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Summary 

Thermoregulation is a dynamic homeostatic process, tightly regulated by the autonomic nervous 

system. How the brain coordinates maintenance of the body temperature within a narrow range of 37˚C, 

a condition that is needed for the survival of most of the species, remains unclear. Among the brain regions 

implicated in thermoregulation is the anterior portion of the hypothalamus, the preoptic area (POA). In 

this region neurons that respond to direct temperature stimuli and to the skin and spinal cord warming 

were found, suggesting that these warm-sensitive neurons (WSNs), are the cells that detect deep brain 

temperature and integrate it with temperature information from the periphery. The limiting factor in 

studying the WSNs of the POA and their role in thermoregulation is the lack of specific molecular markers 

that identify them.  

Therefore, the goal of this thesis work was to characterize WSNs of the POA at the molecular level 

and to find their genetic marker(s). To achieve this goal I used a primary POA cell culture and performed 

calcium imaging while applying a temperature stimulus of 45˚C in the presence and the absence of the 

TRPM2 antagonist, 2-Aminoethoxydiphenyl borate (2-APB). I identified and hand-picked temperature 

responding cells and temperature non-responding cells for the single-cell RNA-sequencing (scRNA-seq). 

Analysis of the scRNA-seq data pointed to the limitations of the P9 cell culture used. The majority of the 

temperature non-responding cells expressed glial marker genes together with neuronal markers, a 

combination not found in vivo. I concluded that the genetic heterogeneity of the sequenced cells was too 

large and putative WSNs’ molecular markers identified from cultured neurons would be ambiguous. In 

addition, to find markers of WNSs one has to take another approach, such as Patch-seq to analyze these 

neurons in more natural conditions. 

One of the POA neuronal populations activated by a change in ambient temperature is expressing 

leptin receptor (POALepR). These neurons also exhibit an increase in action potential firing frequency (AP 

FF) during the process of chronic heat exposure to 36˚C that also leads to an increased heat endurance (at 

39˚C). in mice. This intrinsic property of neurons (not affected by synaptic blockers), seems to be needed 

for a mouse to endure heat, as the animals in which the firing of POALepR is abolished fail to do so.  

To learn more about the role of the POALepR neurons in the heat acclimation process I used FACS 

(Fluorescence Activated Cell Sorting) to isolate the POALepR neurons from POA of non-acclimated and 

acclimated ( 5 and 30 days at 36 ˚C) LeprCreHTB mice and performed RNA sequencing. I identified three 

genes Kcnq2, Kcnn2, and Kcnh2, all three coding for potassium ion channels, whose expression level 

changed with the course of heat acclimation. I have tested the functionality of these ion channels in AP 
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firing of the POALepR neurons, by employing electrophysiology and pharmacology in acute POA slices. Ion 

channels Kv7.2 and Kv11.1, coded by Kcnq2, and Kcnh2, respectively, exhibited a role in shaping the AP 

firing of POALepR neurons. Applying the antagonist of Kv7.2 disrupted harmonious AP firing of POALepR 

neurons coming from acclimated mice, rendering their membrane potential unsteady and their firing 

bursty. In addition, the application of the Kv11.1 antagonist increased the AP FF of POALepR neurons even 

further in the long-term acclimated condition.  

Heat acclimation is a naturally occurring process happening across mammalian species, including 

humans. It is important for enduring physical burdens in hotter climates as it leads to the improved 

function of the thermoregulatory system. It is forthright to hypothesize that the POA, the central regulator 

of temperature homeostasis, plays a role in heat acclimation. However, knowledge about it is scarce. 

Knowing which molecules change in POALepR neurons transcriptome to increase firing, and to which other 

thermoregulatory relays these neurons project will help us understand their role and the role of POA in 

heat acclimation.  
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Zusammenfassung 

Thermoregulation ist ein dynamischer homöostatischer Prozess, der durch das autonome 

Nervensystem streng reguliert wird. Eine Körpertemperatur im Bereich von 37˚C ist für die normale 

Funktion aller enzymatischen Reaktionen und zellulären Prozesse erforderlich. Wie das Gehirn die 

Aufrechterhaltung der Körpertemperatur koordiniert ist bisher jedoch noch unklar. Zu den Hirnregionen, 

die an der Thermoregulation beteiligt sind, gehört der Hypothalamus, genauer gesagt sein anteriorer Teil, 

der präoptische Bereich (POA). In dieser Region wurden Neuronen gefunden, die auf direkte 

Temperaturreize und auf die Erwärmung von Haut und Rückenmark reagieren, was darauf hindeutet, dass 

diese wärmeempfindlichen Neuronen (WSN) die Zellen sind, die die Temperatur in der Tiefe des Gehirns 

erkennen und sie mit den Temperaturinformationen aus der Peripherie integrieren. Der limitierende 

Faktor bei der Untersuchung der WSN des POA und ihrer Rolle bei der Thermoregulation ist das Fehlen 

spezifischer molekularer Marker, um diese zu identifizieren. 

Daher war es das Ziel dieser Arbeit, die WSN des POA auf molekularer Ebene zu charakterisieren 

und ihre genetischen Marker zu finden. Um dieses Ziel zu erreichen, habe ich Kalzium-Imaging 

Experimente mit primären POA-Zellkulturen durchgeführt. Die Zellen wurden während eines 

Temperaturreizes von 45˚C in Gegenwart und Abwesenheit des TRPM2-Antagonisten 2-

Aminoethoxydiphenylborat (2-APB) vermessen. Des Weiteren, identifizierte und selektierte ich Zellen 

mittels Einzelzell-RNA-Sequenzierung (scRNA-seq), welche auf die Temperatur reagierten und Zellen, die 

nicht auf die Temperatur reagierten. Die Analyse der scRNA-seq-Daten zeigten jedoch die Grenze der 

verwendeten P9-Zellkultur auf. Die Mehrzahl der sequenzierten Zellen, die nicht auf den 

Temperaturstimulus reagierten, exprimierten Glia-Markergene zusammen mit neuronalen Markern, eine 

Kombination, die in vivo nicht vorkommt. Ich kam daher zu dem Schluss, dass die genetische Heterogenität 

der sequenzierten Zellen zu groß war und dass die molekularen Marker der mutmaßlichen WSN, die aus 

den kultivierten Neuronen identifiziert würden, mehrdeutig sein würden. 

Um Marker für WNS zu finden, muss man außerdem einen anderen Ansatz wählen, z. B. Patch-

seq, der Elektrophysiologie und Transkriptomik kombiniert, um diese Neuronen unter natürlicheren 

Bedingungen zu analysieren. 

Eine der POA-Neuronenpopulationen, die durch eine Veränderung der Umgebungstemperatur 

aktiviert wird, exprimiert den Leptinrezeptor (POALepR). Diese Neuronen zeigen auch einen Anstieg der 

Aktionspotenzial-Feuerungsfrequenz (AP FF) während einer chronischen Hitzeexposition bei 36˚C, was bei 

Mäusen auch zu einer erhöhten Ausdauer führt. Diese intrinsische Eigenschaft der Neuronen scheint 
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notwendig zu sein, damit Mäuse Hitze aushalten können, da die Tiere, bei denen das Feuern von POALepR 

abgeschaltet ist, dies nicht tun. 

Um mehr über die Rolle der POALepR-Neuronen im Prozess der Hitzeakklimatisierung zu erfahren, 

habe ich mittels FACS (Fluoreszenz-aktivierte Zellsortierung) die POALepR-Neuronen aus POA von nicht 

akklimatisierten und akklimatisierten (5 und 30 Tage bei 36 ˚C) LeprCreHTB-Mäusen isoliert und eine RNA-

Sequenzierung durchgeführt. Ich habe drei Gene Kcnq2, Kcnn2 und Kcnh2 identifiziert, die alle drei für 

Kalium-Ionenkanäle kodieren und deren Expressionsniveau sich im Verlauf der Wärmeakklimatisierung 

verändert. Ich habe die Funktionalität dieser Ionenkanäle beim AP-Feuerns der POALepR-Neuronen mit 

Hilfe der Elektrophysiologie und Pharmakologie in akuten POA-Schnitten getestet. Die Ionenkanäle Kv7.2 

und Kv11.1, die von Kcnq2 bzw. Kcnh2 kodiert werden, spielten eine Rolle bei der Gestaltung des AP-

Feuerns von POALepR-Neuronen. Die Anwendung des Antagonisten von Kv7.2 störte das harmonische AP-

Feuern von POALepR-Neuronen aus akklimatisierten Mäusen, wodurch ihr Membranpotenzial unstetig 

und ihr Feuern unbeständig statt fand. Darüber hinaus erhöhte die Anwendung des Kv11.1-Antagonisten 

die AP –Feuerns der POALepR-Neuronen unter den Bedingungen der Langzeitakklimatisierung sogar noch 

weiter.  

Die Wärmeakklimatisierung ist ein natürlicher Prozess, der bei allen Säugetierarten, einschließlich 

des Menschen, vorkommt. Sie ist wichtig, um körperliche Belastungen in wärmeren Klimazonen zu 

ertragen, da sie zu einer verbesserten Funktion des Thermoregulationssystems führt. Es liegt die 

Hypothese nahe, dass der POA, der zentrale Regulator der Temperaturhomöostase, eine Rolle bei der 

Hitzeakklimatisierung spielt. Es gibt jedoch keine direkten Beweise, die dies bestätigen. Wenn wir wissen, 

welche Moleküle sich im Transkriptom der POALepR-Neuronen verändern, um die Feuerkraft zu erhöhen, 

und auf welche anderen Thermoregulationsrelais diese Neuronen projizieren, können wir ihre Rolle und 

die Rolle des POA bei der Hitzeakklimatisierung in Zukunft besser verstehen. 
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1. INTRODUCTION 

Thermoregulation is a homeostatic mechanism crucial for every animal’s survival as it is involved 

in all biological functions from basic enzymatic to higher-level ones such as energy production(S. Morrison 

F. & Nakamura, K, 2011). It is tightly coordinated by a central nervous system (CNS) through temperature 

inputs arriving from peripheral thermoreceptors via the spinal cord to the brain, which processes 

information and gives out the command to thermoeffector organs to execute the orders to keep the body 

temperature (Tcore) in check (Madden & Morrison, 2019). Key thermoeffector organs are cutaneous blood 

vessels, salivary (in rodents) and sweat glands (larger mammals and humans), skeletal muscle shivering 

and brown adipose tissue (BAT) thermogenesis.  

