactivation and tissue collection. Relative 
expression of lipolysis and thermogenesis genes (c), Ucp1, (d), Cpt1α, (e), Hsl, (f), 
Atgl, and (g), Pgc1α from the BAT of mice with cold-sensitive stimulated cells and 
no cold control stimulated cells. n = 4-6 mice per group.* p < 0.05, ** p < 0.01. BAT, 
brown adipose tissue; FFA, free fatty acid; DG, dentate gyrus; m, minutes.  
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5.3.4 Contextual fear conditioning has no effect on thermogenic genes in BAT.  

As previously described, studies have suggested that BAT might be a stress-

responsive endocrine organ that is required for an adaptive ‘’fight or flight’’ response. 

We therefore next asked whether the observed upregulation of thermogenesis genes 

was specifically due to cold experiences or due to a general stress response. To 

examine this, we harvested BAT from animals that went through contextual fear 

conditioning training (Figure 5.3.4a). Here, we compared BAT from animals that 

received 3 foot shocks with animals that received no foot shocks. Our results showed 

that there were no differences in any of the examined thermogenesis genes between 

shocked mice and no shock controls (Figure 5.3.4b-f). Interestingly, we also found no 

differences in Il-6 expression between the two groups (Figure 5.3.4g). These results 

therefore suggest that the previously found increases in thermogenesis genes were 

not due to a general stress response, as we find that stress caused by fear conditioning 

does not result in similar increases.  

 

5.3.5 Exposure to a predator odor does not increase thermogenic genes in BAT.  

To further confirm that the reported increases in thermogenesis genes were not due 

to a general ’fight or flight’’ response, we harvested BAT from mice that were exposed 

to a predator odor (TMT) or to a neutral control odor (H2O, Figure 5.3.5a). Our results 

showed that mice exposed to TMT showed no increase in thermogenic gene 

expression compared to mice that were exposed to H2O (Figure 5.3.5b-f). Strikingly, 

we found a significantly decreased expression of Hsl in TMT exposed mice compared 

to H2O controls (Figure 5.3.5f). Similar to the fear conditioned animals, we found no 

differences in Il-6 expression between the two odor groups (Figure 5.3.5g). Together, 

these experiments showed that thermogenesis genes in BAT are not upregulated due 

to a stressful experience in general, but that this increase is due to a cold experience 

specifically.  
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Figure 5.3.4 Contextual fear conditioning does not increase lipolytic and 
thermogenic gene expression in BAT. (a) Diagrammatic representation of 
experimental timeline for tissue collection. Relative expression of lipolysis and 
thermogenesis genes (b), Ucp1, (c), Cact, (d), Cpt1α, (e), Atgl, (f), Hsl and (g), Il6 
from the BAT of mice that received foot shocks compared to no shock controls. n = 
6-7 mice per group. BAT, brown adipose tissue; m, minutes; NS, no shock; S, 
shocked. 
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Figure 5.3.5 Predator odor exposure does not increase lipolytic and 
thermogenic gene expression in BAT. (a) Diagrammatic representation of 
experimental timeline for tissue collection. Relative expression of lipolysis and 
thermogenesis genes (b), Ucp1, (c), Cact, (d), Cpt1α, (e), Atgl, (f), Hsl and (g), Il6 
from the BAT of mice that were exposed to TMT and H2O exposed controls. n = 5 
mice per group. TMT, trimethylthiazoline; BAT, brown adipose tissue; h, hour. 
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DISCUSSION 
In this chapter, we aimed to understand whether memories are capable of controlling 

whole-body metabolic responses. To do so, we leveraged our previously designed 

behavioral timelines to examine how cold exposure influences thermogenesis in BAT. 

In line with previous studies, we first showed that innate cold exposure resulted in the 

upregulation of thermogenesis genes in brown adipocytes. Next, we showed that both 

natural and artificial retrieval of a contextual cold memory resulted in the upregulation 

of key thermogenesis genes in BAT. Importantly, we also showed that these increases 

could not be attributed to a general stress response, as we did not find similar 

increases in fear conditioned or predator odor exposed mice.   