1.1. POA IN THERMOREGULATION 

1.1.1. A historical overview of POA in thermoregulation 

More than a century ago, the work of researchers such as Aronsohn and Sachs revealed that 

damaging the corpus striatum, the base of the brains of rabbits, guinea pigs, and dogs, causes malfunction 

of temperature regulation in these animals (Aronsohn & Sachs, 1885; Isaac Ott, 1887). Further on, Barbour 

did work on rabbits, where he showed that introducing hot water-conducting metallic cannula to the 

hypothalamus activated body cooling (Barbour, 1912). Bazet followed the work of others by implementing 

brain lesions and showed that damaging the hypothalamus in cats causes an increase in body temperature 

(Bazett et al., 1933). Moreover, in 1938 Magoun used a slightly more sophisticated diathermic device that 

used current to create heat (Magoun et al., 1938). By inserting this device in the cats' brains, the part of 

the brain, which reacts the most to the heating, has been evaluated; heating an area ventral to the optic 

chiasm, and dorsal to the anterior commissure, caused panting in cats and the appearance of the sweat 

on the paws. Magoun pointed out that the preoptic area and suprachiasmatic region of the hypothalamus 

are more responsive to heating than the posterior hypothalamic regions. Following the work of Magoun, 

Hemingway measured effector mechanisms such as panting, vasodilation, and vasoconstriction, by 

warming up the hypothalamus of dogs (Hemingway et al., 1940). Animals were kept in a cold room and 

they exhibited shivering and ear blood vessels vasoconstriction, but after brain warming, shivering ceased, 

and constricted blood vessels dilated. Therefore, it was concluded that the heating „center“ in the brain 

lies within the anterior hypothalamus, above the optic chiasm, the region known today as the preoptic 

area of the hypothalamus (POA). Twenty years later Hammel and colleagues corroborated the finding by 
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cooling the hypothalamus of the dogs which caused an increase in body temperature by exerting 

vasoconstriction and shivering (Hammel et al., 1960).  

1.1.2. Thermosensitive units within the POA 

With the thermoregulatory brain center identified, researchers have been able to continue 

characterizing this region more precisely. Classical experiments by Nakayama and colleagues have defined 

temperature-responsive neurons within the POA (Nakayama et al., 1961, 1963). These warm sensitive 

neuronal units exhibited a Q10 (a measure of temperature sensitivity) between 5 and 15. Q10 is a t 

Temperature coefficient extracted from the Arrhenius equation, which describes the dependency 

of the rates of chemical reactions on temperature, e.g. if a neuron's discharge rate doubles upon a 10 ˚C 

temperature change then the Q10 for this neuron equals 2. Another measure for neuronal 

thermosensitivity is based on the thermal coefficient – a slope of the change in neurons' firing rate during 

the temperature change. If this slope gets ≥0.8 AP/s/˚C then the neuron is considered to be warm sensitive 

(Boulant, 2011). In addition to warm-sensitive neurons, cold-sensitive ones have been found within the 

POA (Hardy et al., 1964). These neurons respond with an increase of the AP firing upon cooling of the POA, 

with the slopes ranging between -0.4 to -3.5 AP/sec/ ˚C. An extensive review of the studies performed in 

vivo and ex vivo slices of the POA showed that around 30% of neurons within the POA are warm-sensitive 

(WSNs), 5-10% are cold-sensitive (CSNs), and the rest (60-70%) is temperature insensitive (Boulant, 2000; 

Boulant & Dean, 1986). This proportion is slightly lower in the POA cultured neurons, with 26% being 

WSNs, 7% CSNs, and the rest temperature insensitive. However, the POA is not the only temperature-

sensitive region within the brain, as electrophysiological studies have shown that other regions in the rat's 

diencephalon contain similar proportions of all three temperature-defined neuronal categories (Dean & 

Boulant, 1989). 

Already in 1963, Hammel proposed the set point theory as a principle for the thermoregulatory 

center in the brain based on this cellular POA architecture (WSN, CSNs, and ISNs) (Hammel et al., 1963). 

He postulated that thermoregulatory homeostasis is achieved via the balance of synaptic outputs of WSNs 

(neurons that get activated by temperature) and temperature-insensitive neurons. In brief, when the 

hypothalamic set point temperature (37˚C) gets challenged by the environmental temperature change, 

and the temperature increases above 37˚C, temperature-sensitive neurons in the POA get active and 

synaptically excite the neurons projecting to the effector mechanisms to increase the heat loss (Boulant, 

2006). These effector neurons are otherwise synaptically inhibited by temperature-insensitive neurons. 

Therefore, at the temperature of 37˚C, excitatory outputs of WSNs and inhibitory outputs of temperature-
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insensitive neurons, counterbalance each other and keep the set point temperature steady. This feature 

of neurons within the POA gives it a role of an integrator of temperature information, the one that senses 

the peripheral changes, and has tools to regulate the response to these changes.  

Other theories on thermoregulation have been postulated as well. One of those is disputing the 

role of a central temperature information integrator, as Hammel was proposing for the POA, and suggests 

that thermoregulation is attained via temperature-sensitive neurons in the periphery sending outputs to 

the effector cells which activate effector response. Here, the decision of whether a heat loss, for example, 

will be activated does not depend on the set point comparator but merely on the summation of the 

sensory temperature-sensitive neurons' activation and their predisposition to activate an effector 

response (Kobayashi, 1989). In addition, the POA role in thermoregulation is challenged by another view, 

suggesting that thermoeffectors are working independently of each other, each activated by a different 

set point temperature, but working to contribute to the thermal balance (Romanovsky, 2004, 2007).  

Despite the above-mentioned counterpoints to the theory of central brain thermoregulation, it 

seems that only the integrity of the POA influences precise body temperature regulation as shown by the 

earlier-mentioned lesion and warming studies. In addition, although other brain regions contain 

temperature-sensitive neurons, it has been shown that POA WSNs respond to the skin and spinal cord 

warming (Boulant & Hardy, 1974). This finding has made POA WSNs prime candidates for integrating 

peripheral and central information on temperature. Moreover, the facts that cooling the POA elicits brown 

adipose tissue (BAT) and shivering thermogenesis, and that warming activates heat defense mechanisms 

point to the central role of the POA in thermoregulation (Hammel et al., 1960; Imai-Matsumura et al., 

1984; Kanosue et al., 1990). 

1.1.3. Synaptic dependency of WSNs and CSNs 

Initial studies suggested that synaptic input dependency is different for WSNs and CSNs. These 

studies showed that neuronal warm sensitivity persists during synaptic input blockade, while cold 

sensitivity turned out to be largely dependent on synaptic inputs (Kelso & Boulant, 1982). It is worth noting 

that the blockade of synaptic inputs in those experiments was achieved via balancing the composition of 

different ions (such as calcium and magnesium) to prevent synaptic activity and not by specific blockers of 

excitatory and inhibitory transmitters. This has raised the hypothesis that the cold-sensitive neurons 

receive inhibitory input from WSNs, which is decreased during the cold stimulus, and therefore their firing 

increases. In addition, the physiological relevance of cold-sensitive neurons has not been found and it has 

remained unclear whether they have a role in activating effector mechanisms for thermoregulation 



CHAPTER 1 Molecular characterization of POA warm-sensitive neurons 

[5] 
 

(Kanosue, Yanase-Fujiwara, et al., 1994; Kanosue, Zhang, et al., 1994). However, some cold neurons were 

identified in the primary dissociated neurons from rat hypothalamus and recently a gene CNGA3 has been 

identified as a cold sensor in mouse POA dissociated neurons (Abe et al., 2003; Feketa et al., 2020).  

1.2. MECHANISMS OF WSNs’ WARM SENSITIVITY  

Although discovered a century ago, the mechanism behind the temperature sensitivity of the POA 

WSNs is still not clear. Two different views of mechanisms behind this POA neuronal characteristic were 

observed and discussed among the researchers (Griffin et al., 1996; Hori et al., 1999; Kobayashi et al., 

2006). First, Kobayashi and colleagues measured the resting membrane potential (RMP) of POA WSNs and 

found that the RMP gets more depolarized in the WSNs upon warming in comparison to the temperature-

insensitive neurons (Kobayashi & Takahashi, 1993). In addition to this, some studies have identified inward 

sodium current to be temperature sensitive in POA dissociated neurons, speculating that this current 

shows increased Na+ permeability upon warming and is followed by increased depolarization and neuronal 

firing rate (Kiyohara et al., 1990).  

On the other hand, Boulant and colleagues have proposed that the resting membrane potential of 

WSNs is not affected by temperature but that it is the depolarizing pacemaking prepotentials that are 

increased in WSNs during warming, leading to a decreased interval between each action potential and 

faster firing (Curras et al., 1991; Griffin & Boulant, 1995). The depolarization prepotentials are assumed to 

be run by temperature-sensitive hyperpolarizing potassium current (A-type potassium current) (Griffin et 

al., 1996). It is important to highlight that the recordings which have led to these two different findings 

were done under different conditions; Kobayashi’s group recognized WSNs while applying synaptic 

blockade and by applying the temperature sensitivity criterium of 0.5 AP/s/˚C, as Boulant’s group did not 

use synaptic blockers and used criterium of 0.8 AP/s/˚C. 

 In addition, researchers have tried to model the ionic conductances dependent on the 

temperature and have found that changes in the expression levels of certain ion channels can contribute 

to the neuron warm sensitivity (Wechselberger et al., 2006). Ion channels such as pacemaking HCN 

(Hyperpolarization-activated cyclic nucleotide-gated cation channel), TREK1 (potassium two pore domain 

channel subfamily K member 2)/TRAAK (TWIK-Related Arachidonic Acid-Stimulated Potassium Channel), 

and TASK-1 (potassium two pore domain channel subfamily K member 2) all showed to possibly mediate 

neurons’ warm sensitivity.  

This has suggested that it is most likely not the case that only one ion channel modulates the 

neuronal warm-sensitivity but that it is probably a consortium of different molecules and the levels of their 
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expression that determines it. Additionally, more recently, a view on synaptic mechanisms behind warm 

sensitivity has changed, as it was found that WSN activity does after all depend on synaptic inputs 

mediated by activation of cation channel TRPM2 (Kamm et al., 2021). This finding gives a novel perspective 

on the mechanism of WSNs' warm sensitivity as it points out that searching for the molecules mediating 

the intrinsic thermal sensation in the brain might not lie within the WNSs themselves but as well within 

their local circuitry.  

1.3. AFFERENT AND EFFERENT THERMAL PATHWAYS 

The change in ambient temperature is sensed by the Aδ and C nerve fibers containing temperature 

receptors such as TRP (transient receptor potential) ion channels. Myelinated A-delta afferent fibers are 

sensing cold in primates and humans (Hensel & Iggo, 1971), as primarily unmyelinated C-fibers sense cold 

and warmth in humans, rodents, and other mammals (Duclaux & Kenshalo DR, 1980; Iriuchijima & 

Zotterman, 1960). These primary somatosensory neurons that sense temperature has their somas in 

dorsal root ganglia (DRG) located next to the spinal cord and are innervating the whole body, or in 

trigeminal ganglia (TG) situated close to the brain which is innervating the head and face, as their axons 

extend on two sides (Vriens et al., 2014). One side extends to the periphery (skin, mucosa, internal organs) 

to collect information about the temperature, and the other to pass on this information, toward second-

order neurons in the spinal cord dorsal horn. In addition, these neurons are capable of temperature 

detection themselves, as their somas are equipped with temperature-sensing ion channels (Ran et al., 

2016). 

The afferent fibers containing the cold detector, TRPM8 (transient receptor potential melastatin 

8) ion channel, sense cold and are the main provider of cold information toward the dorsal horn (Ran et 

al., 2016). On the other hand, the fibers expressing the TRPV1 (transient receptor potential vanilloid 1) ion 

channel, bring information about warmth (Mishra et al., 2011). TRPV1 ion channel has been found as a 

heat-sensitive TRP channel, and the ablation of neurons containing TRPV1 leads to a lack of 

thermoregulatory responses to heat (Pogorzala et al., 2013). Since ablation of the TRPV1 ion channel does 

not completely abolish heat sensitivity; the effort was put to investigate other potential ion channels 

contributing to this function of peripheral nerve fibers (Vriens et al., 2014). Additional TRP channels were 

found to be temperature sensitive and involved in peripheral temperature sensation; a recent work from 

Vandewauw et al. has found a TRP channel trio: TRPM3, TRPV1, and TRPA1, to be important in perceiving 

noxious heat stimuli (Vandewauw et al., 2018). Interestingly, knocking out all three channels at the same 

time has caused almost a complete deficiency in heat sensitivity of Aδ and C nerve fibers.  
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The spinal dorsal horn (DH), located in the spinal cord, receives input from the DRG and projects 

toward the thalamus (Hylden et al., 1986; J. Li et al., 2006) and lateral parabrachial nucleus (LPB) (Cechetto 

et al., 1985; Nakamura & Morrison, 2008). The projections from DH to the thalamus end up in the cortex 

and serve for temperature perception. However, this spinothalamic pathway is required for neither 

autonomic nor behavioral responses to changes in cutaneous temperature (Nakamura & Morrison, 2010; 

Yahiro et al., 2017). On the other hand, the projections from DH to LPB, integrating information from 

cutaneous and deep body temperature sensors of the DRGs and TGs, are essential for the activation of 

thermoregulatory responses to the change in skin temperature (Nakamura & Morrison, 2008, 2010). The 

LPB itself contains neurons that are activated by skin cooling and warming. The lateral external portion of 

LPB (LPBel) is activated by cold exposure (4˚C) and is required for activating the cold defense mechanisms 

by projecting to the preoptic area, in particular to the MnPO (Nakamura & Morrison, 2008). Parallel to 

that, the dorsal division of LPB (LPBd) contains neurons activated by warmth (36˚C), projecting to the 

MnPO. It was found that the LPBd is needed to decrease cutaneous vasoconstriction and inhibit BAT 

thermogenesis, two effector mechanisms for getting rid of the excess heat (Nakamura & Morrison, 2010). 

In addition, in mice, about 83% of the heat-activated LPB POA projecting neurons are genetically marked 

by pre-prodynorphin but the function of that peptide in thermoregulation is not known (Geerling et al., 

2016).  

1.3.1. Thermoeffector mechanisms in thermoregulation 

The finding that the POA contains warm sensitive units, which as well respond to skin and spinal 

cord heating placed the neurons of that hypothalamic nucleus in the core of thermoregulation by giving it 

a bridging role between the thermosensory afferents and thermoeffector efferents (Boulant & Hardy, 

1974; Guieu & Hardy, 1970). The key thermoeffector organs are cutaneous blood vessels, salivary (in 

rodents) and sweat glands (larger mammals and humans), skeletal muscles, and brown adipose tissue 

(BAT) responsible for shivering and non-shivering thermogenesis, respectively (Madden & Morrison, 2019) 

(Figure 1.1). Thermogenic effector mechanisms such as BAT adipose tissue thermogenesis and skeletal 

muscle shivering produce heat via excess ATP uncoupling from the mitochondria. Vasoconstriction keeps 

the warm blood within the animal’s body and serves as a heat-conserving mechanism. Cutaneous 

Vasodilatation on the other hand serves as a heat dissipation mechanism as the surface area through 

which warmth from the blood can be dissipated is increased. In addition, salivation in rodents or sweating 

in humans and some other mammals is helping to cool the skin down and helps to lower the body 
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temperature. In particular in combination with vasodilation, sweating is among the most effective cooling 

systems in the animal kingdom  

 

Figure 1.1. Activation of thermoeffector mechanisms by heating or cooling the POA 

POA neurons contain warm sensitive neurons that respond to POA warming with i+the increase in action potential 

firing frequency. Heating or cooling the POA activates thermoeffector mechanisms such as cutaneous blood vessels 

vasodilation/vasoconstriction, sweating, skeletal muscle shivering, and BAT (Brown adipose tissue) thermogenesis, 

which in turn cause a drop in body temperature and rise in body temperature, respectively. 

1.3.1.1. Cutaneous vasodilation and vasoconstriction 

In mice, it has been found that inhibiting MnPO neurons induces tail vasoconstriction by increasing 

CVC sympathetic nerve activity (SNA) (Abbott et al., 2016). On the contrary, the activation of the same 

neurons showed to induce tail vasodilatation(M. Tanaka et al., 2009). POA neuron activation by skin 

warming induces inhibition of cutaneous vasoconstriction (CVC) thereby promoting vasodilation. Rostral 

Raphe pallidus (rRPA), rostral ventromedial medulla (RVNM), and Parapyramidal area in the medulla 

oblongata (PaPy) contain sympathetic premotor neurons which project to the preganglionic neurons in 

thoracolumbar spinal cord mediating CVC, these in turn project to paravertebral sympathetic ganglion cells 

innervating cutaneous blood vessels (Nakamura, 2004; Smith et al., 1998; Tóth et al., 2006). Inhibiting 

GABAA receptors in rRPA neurons was found to prevent the POA-warming-evoked tail vasodilatation in 
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rats (M. Tanaka et al., 2002). On the contrary, if glutamate receptors are blocked cold-activated 

vasoconstriction perishes (M. Tanaka et al., 2011). Both of these findings suggest that inhibitory 

connections from WSNs in the POA to rRPa are controlling cutaneous blood flow thermoregulation 

(Ootsuka & Tanaka, 2015). 

Active vasodilation does not exist in rodents, as it depends on inhibition of the pathways for the 

CVC. However, it has been established that cutaneous sympathetic nerves exist in humans, and that 

activation of those leads to vasodilatation (Johnson et al., 2014). 

1.3.1.2. BAT and skeletal muscle thermogenesis 

The largest brown adipose tissue depot in rodents is the interscapular BAT which serves as a 

thermogenic organ owing to the UCP1 (uncoupling protein 1, thermogenin) protein in the mitochondrial 

membranes which allows proton turnover back to the mitochondria during the oxidative phosphorylation 

creating extra ATP energy (Shabalina et al., 2013). BAT thermogenesis highly depends on β3-adrenergic 

receptors expressed on brown adipocytes and sympathetic norepinephrine release, which binds β3-

adrenergic receptors leading to the activation of the UCP1 protein (Cannon & Nedergaard, 2004). 

Moreover, although previously thought to be functional only in newborns, the BAT was found to be 

present and functionally active in adult humans (Cypess et al., 2009). In addition, based on more recent 

emerged literature, it is debated whether BAT activity is driven by β3 or by β2-adrenergic 

receptors(Blondin et al., 2020). 