 

Although clinical studies have shown that memories can have a direct influence on 

mental state and behavior, it remained unclear whether memories also directly 

influenced bodily processes. To our knowledge, this is the first study that shows that 

memories in general, and engrams specifically, control whole-body metabolic 

responses. Here, we showed that contextual cold memories control metabolic 

processes in BAT. Although BAT is a key organ involved in thermogenesis, other 

organs such as the liver and muscle have been shown to contribute to heat generation 

in cold-exposed rodents [159]. Indeed, the liver is an organ that is important for energy 

mobilization, providing glucose and packing lipid-rich lipoproteins [160]. Moreover, it 

has been shown that the liver undergoes a metabolic switch to provide fuel for BAT 

thermogenesis by producing acylcarnitines [160]. It is likely that in this study we only 

captured a small fraction of the whole-body response that is triggered by the recall of 

a cold memory. Future studies are necessary to determine which processes are 

exactly triggered by the retrieval of a cold memory, in order to fully understand the 

extent of how engram cells control whole-body responses.  

 

Here, we also showed that by optogenetically reactivating cold-sensitive engrams, we 

were able to control metabolic processes in BAT. However, we found that only certain 

thermogenic genes (Ucp1 and Cpt1a) were upregulated. One possible explanation for 

this is that the optogenetic stimulation protocol used in this study was not long enough 

to cause an upregulation of lipolysis genes such as Hsl and Atgl. In contrast, the 

mitochondrial gene Cpt1a might be relying on already circulating lipids to produce fuel 
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for Ucp1 to generate heat, considering the role of the liver in generating aclycarnitiens 

for BAT in cold environments. Additional studies are necessary to determine whether 

alternative optogenetic reactivation protocols can cause an increase in lipolysis genes, 

or whether this result holds true regardless of the length of the reactivation period. 

 

In our optogenetic studies, we chose to reactivate cold-sensitive engrams in the DG 

as we aimed to reactivate contextual cold memories. However, previous studies have 

shown that the hypothalamus is a key structure that coordinates both the behavioral 

and autonomic responses that are necessary to maintain homeostasis [64, 148]. 

Indeed, several hypothalamic regions have also been implicated in the control of 

thermogenesis in BAT [66]. Based on results from previous chapters, it is likely that 

the increase in thermogenesis genes in BAT following optogenetic activation of cold-

sensitive cells is mediated by hypothalamic regions such as the LHA and the MPO. 

Indeed, orexigenic neuropeptides have not only been found to be predominantly 

expressed in the LHA, orexin has also been shown to play a central role in adaptive 

thermogenesis via its effects on BAT differentiation and function [66, 161]. Future 

studies are necessary to examine the exact pathway that mediates the increases in 

BAT genes after optogenetic stimulation of DG cold-sensitive cells. For example, one 

interesting question that arises is whether the previously observed increases in 

thermogenesis genes would be absent if one was to chemogenetically inhibit the LHA 

while simultaneously reactivating cold-sensitive engrams in the DG.  

 

BAT has been found to be a versatile organ that is involved in a variety of metabolic 

and endocrine processes. Recently it has also been suggested that it might be a 

stress-responsive organ that is crucial for a ‘’fight or flight’’ response [156, 157]. Here, 

we show that although BAT could potentially be a stress-responsive organ, the specific 

genes in the thermogenic pathway studied in this chapter are not uniquely activated 

by stress. Indeed, our results showed no differences in thermogenic gene expression 

in fear conditioned or predator odor exposed mice. As such, we showed that these 

genes are specifically involved in thermoregulatory processes that are activated when 

an animal is encoding and recalling a cold environment. Together, our data, and 

previously published data, seem to suggest that different types of stressors elicit 

different responses from BAT, and that its response is highly dependent on the type of 

contextual input that it receives.  
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In this chapter we examined how cold memories in general, and cold-sensitive 

engrams specifically influenced thermogenic gene expression in brown adipocytes. 

Taken together, here we showed evidence that both natural and artificial reactivation 

of a contextual cold memory upregulates thermogenesis genes in BAT. Moreover, it 

showed that different types of physiological stressors do not increase thermogenesis 

genes in BAT. As such, this chapter showed additional important evidence that 

memories can control whole-body metabolic responses that are important for non-

shivering thermogenesis.  
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6.1. Cold engrams control whole-body metabolic responses.  

In this study, we identified the influence of memory engrams on whole-body 

responses. We demonstrated that mice increase their metabolic rate and adjust their 

behavior when recalling a cold environment, indicating that mice can store and recall 

temperature information (Figure 1). Our findings reveal that the recall of a cold 

environment increases c-Fos activity in the hippocampus and hypothalamus, which in 

turn leads to increased functional connectivity between these two structures. We found 

that cold-sensitive engram cells are located in the DG, LHA and MPO and that artificial 

reactivation of DG engram cells leads to an increase in whole-body metabolism. 