The MnPO neurons get activated by cool sensing afferents arriving from the LPBel, it is believed 

that these CSNs inhibit MPA neurons, by which disinhibition of the BAT sympathoexcitatory neurons in the 

dorsomedial hypothalamic nucleus (DMH) occurs (S. F. Morrison & Madden, 2014). Rostral ventromedial 

medulla (RVMM), rostral raphe pallidus (rRPAa), and parapyramidal area (PaPy) contain BAT sympathetic 

premotor neurons, and DMH projects to these regions to elicit BAT thermogenesis (Kataoka et al., 2014; 

Y. Zhang et al., 2011). Finally, it seems that serotonergic and glutamatergic neurons in rRPA and PaPy are 

responsible for the final activation of BAT thermogenesis, as the inhibition of either spinal Vglut-3 

(vesicular glutamate transporter 3) or 5-HT (serotonin receptor) receptors inhibits rRP- activation-evoked 

and cold-evoked BAT thermogenesis, respectively (Madden & Morrison, 2010; Nakamura, 2004).  

1.3.1.3. Skeletal muscle shivering  

Skeletal muscle shivering during cold results in excessive ATP production which serves as a fuel for 

thermogenesis (S. Morrison F. & Nakamura, K, 2011). Shivering thermogenesis is centrally controlled via a 



CHAPTER 1 Molecular characterization of POA warm-sensitive neurons 

[10] 
 

similar pathway as BAT thermogenesis, as it was shown that blocking rRPa and PaPy prevents cold-initiated 

shivering (Nakamura & Morrison, 2011). Here, DMH provides excitatory inputs to rRPa somatic muscle 

premotor neurons, which act on α, and γ motor neurons of the ventral horn in the spinal cord. It seems 

that vLPO neurons are important for regulating muscle shivering thermogenesis by providing direct or 

indirect inhibitory drive onto rRPA which was shown by abolishing cold-evoked shivering once the vLPO 

neurons were activated (Conceição et al., 2019). 

1.3.1.4. Evaporative cooling  

Evaporative heat loss is achieved by sweating in humans, and by salivation and saliva spreading in rodents, 

whereas some mammals such as dogs employ panting to dissipate the heat. The mechanisms behind these 

different effector mechanisms serving the same purpose are not completely elucidated, although it is quite 

clear that warming of the anterior hypothalamus induces panting in dogs, salivary secretion in rats, and 

paw sweating in cats (Hemingway et al., 1940; Kanosue et al., 1990; Magoun et al., 1938). Heating the 

anterior hypothalamus evokes salivation, most probably by projection towards the superior salivary 

nucleus projecting to salivary glands, whereas heating of the posterior hypothalamus evoked grooming 

and saliva spreading, a thermoregulatory behavior observed in rodents(Madden & Morrison, 2019; H. 

Tanaka et al., 1986). Although it is not fully investigated, it seems that paraventricular and lateral POA 

might be connected to the salivatory submandibular and sublingual glands, as it was shown by 

pseudorabies virus tracing (Hübschle et al., 1998). Therefore, these POA regions might function as an 

important relay in heat-evoked salivation 

1.4. POA IN FEVER  

Fever is a naturally occurring increase in the body temperature serving as an immune response to 

infections (Kluger, 1991). It is well established that prostaglandins, more specifically the one of type E2, 

are responsible for fever mediation (Engblom et al., 2003; S. Li et al., 1999). Prostaglandin E2 is synthesized 

by brain endothelial cells and by peripheral tissues in response to pyrogens such as lipopolysaccharide 

(LPS), a membranous component of gram-negative bacteria (Matsumura et al., 1998; Steiner et al., 2006). 

It has been established that the MnPO area plays a critical role in fever by expression of EP3 prostaglandin 

receptor (EP3R) without which fever response to LPS is significantly attenuated (Lazarus et al., 2007). 

Moreover, it was recently shown that EP3R expressing MnPO neurons, important for fever development, 

are glutamatergic and innervate RPa (Machado et al., 2020). It is thought that activation of EP3R with PGE2 

attenuates the neuronal activity, as it was shown that the majority of WSNs in the POA are inhibited by 
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prostaglandins (Ranels & Griffin, 2003). From the thermal set point of view, inhibiting the WSNs changes 

the set point of the POA, and therefore, since the body temperature now appears lower than the set point 

one, POA elicits a range of effector mechanisms to conserve heat such as skeletal muscle shivering and 

cutaneous vasoconstriction (Flier et al., 1994; Hammel et al., 1963).  

Unlike the increase of the body temperature in fever, the hyperthermia observed outside of 

inflammatory reactions is usually a sign of failure of effector mechanisms to dissipate heat but without 

offsetting the POA temperature set point. For example, EP3R deficient mice fail to develop fever, but 

hyperthermia evoked by the stress of handling the animal persists (Machado et al., 2020). Additionally, it 

has been shown that hyperthermia caused by psychological stress in rats also involves BAT thermogenesis, 

meaning that it shares, at least partially, some effector mechanisms as the fever and body temperature 

defense in cold (Shibata & Nagasaka, 1984). Moreover, it was confirmed that chronic hyperthermia evoked 

by chronic stress, or psychogenic fever, is mediated by emotion-related forebrain regions mediating the 

effect through the DMH towards BAT (Kataoka et al., 2020).  

1.5. POA NEURON POPULATIONS INVOLVED IN THERMOREGULATION  

The question of how exactly the preoptic area warm-sensitive neurons (WSNs) detect 

temperature, remains unanswered by the present day, and this is mainly due to the lack of molecular 

markers of these neurons. However, WSNs are included in the thermoregulatory models as the integrators 

of the local brain and peripheral temperature (S. F. Morrison & Nakamura, 2019; S. Morrison F. & 

Nakamura, K, 2011). The lack of molecular markers of the POA WSNs, and the possible other POA neurons 

involved in thermoregulation prevents the advancement of the research on the role the WSNs might have 

in thermoregulation. Therefore, researchers have tried to investigate the specific cellular populations 

involved in intrinsic temperature sensing of the POA neurons, as well as the POA area cellular populations 

activated by exposure to ambient temperature change. The current knowledge of the populations in the 

POA involved in thermoregulation is summarized in Table 1. (in Appendix page number158). 

Song and colleagues have identified the TRPM2 (transient receptor potential cation channel 

subfamily M, type 2) ion channel as a somatic heat sensor in POA primary neuronal cultures from 2 days 

old mice (Song et al., 2016). The POA cultured neurons from the TRPM2 knock-out (KO) animals have 

exhibited complete abolishment of temperature sensitivity, whereas the calcium imaging in POA slices 

from adult KO animals has shown that some warm-sensitive neurons persist. This has pointed out the fact 

that POA neurons in adulthood must contain other molecules sensing intrinsic temperature. In addition, 

activation of TRPM2 expressing POA neurons using chemogenetically activated G-protein coupled 
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receptors (Designer Receptors Exclusively Activated by Designer Drugs (DREADDs)) has induced 

hypothermia while inhibiting the same neurons has led to mouse hyperthermia. Moreover, the activation 

of the glutamatergic population of the POA neurons recapitulated TRPM2-driven hypothermia and not 

that of the inhibitory population. This finding was opposite to the models of thermoregulation that 

involved only inhibitory WSNs to be mediating the temperature information to the downstream targets. 

Moreover, the prostaglandin E2 (PGE2) injection known to induce fever by acting on the EP3 receptor in 

POA, has caused significantly higher body temperature in the TRPM2 KO animals than in the WT controls. 

Summing up these results, TRPM2 was the first ion channel shown to be functionally relevant for the POA 

temperature detection, found to limit fever and drive hypothermia in mice. 

Further on, Wang and colleagues found that WSNs of the POA are enriched with prostaglandin D2 

(PGD2) synthase (T. A. Wang et al., 2019). Knockdown of Ptgds gene coding for PGD2 exhibited a lethal 

effect on mice that were not able to sustain their body temperature and eventually died. The expression 

of Ptgds in POA was also present in CSNs and temperature insensitive neurons. Nevertheless, its effect on 

thermoregulatory homeostasis is assigned to the WSNs of the POA, at least in hyperthermic conditions, 

due to the low activity of temperature-insensitive and CSNs neurons in these temperature ranges.  

The work of Abbott and colleagues has identified the POA neuronal population that as well induces 

profound hypothermia in mice when activated (Abbott & Saper, 2017). In this work, glutamatergic neurons 

of the median preoptic area (MnPO) were activated directly via optogenetic manipulation of 

channelrhodopsin 2 (Chr2) expressing glutamatergic neurons (Vglut2). This activation has led to 

hypothermia achieved via observed cutaneous vasodilatation. This finding has confirmed partially the 

finding of Song and colleagues that Vglut2 neurons of POA participate in thermoregulation. In some 

instances, the activation of these neurons by Chr2 has also inhibited drinking in mice, since this was not 

occurring in each activation attempt, it was concluded that MnPO glutamatergic neurons consist of 

subpopulations of cells involved in thermoregulation and water consumption but that these two are not 

fully overlapping. The precise mapping of Chr2 injection and optic fiber implantation sites has revealed 

that the strongest hypothermia was occurring when the anterior part of the POA containing OVLT 

(organum vasculosum laminae terminalis) and MnPO was targeted. This work has insinuated that indeed 

POA might be quite a heterogeneous region containing different nuclei containing cell types devoted to 

diverse and/or overlapping functionalities. 

Apart from the paradigm in which researchers have tried to look into the POA intrinsic WSNs by 

activating them with direct warming, they have also looked for POA neurons that get activated by 
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peripheral changes in temperature. Several markers of POA thermoregulatory neurons have been 

identified in this way (Tan et al., 2016; Yu et al., 2016; Zhao et al., 2017) 

Tan and colleagues have identified the population of neurons within the POA activated by 

peripheral (37˚C) warming (Tan et al., 2016). They have captured these neurons by immunoprecipitation 

via phosphorylated ribosomal protein S6 (pS6), a technique named phosphoTRAP. Capturing the 

ribosomes allowed capturing of mRNAs translated to proteins during the neuronal activating stimulus. 