Moreover, our results showed that inhibition of cold-sensitive cells in the DG prevents 

the conditioned whole-body response that was previously associated with cold 

memories. Notably, our study shows that contextual cold memories control whole-body 

responses in BAT, by increasing thermogenic genes during cold recall. Together, these 

data show that cold sensitive engrams control whole-body thermoregulatory 

responses. 

 

6.2. Engrams are an important part of the body-brain axis.  

Many different studies using various methods have shown that complex information is 

stored in the brain in the form of an engram [162-164]. Indeed, observational studies 

have provided support for the existence of engrams, whereas gain- and loss-of-

function studies have provided evidence that these cells are part of the internal 

representation of a given experience [15]. Together, these studies have shown that 

engrams are activated by a learning experience, are physically modified by that 

learning experience and result in the retrieval of the original memory when reactivated. 

However, to assess whether reactivation of engram cells results in the retrieval of the 

original memory, only behavioral measurements such as freezing are typically used 

as a readout. To our knowledge, this is the first study showing that engrams control 

more than the traditionally studied behavioral responses. Here, we show that 

contextual engrams control whole-body metabolic responses, and that remembering 

a particular event can trigger the bodily processes that were associated with this 

experience. As such, we provide further evidence that the reactivation of an engram 

results in the retrieval of the original memory and that both the bodily and behavioral 

responses associated with that memory are recapitulated.  
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Figure 6.1. Cold-sensitive engrams control whole-body thermoregulatory 
responses. In this study, we show that natural retrieval of contextual cold memories 
increases metabolic rates (1), c-Fos activity and connectivity (2), and engram cell 
activity and connectivity (3). We show that artificial retrieval of a cold memory 
increases metabolic rates (4), whereas chemogenetic inhibition prevents these 
increases (5). Finally, we show that natural and artificial retrieval of cold memories 
increases thermogenesis genes in brown adipocytes (6).  

 
 
 
 
 
 
 
 
It is plausible that the alterations in bodily responses following the reactivation of 

engrams are necessary in order for the behavioral responses to follow. For example, 

when animals retrieve a fear memory, it is likely that bodily responses such as heart 

rate and adrenaline levels are altered in order for the animal to exhibit the appropriate 

behavioral response. Indeed, the fight-or-flight response is coined as the immediate 

physiological reaction that occurs when danger is perceived by an organism. It was 

originally described by Cannon in 1929 as the neural and physiological mechanisms 

that are necessary to confront or escape the threat [165]. Based on our results, we 

hypothesize that memories of salient events can similarly trigger both the neural and 
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physiological mechanisms that are required for the appropriate behavioral responses 

to ensue. Evidence supporting this idea comes from clinical data obtained from 

patients that are diagnosed with PTSD, who re-experience traumatic events in the 

form of memory flashbacks [166]. These flashbacks are often reported to be 

accompanied with the physical sensations that were originally experienced during the 

traumatic event. Therefore, it seems that in these patients, remembering a traumatic 

event is sufficient to trigger the originally felt bodily sensations, suggesting that 

memories can indeed trigger whole-body responses.  

 
Our findings support the growing body of evidence which demonstrate that mental 

state can have an influence on bodily functions in health and disease. Indeed, the 

rapidly growing field of neuroimmunology has provided increasing evidence on how 

psychological states can have an impact on physiological processes in the body, and 

how somatic states can in turn influence the CNS [7, 167]. Here, we showed that 

engram cells control whole-body thermoregulatory responses, supporting the idea that 

the brain and the body are interconnected in a reciprocal manner. However, one 

question that remains is whether bodily responses in turn also have an influence on 

engram cells specifically and memories in general. For example, it is likely that 

information not only flows from the brain to the body but also vice-versa. Future studies 

are necessary to determine how bodily states modulate the storage and formation of 

memories, and how this relates to engram cells. Moreover, more studies are needed 

to investigate the bodily responses that are potentially altered by engrams in order to 

fully understand which processes are under the control of these cells. In the future, 

this will not only provide us with insights on the impact that memories have during 

healthy and diseased states, but it will also allow us to identify novel therapeutic 

targets, in the treatment of psychological disorders or the beneficial effects of positive 

valence memories.   