Analysis of the mRNAs has revealed that pituitary adenylate cyclase-activating polypeptide (Adcyap1, also 

known as PACAP), and brain-derived neurotrophic factor (Bdnf) are enriched in these WSNs. Calcium 

imaging of neurons in freely moving mice, while applying peripheral warming, showed increased activity 

of PACAP and Bdnf POA neurons. Moreover, activation-induced hypothermia is achieved via tail 

vasodilation and suppression of BAT thermogenesis. The term WSNs used for PACAP/Bdnf neurons, 

however, is a bit confusing, as it was shown that these neurons are not intrinsically warm-sensitive. It was 

proposed by others in the field to name these neurons “warmth-activated neurons” (WANs) (Siemens & 

Kamm, 2018), and more recently “warm-responsive neurons” (WRNs) term has been used for the same 

cell population (Machado & Saper, 2022; Upton et al., 2021). Nevertheless, PACAP/Bdnf genes are marking 

the population of neurons receiving the information about the thermal input from peripheral skin 

receptors, whose activation induces autonomic (BAT thermogenesis, tail vasodilatation) and behavioral 

(preference for the cooler environment) heat loss mechanisms, making these neurons part of the 

thermoregulatory circuit (Tan et al., 2016). 

Another population found to be activated by peripheral warmth, and suggested to receive input 

from the peripheral temperature sensors, is the MnPO leptin receptor (LepR) expressing neurons (Yu et 

al., 2016). Activation of these neurons also led to a decrease in the Tcore, inhibition of energy expenditure 

via BAT thermogenesis, and promoted body extension, a behavior observed in animals exposed to high 

ambient temperatures. The activation of these neurons caused a decrease in body weight by a decrease 

in food consumption. The POA LepR neurons described in that work were assumed to be glutamatergic as 

60% of the phosphorylated signal transducer and activator of transcription 3 (pSTAT3), a marker of LepR 

activity, expressing neurons co-localized with Vglut2, and only 19% with Vgat neurons. Additionally, the 

activation of glutamatergic, and not of GABAergic POA neurons, reproduced similar thermoregulatory 

effects (decreased T core, energy consumption, body extension) as activation of POA LepR neurons. 

However, the work of Zhao and colleagues has revealed GABAergic neuronal population in the 

ventrolateral preoptic area (vLPO) and medial preoptic area (MPO), activated by the peripheral thermal 

challenge (Zhao et al., 2017). The activation and inhibition of vLPO Vgat expressing neurons, induced 
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hypothermia, and hyperthermia, respectively. This effect was achieved via vLPOA connection to the 

dorsomedial hypothalamus (DMD). The connection was described as vLPO neurons inhibiting thermogenic 

DMD neurons, leading to hypothermia. 

An additional population of GABAergic POA neurons inducing hypothermia was one of the vLPO-

expressing galanin neurons (Kroeger et al., 2018). Apart from hypothermia, activating those neurons by 

Chr2 photoactivation caused an increase in NREM sleep and the ablation of these neurons caused elevated 

baseline Tcore. 

Another glutamatergic population within the MnPOA activated by peripheral warming (32˚C) 

causing hypothermia when chemogenetically activated was that one expressing NOS1 (nitric oxide 

synthase) (Harding et al., 2018). Activating these neurons in mice caused hypothermia and induced sleep, 

connecting again two different functionalities such as thermoregulation and sleep in one relatively small 

nucleus as is the MnPOA. On the other hand, activating the GABAergic population of warm activated 

neurons in the POA did not cause hypothermia. 

Unlike previously mentioned neuronal POA populations, bombesin-like receptor 3 (BRS3), an 

orphan G-protein coupled receptor, expressing POA and DMH neurons shown to be activated by 

peripheral cold, and to be involved in thermoregulation (Piñol et al., 2018, 2021). Optogenetic activation 

of the Brs3 expressing neurons via Chr2 in POA has caused hyperthermia, an increase in Tcore, blood 

pressure, and heart rate in mice. The same effect in body temperature increase was observed when the 

neuronal projections from POA BRS3 to DMH were activated, and the Tcore increase was assigned to the 

increase in BAT thermogenesis, as the BAT temperature showed to increase during the POA BRS3-DMH 

activation. 

Additional interesting findings connecting POA and thermoregulation came from work related to 

the investigation of hibernation and torpor in mice. First, Takahashi and colleagues have found neurons 

residing in the anteroventral periventricular nucleus (AVPe), medial preoptic area (MPA), and 

periventricular nucleus, expressing neuropeptide pyroglutamylated RFamide peptide (QRFP) activation of 

which caused profound hypothermia (<30˚C) in the duration of 48 hours (Takahashi et al., 2020). It was 

found that these neurons from AVPe ad MPA project densely to the DMH and that these projections are a 

key to hibernation induction. QRFP expressing neurons were in majority glutamatergic (78%). In addition, 

these neurons showed to be a subpopulation of PACAP/BDNF neurons found by Tan and colleagues (Tan 

et al., 2016). This again pointed to the possibility of large cellular diversity within the POA and distinct 

subtypes of neurons within one region. 
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Next, Hrvatin and colleagues followed the cellular populations activated by torpor in the mouse 

brain (Hrvatin et al., 2020). They implemented targeted recombination in active populations (TRAP)-a 

technique where tamoxifen-inducible Cre recombinase is driven from the immediate early gene Fos locus, 

in which neuronal activity drives the cFos and Cre expression, and if tamoxifen is injected Cre protein is 

brought to the nucleus and recombines any flox-ed sequence. Here they TRAP-ed neurons by torpor (mice 

were exposed to 24h of food restriction and housed at 22˚C). They crossed the TRAP mouse line with the 

mice having Cre-dependent GqDREADD allele, and therefore the expression of Cre during tamoxifen 

injection allowed Cre recombination and expression of GqDREADD in torpor TRAP-ed neurons, allowing 

for their later re-activation. This reactivation has led to reduced metabolism and locomotor activity and 

lowered body temperature similar to in a torpor state. Analysis of brain regions activated by torpor 

revealed anterior and ventral portions of medial and lateral preoptic areas as key regions for torpor. Single 

nucleus RNA sequencing (snRNA-seq) analysis of torpor TRAPed neurons revealed that Vglut2+ Adcyap 

+ (PACAP) neurons were making 46% of TRAPed cells, activation of which has phenocopied reactivation of 

TRAPed neurons but as well decrease in body temperature and activity observed during natural torpor. 

Interestingly these POA torpor-activated PACAP neurons were not warmth-activated ones as described in 

previous work of Tan and colleagues, as these were reactive to cold and not heating. This showed that 

PACAP POA neurons consist of a functionally diverse population of neurons.  

The large single-cell RNA sequencing (scRNA-seq) atlas of the preoptic area helped to characterize 

this large nucleus (Moffitt et al., 2018). This data set has revealed 43 inhibitory and 23 excitatory neuronal 

clusters in the POA and researchers have provided spatial mapping of these genetic populations in situ 

based on their scRNAseq markers and previously known markers of major cell classes. This work has 

revealed 14 PACAP/BDNF enriched neuronal clusters within the POA, the majority of which were excitatory 

neurons. One of these clusters, cluster E3/e13, displayed anatomical position of PACAP/BDNF warmth-

activated neurons, it was marked by Sncg gene coding for γ-synuclein, estrogen-signaling modulator, and 

expressed high levels of cFos when the mouse was challenged with 37˚C. 

In silico analysis has revealed that the e10 cluster from Hrvatin et al. torpor populations, and the 

e13 cluster from Moffit et al. POA scRNA-seq, represent the same cellular population in the POA (Upton 

et al., 2021). The analysis of the transcriptome of this joint cluster resulted in revealing its genetic markers: 

Qrfp (Pyroglutamylated RFamide Peptide), Ptger3 (prostaglandin E receptor 3), Lepr (leptin receptor), 

Opn5 (opsin 5) and Tacr3 (Tachykinin Receptor 3), therefore, it was named QPLOT. 

PTGER3 receptor expressed in MnPO glutamatergic neurons is found responsible for mediating 

LPS-induced fever (Machado et al., 2020). As mentioned before, a Vglut2 expressing POA neurons causes 
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hypothermia when activated by GqDREADD (Abbott & Saper, 2017). In addition, ablating these neurons 

caused hyperthermia during heat exposure corroborating their role in activating heat loss mechanisms.  

The Opn5 gene codes for G-protein coupled receptor and violet light detector, and, apart from 

skin and retina, is expressed in the POA of mice (K. X. Zhang et al., 2020). In particular, it was found 

expressed in glutamatergic POA neurons expressing also Adcyap1 and Bdnf genes. The chemogenetic 

activation of Opn5 expressing POA neurons has suppressed BAT thermogenesis and Tcore, its inhibition has 

increased BAT thermogenesis and Tcore, and mice lacking this protein exhibited elevated Tcore, increased 

BAT hyperactivity, and caused an increase in energy expenditure.  

Additionally, the gene found enriched in Hrvatin and Moffit clusters was Tacr3 gene coding for 

neurokinin 3 receptor (NK3R) responsible for neurokinin B signaling (Padilla et al., 2018). Activation of the 

of Kisspeptin-Neurokinin B Dynorphin-expressing (KNDy) neurons of the arcuate nucleus projection to the 

POA decreases body temperature via vasodilatation and induces cFos in POA. Therefore, it might be that 

QPLOT neurons in the POA expressing Tacr3 are mediating also this effect.  

POA neurons were already shown to express Esr1 gene coding for ERα (estrogen receptor alpha) 

and some of these neurons were also temperature-sensitive (Silva & Boulant, 1986). The activation of MPA 

(medial preoptic area) neurons expressing ERα induced hypothermia and the expression of ERα was found 

induced during the bouts of torpor in mice. Moreover, their ablation prevented mice from entering the 

full torpor (Z. Zhang et al., 2020). Interestingly, the Esr1 receptor is also one of the genes found expressed 

in the cluster of QPLOT neurons. 