 
6.3. Temperature engrams are important for survival.  

Previous studies have suggested that animals are capable of learning and 

remembering temperature information. For example, animals can be trained to adjust 

their own environment by pressing a bar to receive either a hot or cold air 

reinforcement [23, 24]. Despite these studies, clear evidence of whether animals form 

temperature memories was lacking. Moreover, it remained unclear how these types of 
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memories would be stored and retrieved in the brain. In this study, we report that 

temperature information is stored in the brain in the form of memories. We show that 

mice are able to retrieve temperature information regarding a specific environment and 

adjust their behavior accordingly. Indeed, mice preferred to avoid the cold-paired 

context when given the choice. To our knowledge, this is the first study that has directly 

shown that mice are capable of forming memories about the specific temperature of 

their environment. We hypothesize that the storage of temperature information in the 

form of memories enables animals to anticipate thermal challenges based on previous 

experiences. As previously described, thermoregulatory responses can be subdivided 

into motivated, goal-directed behavioral responses, and autonomic physiological 

mechanisms. Forming memories regarding the temperature of a given environment 

would enable animals to adapt their behavioral responses to enhance survivability and 

allow them to respond in an energy-efficient manner. For example, animals might 

return to shaded cooler places if they live in an environment with a very hot climate 

[168]. Although in this study we only focused on cold memories, we hypothesize that 

animals are also capable of forming memories of a hot environment. Indeed, Osterhout 

and colleagues showed that sick mice preferred to spend more time in a warmer 

environment compared to healthy mice [169]. This study suggests that these mice 

were not only capable of remembering which side of the apparatus was warmer, but 

that they chose their environment based on their thermoregulatory needs. Finally, our 

results also provide some insight into how contextual cold memories are stored in the 

brain. We find that these types of memories are stored in the form of engrams in the 

hippocampus and hypothalamus, two structures that have been shown to be important 

for memory and thermoregulation respectively. Additional studies are needed to fully 

understand how these two structures cooperate in order to orchestrate the wide variety 

of thermoregulatory responses observed in this study, ideally using viral tracers. 

Finally, we show here that thermoregulation, an innate type of behavior that all 

mammals perform, is facilitated by the ability of animals to form context dependent 

temperature memories. Future studies will be necessary to further examine whether 

other innate behaviors are also stored in the brain in the form of memories and engram 

cells. 
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6.4. The translational value of cold engrams.  
The findings described in this study may have important translational implications for 

potential treatment avenues for metabolic diseases. In humans, BAT has been 

associated with cardiometabolic health, making it a promising target for future 

therapies. For example, a recent study showed that pharmacological stimulation of the 

AR-b3 receptor in BAT in humans resulted in increased metabolic activity in BAT 

specifically [170]. Humans with more BAT were also shown to have lower prevalence 

of cardiometabolic diseases, and increased presence of BAT was shown to correlate 

with lower odds of type-2 diabetes, coronary artery disease, cerebrovascular disease, 

congestive heart failure and hypertension [171]. Moreover, Stanford and colleagues 

showed that by transplanting BAT from donor mice into matched recipient mice, they 

could improve glucose tolerance, insulin sensitivity, body weight and fat mass, and 

reverse high-fat diet–induced insulin resistance in recipient mice [172]. These studies 

illustrate that BAT is an important organ that has many implications in a variety of 

diseases, and therefore is an excellent candidate for novel targeted treatment options 

in metabolic disease. In this study, we aimed at understanding how the brain affects 

bodily functions with the ultimate goal of identifying novel therapeutic targets that 

would enable more targeted treatments for cardiometabolic diseases in the future. For 

example, here we showed that by stimulating neurons in the brain, we were able to 

upregulate thermogenesis genes in BAT. With the current technological advancements 

of optogenetics in humans, this line of research opens interesting avenues for future 

therapeutic approaches in humans [173].  

 

6.5. Concluding remarks. 

In this thesis we tried to illustrate the importance of interdisciplinary research in 

answering important and contemporary questions in the field of neuroscience. Our 

study shows that in order to fully understand how the brain functions, it is essential to 

consider processes happening outside of it. Only by understanding how the brain and 

the body work in concert, will we be able to identify novel therapeutic targets for the 

complex and comorbid diseases that are increasingly being diagnosed in our society.  
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