The QPLOT joint cluster coming from two independent data sets of the POA transcriptome has 

revealed POA neuronal cluster involved in temperature detection, fever mediation, hormonal balance, 

energy expenditure, and thermogenesis. Nevertheless, it pointed out the genetic and functional diversity 

of the cellular populations residing within this region. All the above-presented work evolved in less than a 

past decade revolves around finding the molecular niche of the thermoregulation within the POA. 

However, the task seems daunting, as several neuronal populations seem to be somehow involved in the 

thermoregulatory homeostasis. scRNA-seq data joined with anatomical mapping together with 

chemogenetics, optogenetics, viral tracing, and TRAPing of the POA cellular populations have helped in 

elucidating the molecular makeup behind the neurons involved in thermoregulation, however, it has also 

pointed out that several markers need to be used at the same time to define this population. In addition, 

a piece of knowledge about the markers of intrinsic WSNs remains scarce, and It seems as if these neurons 

are difficult to tackle. The possible reason might be the recent finding that the temperature sensitivity of 

WSNs is synaptically modulated as this raises the question of whether the warm sensitivity is indeed an 
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intrinsic property of the WSNs, or is it depending largely on synaptic inputs of neighboring and remote 

cells (Kamm et al., 2021). Questions remain: How much do the WANs/WRNs overlap with WSNs? Is the 

role of intrinsic WSNs important at all in thermoregulation? The latter question is as old as the finding of 

the WSNs in the POA, as the primary responses that rise to defend the body temperature get activated 

immediately after the ambient temperature are changed without enough time to change internal body 

temperature, and therefore not yet activating the intrinsic WSNs (Siemens & Kamm, 2018). However, even 

after the ablation of peripheral thermoreceptors neurons, body temperature remains undisturbed, 

pointing out that other temperature sensors are enough to maintain stable thermoregulation (Mishra et 

al., 2011).  
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2. AIMS  

For most of the mammalian species, maintaining core body temperature (Tcore) around 37˚C 

requires coordination of different effector mechanisms in response to environmental and internal 

challenges, such as cold and hot external temperatures and systemic infection or inflammation which 

often leads to fever (S. F. Morrison & Nakamura, 2019). The key brain region responsible for orchestrating 

the Tcore defense is the preoptic area (POA), positioned within the hypothalamus above the optic chiasm. 

One of the main findings supporting this claim is that direct warming or cooling of POA, by using diathermy 

or a thermode, elicits heat-dissipating or heat-conserving and heat-producing mechanisms, respectively 

(Hemingway et al., 1940; Magoun et al., 1938). These findings have led to the hypothesis that to activate 

the downstream thermoeffector mechanisms such as vasodilatation or vasoconstriction, sweating, 

shivering or brown adipose tissue thermogenesis, the POA must contain intrinsically temperature-

sensitive cells which would convey the message of change in the brain temperature. 

Several electrophysiological (Ephys) studies have shown that such warm sensitive neurons (WSNs) 

do reside within the POA and they can be recognized as neurons that increase their firing frequency upon 

local temperature increase (Boulant & Dean, 1986; Nakayama et al., 1961, 1963). Importantly, it has been 

shown that the WSNs of the POA are affected by spinal cord and skin warming, implying they are good 

candidates to integrate peripheral and central temperature information (Boulant & Hardy, 1974).  

The current models of thermoregulation include the warm-sensitive neurons (WSNs) of POA in 

explaining the thermoregulatory processes, but we still know neither their exact role in thermoregulation 

nor the mechanism of their intrinsic warm sensitivity (S. F. Morrison & Nakamura, 2019; S. Morrison F. & 

Nakamura, K, 2011). One of the main reasons for this knowledge gap is the lack of specific molecular 

markers for WSNs. Previously, it was found in our lab that the ion channel TRPM2 (transient receptor 

potential cation channel subfamily M member 2) participates in the heat sensitivity of the hypothalamic 

preoptic area (POA) neurons (Song et al., 2016). In that work calcium (Ca2+) imaging on POA neuronal 

cultures, obtained from neonatal (P2) mice, was performed during warming, and neurons responding to 

temperature were identified as WSNs. Ca2+-imaging of TRPM2 knockout (KO) P2 animals showed abolished 

temperature response. On the other hand, Ca2+-imaging in the acute slices of the TRPM2 KO adult animals 

showed that the cells responding to temperature persist, implying that other molecules apart from the 

TRPM2 are contributing to the temperature sensitivity of the more mature POA neurons.  

Due to the lack of specific genetic markers, the investigation of POA WSNs is limited to Ephys 

studies in tissue slices based on the classically defined criteria for warm sensitivity (increase in AP firing 
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rate due to temperature by 0.8 AP/s/˚C). With these constraints, it is hard to study WSNs’ connectivity to 

other brain regions and therefore almost impossible to investigate their role in thermoregulation.  

Based on the scientific background elaborated above, the overall objective of this part of the thesis 

work was to characterize WSNs of the POA on their molecular level. Specifically, I aimed to: 

1) Obtain mouse primary POA postnatal neural culture from mice of more mature age and test their 

warm-sensitivity via Ca2+ imaging. 

2) Obtain transcriptome data of temperature-sensitive POA primary cultured neurons, serving as a 

proxy to the WSNs, by single-cell RNA sequencing approach (scRNA-seq).  

3) Find genetic markers of POA WSNs.  
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3. RESULTS 

3.1. Ca2+ IMAGING IN PRIMARY POA NEURONAL CULTURES 

Since it has been shown that the TRPM2 KO adult animals still contain the cells responding to 

temperature within the POA unlike their 2-day-old counterparts (Song et al., 2016), I decided to work 

towards culturing POA neurons of more mature animals than P2 to investigate the transcriptome of 

temperature-sensitive cells via single-cell RNA sequencing (scRNA-seq). Culturing CNS neurons from adult 

animals is notoriously known to be difficult due to the limited regeneration capability of mature neurons 

(Gordon et al., 2013; Levin et al., 2016). However, some examples of successful primary neural cultures 

from CNS, mainly from early postnatal days of rodents, and structures such as retina (Kretz et al., 2007), 

pyramidal hippocampal, and cortical neurons are known (Beaudoin et al., 2012; Kaech et al., 2012; Petrović 

et al., 2021).  

The most advanced postnatal time point from which I managed to obtain healthy primary POA 

cultures, by using the protocol established in the lab used for culturing POA neurons from P2 mice (Song 

et al., 2016), was postnatal day 9 (P9). I obtained neural cultures by dissecting the POA (Figure 1.2. A) from 

four C57BL/6 P9 pups within the same experiment. Cells were cultured for 3 days on glass coverslips 

immersed in the well of 24 well-plate and on the 3rd day Ca2+ imaging was performed (a more detailed 

description of cell culturing and Ca2+-imaging can be found in the Materials and Methods section, Chapter 

3). To visualize Ca2+ dynamics cells were loaded with CAL520- a synthetic fluorescent calcium indicator dye 

(Tada et al., 2014), and the coverslip was placed in a perfusion chamber and imaged while changing the 

temperature of the bath with a gravity-assisted perfusion system. Figure 1.2. C shows an example field of 

view of a coverslip with neural POA primary cells loaded with CAL520 and visualized in Metafluor 

(Molecular Devices) during and after each of the 3 stimuli presented to cells. The protocol of cell 

temperature stimulation consisted of 3 stimuli in which temperature was raised from 25 ˚C room 

temperature (RT) to 45 ˚C and lowered back to RT within 45 seconds (Figure 1.2. B). The 2nd stimulus was 

followed by perfusing cells with Ringer’s solution containing a 2-APB drug (2-

Aminoethoxydiphenylborane), a TRPM2 blocker (Togashi et al., 2008), to distinguish from cells that 

mediate the temperature response via TRPM2 and others that potentially respond to temperature via 

additional molecules. At the end of each protocol, Ringer’s containing high potassium (hK+) concentration 

was perfused to cells to visualize general neuronal excitability.  

While recording Ca2+ dynamics of cells responding to temperature and 2-APB I identified 3 types 

of cells in the neural culture. I identified cells that did not respond to temperature (Non-responder; left 
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plot), cells responding 3 times to 45 ˚C degrees stimulus and their temperature response was not affected 

by the 2-APB (2-APB insensitive responders; middle panel), and cells that responded more strongly to 45 

˚C stimuli, but whose response was abolished by 2-APB (2-APB sensitive responders; lower panel). Example 

average traces of each category are plotted in Figure 1.2. D) ∆F/F values were calculated by subtracting 

the average baseline fluorescence(∆F= F-F(baseline)) before the 1st 45 ˚C- stimulus (first minute of the 

recording) from the fluorescence values and dividing it by the baseline (∆F/F(baseline)).  

The population analysis of the cell's response to the temperature is shown in Figure 1.2. E). The 

maximum amplitude of response to each stimulus (max(∆F/F) is plotted. The blue dashed line represents 

the average of 3 standard deviations (SD) values of maximum response (Mean (3*SD(max(∆F/F))) during 

the 2nd 45 ˚C stimuli with 2-APB of each coverslip in that experiment. From this, I could observe that some 

cells still respond to temperature with ∆F/F higher than 3 SDs of maximum responses during the 2nd 45˚C 

stimulus coupled with the 2-APB, concluding that 2-APB does not completely block all the cells responding 

to temperature. In this experiment, 15.7% of cells during the first, 1.8 % during the 2nd, and 7.6% during 

the third stimulus responded with ∆F/F higher than the cut-off value. Overall, in P9 POA cell culture, about 

15% of cells were temperature-sensitive, and the temperature response of about 98% percent of those 

was blocked by TRPM2 antagonist 2-APB. 
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Figure 1.2. Ca2+ imaging on POA cultured neurons 

(A) POA was dissected from 4 P9 C57BL6 mice and cells were cultured on glass coverslips for 3 days. (B) A temperature 

example trace is shown. Each temperature stimulus reached ≈45±1˚C and lasted for 45 seconds. During the 2nd 

temperature stimulus, 50 μM 2-APB containing Ringer's was perfused. At the end of the experiment high potassium 

Ringer's (100 mM, hK+)was perfused into the cells. (C) A field of view (10x objective, zoomed in 1x) of a coverslip with 

POA neurons after 3 days of culturing at each of the steps from the stimulation explained above. Cells were loaded 

with Cal-520 to visualize calcium dynamics in a response to a temperature and hK+ stimulus. Red arrows point to cells 

responding to 45˚C stimuli. The scale bar is 50 μm. (D) 3 categories of the cells in the POA culture were found by Ca2+ 

imaging. The upper panel represents an average trace (mean (∆F/F) ± SEM, n (cells) =20) of cells not responding to 

temperature. The middle panel represents an average trace of the cells (mean ∆F/F ± SEM, n(cells) =34) responding to 

all 3 stimuli. The lower panel represents an average trace of cells (mean ∆F/F ± SEM, n(cells) =33,) responding to 

temperature stimuli that are blocked by the 2-APB drug. Orange-colored areas represent the time of the 45˚ C 

temperature stimulus. (E) Ca2+ response population analysis of primary POA neuronal cell culture. Plotted are the 

maximal amplitude values of individual cell responses to the 1st, 2nd, and 3rd 45˚C stimulus. 2nd stimulus was coupled 

with 2-APB perfusion. Each dot represents one individual cell. The dashed line represents an average value of 3x 

standard deviations of maximum response of cells to the 2nd 45˚ C stimulus with the 2-APB (mean (3*SD(max)=0.74). 

Error bars represent mean ±SD (1st 45˚ C: 0.48 ± 0.74; 2nd 45˚ C+ 2-APB: 0.14 ± 0.32; 3rd 45˚ C: 0.21 ± 0.60; 

n(cells)=1171, n(coverslips)=7). 

3.2. SINGLE-CELL RNA SEQUENCING OF P9 POA CULTURED CELLS  

After defining the type of neurons in the primary POA neural culture based on their temperature 

response to the 45˚C stimulation and TRPM2 blocker 2-APB (Figure 1.2. D) I went on to manually pick cells 

from each group for the scRNA-seq (Figure 1.3. A). The hypothesis is that their transcriptome will reveal 

genes that represent and are, ideally, specifically expressed in warm-sensitive cells, thereby revealing 

molecular markers and potentially even receptors and other molecules that are functionally required to 

convey their temperature sensitivity. Once I would identify cells responding to temperature by Ca2+-

activity, I aspirated cells with a glass pipette and transferred them to the PCR tube containing Smart-seq2 

buffer for cDNA library preparation for the scRNA-seq (Picelli et al., 2014). I did the same for cells not 

responding to temperature. Therefore, the cells were visualized during the Ca2+-imaging, collected 

according to the response to temperature stimulus, and their calcium traces were analyzed post-hoc. 

I processed 125 samples collected in this way by the Smart-seq2 protocol (Picelli et al., 2014). 93 

of these cells yielded a good quality pre-amplified cDNA library (Figure 1.3. B upper panel) where the 

distribution of DNA fragments at the Bioanalyzer electropherogram was peaking at ≈1.5-2kb with a small 

number of the fragments below the 500 bp (base pairs), and the final sequencing library with the 
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fragments size of ≈ 300-800 bp (Figure 1.3. B; lower panel). These 93 single cells were sequenced on the 

Illumina platform by NextSeq 500 System Mid output kit, at the Genomics Core facility (EMBL Heidelberg) 

reaching the read depth (number of counts) of 1.4 million on average per cell (Figure 1.3. C; middle panel). 

Out of these 93 cells, there were: a) 22 Non-responders; b) 37 2-APB insensitive responders; c) 34 2-APB 

sensitive responders.  

After de-multiplexing the samples according to their unique barcodes, I did quality control (QC) of 

the sequenced reads with the FastQC tool (Steven W. Wingett & Simon Andrews, 2018). Reads were then 

aligned to the mouse transcriptome and quantified using Salmon (Patro et al., 2017). scRNA-seq data 

analysis was performed in R and R Studio by using R based tool Seurat (Butler et al., 2018; Stuart et al., 

2019). The QC of the single-cell transcriptome in Seurat suggests removing cells from the sequencing data 

set that have >10% of mitochondrial counts and <2000 unique genes. A high percentage of reads coming 

from mitochondria can point toward cell death or loss of cytoplasmic mRNA due to perforated cell 

membrane(Ilicic et al., 2016). As for the number of unique genes, perforated low-quality cells will often 

have very few genes, but on the other hand, cell doublets may show deviant high gene count (Butler et 

al., 2018; Ilicic et al., 2016). The QC I performed in Seurat showed that all of the 93 cells had good quality 

with on average 7930 unique genes (minimum of 4427), 1.46 million counts (reads), and 2.4% of 

mitochondrial counts detected per cell (max = 7.2% <10%) (Figure 1.3. C). Therefore, I did not filter any 

cells out from the data set according to these quality metrics concluding that the samples were of good 

quality. 

Next, to further inspect the transcriptome of the cells I performed non-linear dimensional 

reduction via t-distributed stochastic neighbor embedding (t-SNE) which places similar cells together in 

low-dimensional space according to clusters calculated in Seurat (Macosko et al., 2015). This cluster 

calculation is based on principal component analysis of the genes bringing the most variability to each cell 

category. Figure 1.3. D) shows the t-SNE plot of 93 cells clustered according to their transcriptome and 

colored according to their Ca2+-imaging phenotype. From this graph, I concluded that the transcriptome of 

these cells does not completely recapitulate their physiological responses to temperature stimuli observed 

with Ca2+-imaging. t-SNE graph clustering according to the principal component genes, did not find a clear 

separation between the groups of cells. 
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Figure 1.3. scRNA-seq of P9 POA neural culture 

(A) Scheme of the experiment design: 3 POA sections were obtained from 4 P9 C57BL/6 pups each by vibratome 

sectioning. Cells were cultured on glass coverslips immersed in 24 well plates for 3 days. On the 3rd day, Ca2+-imaging 
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was performed. Cells were single-picked under the microscope according to their response to a temperature 

stimulation by joystick driven mechanical manipulator and aspirated by applying pressure on a glass capillary, after 

which they were ejected into a tube containing buffer for Smart-seq2 single-cell RNA sequencing. (B) Example traces 

of cDNA library from electropherogram run on a Bioanalyzer. The upper panel shows a trace of a cDNA from 1 cell 

after the first PCR enrichment, and the lower panel shows a corresponding example of a final cDNA library. (C) Violin 

plots showing quality control (QC) metrics of sequenced cells: genes detected per cell (average=7931.05), number of 

reads per cell (average=1,4662.84), and percent of mitochondrial genes detected (average=2.4%) of all detected 

genes in a cell. Each dot represents one cell. (D) t-distributed stochastic neighbor embedding (t-SNE) plot of a 

transcriptome coming from sequenced POA neurons. Each dot on a graph represents one cell; color describes the 

Ca2+-imaging category cell belonged to 2-APB insensitive responders: cells responding to temperature stimulus not 

affected by 2-APB; 2-APB sensitive responders: cells responding to temperature stimulus also affected by 2-APB; 

Non-responders: cells not responding to temperature stimulus. 

I analyzed the transcriptome of the sequenced cells further and looked for specific genetic markers 

starting with the neuronal and glial genes (Figure 1.4.). As seen in Figure 1.4. A), the expression of neuronal 

markers NeuN (Neuronal nucleus protein), Syt1 (synaptotagmin 1), Tubb3 (β3-tubulin), Syn2 (synapsin 2), 

Vgat (Vesicular GABA transporter), Vglut2 (Vesicular glutamate transporter 2), Syn1 (synapsin1), Gad1 

(glutamate decarboxylase 1), Gad2 (glutamate decarboxylase 2), and Mapt (Microtubule Associated 

Protein Tau) was detected in the transcriptome of sequenced cells. I observed the enrichment of neuronal 

genetic markers such as Syt1, Vgat, Vglut2, Syn1, Gad1, and Gad2 in the cells belonging to the category of 

2-APB sensitive responders in comparison to the other two categories. Figure 1.4. B) shows an expression 

of glia markers Olig1 (Oligodendrocyte transcription factor1), Olig2 (Oligodendrocyte transcription factor), 

Mbp (Myelin basic protein), and GFAP (Glial fibrillary acidic protein). I observed the enrichment of glial 

genetic markers in the categories of Non-responders and 2-APB insensitive responders in comparison to 

the category of 2-APB sensitive responders. In addition, the expression of Trpm2 was quite low in all of the 

cells, and that can be due to several reasons. The scRNA-seq is a method prone to zero reads, and this is 

particularly biased towards the genes that are lowly expressed in the cells (Hicks et al., 2018). Indeed, 

Trpm2 was found to be expressed only at low levels in other scRNA-seq data as well (Moffitt et al., 2018). 

From this unexpected result (Figure 1.4.) and t-SNE analysis (Figure 1.3. D), I concluded that the 

sequenced cells were not only neuronal but the same cells also displayed glial features and expressed glia 

genetic markers. The cells in the Ca2+-imaging categories of Non-responders and 2-APB insensitive 

responders showed higher expression of glial markers and lower expression of certain neuronal markers. 

On the other hand, cells belonging to the category of 2-APB sensitive responders had higher expression of 

neuronal markers and a lower level of the glial ones.  
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Figure 1.4. Expression of neuronal, glial markers, and Trpm2 in POA cultured P9 neurons revealed by 

scRNA-seq 

(A) Expression of the neuronal markers Neun (Neuronal nuclear protein, Rbfox3), Syt1 (synaptotagmin 1), Tubb3 (β3-

tubulin), Syn2 (synapsin 2), Vgat (Vesicular GABA transporter), Vglut2 (Vesicular glutamate transporter 2), Syn1 

(synapsin1), Gad1 (glutamate decarboxylase 1), Gad2 (glutamate decarboxylase 2), Mapt (Microtubule Associated 

Protein Tau). (B) Expression of the glial markers Olig1 (Oligodendrocyte transcription factor1), Olig2 

(Oligodendrocyte transcription factor), GFAP (Glial fibrillary acidic protein), Mbp (Myelin basic protein); and Trpm2 

(Transient receptor potential cation channel, subfamily M, member). Y-axis depicts log2 scaled expression levels of 

the gene transcript. Each dot represents one single cell, and each violin plot on a single graph represents a group a 

cell belonged to in the Ca2+ imaging experiment. The legend shows color coding of the Ca2+ imaging groups: 2-APB 

insensitive responders: cells responding to temperature stimulus not affected by 2-APB; 2-APB sensitive responders: 

cells responding to temperature stimulus also affected by 2-APB; Non-responders: cells not responding to 

temperature stimulus. 

To investigate this conclusion further and to assess whether culturing of neonatal POA cells 

resulted in a hybrid neuronal-glial phenotype, I did immunofluorescence staining in the primary cultures 

of P9 POA neurons prepared in the same manner as for the Ca2+-imaging and scRNA-seq. I used antibodies 

raised against neuronal marker NeuN and oligodendrocyte marker OLIG2. Figure 1.5. A), shows an example 

field of view in one of the stained coverslips showing all 3 channels in grayscale and a merged image of 3 

channels with DAPI in blue, NeuN in green, and OLIG2 in red. From the zoomed inset, one can appreciate 

that some cells co-express NeuN and OLIG2 simultaneously. Quantification of the proportion of the cells 

double-positive for NeuN and OLIG2 is shown in Figure 1.5. B). From 1084 cells that were positive for NeuN 

and DAPI, 484 cells (42.5 %) co-expressed NeuN and OLIG2 proteins. This result shows that 42.5% of the 

primary cultured cells, which express the neuronal marker NeuN, express oligodendrocyte (OLIG2) 

markers at the same time.  

In addition, to assess whether native POA neurons at this stage of postnatal development also co-

express neuronal and glial markers simultaneously, I did immunohistochemical staining against NeuN and 

OLIG2 in the POA tissue obtained from postnatal day 9 (P9) C57BL/6 mice. Figure 1.5. C) shows example 

stainings on frozen brain sections within the POA at bregma positions 0.26 mm and 0.14 mm according to 

the Paxions mouse brain atlas. From the merged images of DAPI in blue, NeuN in green, and Olig2 in red, 

one can appreciate that OLIG2 positive cells are found near the NeuN positive somas. The quantification 

of the overlap of the NeuN signal with the OLIG2 signal in tissue in Figure 1.5. D) showed that from 1361 

quantified cells expressing NeuN and DAPI, 107 (14%) were also expressing the OLIG2 protein. However, 

the quantification very likely reflected technical limitations of the NIS elements software (NIKON) used for 
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the analysis. For cells that resided very close to each other, the software was unable to distinguish NeuN 

positive cells from olig2-positive neighboring cells that were thereby classified as double (Neun and Olig2) 

positive, while closer inspection by eye showed separation of the two fluorescent signals (Figure 1.5. C; 3x 

zoom in inset). Inspecting these cells quantified as double-positive led me to a conclusion that the 

overlapping cells for NeuN and OLIG2 were rare findings in the P9 POA tissue, very different from the POA 

cell cultures, where the most, if not all of the Olig2 signal overlapped with cells expressing NeuN.  

From the immunofluorescence stainings, I concluded that the culturing of POA cells for 3 days 

induced artificial transcriptional changes, resulting in a hybrid glia-neuron phenotype which we captured 

by scRNA-seq. Although I expected to have some glial cells in the POA cultures, the existence of cells co-

expressing both oligodendrocytes and NeuN is not a naturally occurring phenotype, as shown by staining 

in the tissue of the P9 C57BL/6 mice. 
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Figure 1.5. Immunofluorescence and immunohistochemistry against NeuN and Olig 2 in P9 primary cell 

culture and P9 POA tissue.  

(A) An Immunofluorescence on the primary neuronal culture from POA of P9 pups. Images are an example of the 

field of view from one coverslip with cultured cells. Staining was done with antibodies raised against NeuN and OLIG2 

and counterstained with Dapi. The upper panels show grayscale pictures of individual channels belonging to an 

example coverslip, taken with a 10x objective. In the lower panel is an image of all 3 channels merged; Dapi in blue, 

NeuN in green, and OLIG2 in red. The right panel represents a 3x zoom-in area of the same image (red square). The 

scale bar is 200 μm. (B) Quantification of Neun and OLIG2 double-positive cells (NeuN+ OLIG2+). On the left graph 

plotted are the total number of Neun cells (DAPIpositive) and the total number of NeuN+ OLIG2 2+ cells. On the right 

graph plotted are proportions of NeuN+ OLIG2+ of all Neun cells (dapi positive). (C) Immunohistochemistry of the POA 

sections from the P9 mice. Staining was done with antibodies raised against NeuN and OLIG2+ and counterstained 

with Dapi. Both panels show an example of the IHC in two sections of the P9 mouse at the bregma positions 0.26 mm 

and 0.14 mm according to Paxinos mouse brain atlas as depicted in a cartoon containing POA (red dashed square on 

the section), where the following pictures are taken at. The images of each channel: Dapi, NeuN, and OLIG2, and a 

merged image of all 3 signals Dapi in blue, NeuN in green, and OLIG2 in red are shown. Images are taken with 20x 

objective. The scale bar represents 100 μm. The 3x zoom-inset is shown below to depict the cells which are quantified 

as NeuN and OLIG2 co-expressing arrowheads sharing that OLIG2 signals are in the vicinity of NeuN soma. (D) 

Quantification of Neun and OLIG2 double-positive cells (NeuN+ OLIG2+). On the left graph plotted are the total 

number of Neun cells (dapi positive) and a total number of NeuN+ OLIG2 + cells. On the right graph plotted are 

proportions of NeuN+OLIG2+ of all Neun cells (dapi positive). 

In 2018. Moffit and colleagues (Moffitt et al., 2018) performed scRNA-seq of more 30 000 adult 

mouse POA cells which identified about 70 neuronal populations according to their transcriptome and 

spatial organization. The broad categorization of this scRNA-seq POA atlas according to the genetic 

markers they expressed revealed groups of inhibitory and excitatory neurons, microglia, astrocytes, 

immature oligodendrocytes, and mature oligodendrocytes, ependymal cells, endothelial cells, fibroblasts, 

macrophages, and mural cells. In addition to the broad categorization, the subdivision of the inhibitory 

and excitatory neuronal clusters revealed 43 and 23 subgroups of neuronal cell types.  

The availability of the molecular POA atlas motivated me to investigate if the cell types revealed 

by Moffit and colleagues could be used to help categorize the cultured POA cells for which I had obtained 

and analyzed the transcriptome. To do this within the Seurat software platform I performed integration of 

scRNA-seq data (Stuart et al., 2019)from our primary neural POA cultures with the Moffit scRNA-seq data 

set which allowed quantification of the cell types present in both data sets (Figure 1.6.). Figure 1.6. A) 

shows a visualization of the integration via t-SNE graphs: the left one shows the Moffit cell types to which 

the sequenced cells from POA primary cell culture were mapped, and the right plot shows the cell 
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categories based on Ca2+- imaging. The broad Moffit groups to which sequenced cells mapped were newly 

formed oligodendrocytes, immature oligodendrocytes, inhibitory and excitatory neurons, ependymal 

cells, microglia, mural cells, fibroblasts, and macrophages. I quantified how many cells from each Ca2+- 

imaging category mapped to each of the Moffit broad groups and as well to how many categories they 

mapped to (Figure 1.6. B). This quantification once again revealed the transcriptomic heterogeneity of the 

primary POA neural culture we used as it showed that the cells from each of the Ca2+- imaging categories 

mapped to several different broad groups from the POA scRNA-seq atlas. For example, 37 2-APB-

insensitive responders mapped to seven broad groups of which 12 cells mapped to immature 

oligodendrocytes, 10 cells to ependymal cell type, 8 to newly formed oligodendrocytes, 3 cells mapped to 

fibroblasts, and 1 to macrophages, as only 3 cells mapped to excitatory and inhibitory neuronal cell types. 

Seven of 22 temperature non-responders mapped to ependymal cells, 8 to immature oligodendrocytes, 

and only 2 cells to excitatory neurons, the rest were divided among newly formed oligodendrocytes, 

fibroblasts, macrophages, and mural cells. 2-APB sensitive responders, which were 34 in the scRNA-seq 

data set, mapped to 6 broad cell types from the Moffit data set with 3 cells mapped to excitatory neurons, 

16 cells to inhibitory neurons, 3 cells mapped to fibroblasts, 5 cells mapped to immature oligodendrocytes, 

3 to macrophages, and 4 cells to microglia. Once again, this analysis showed that the 2-APB sensitive 

responders are the category most likely closest to the neuronal cell type as the majority of the cells in the 

category were mapped to neuronal cell types (19/35). 

Further on, mapping to Moffit subgroups (Figure 1.6. C) revealed that the mapping of the cells 

from the 2-APB sensitive responder category was divided into 3 excitatory and 4 inhibitory subgroups 

elucidating even further their transcriptome. From this analysis, I could learn about the identity of 

neuronal cell types in the POA of primary neural cultures from P9 such as that inhibitory neurons express 

galanin (Gal) and neuropeptide Y (Npy) as they map to inhibitory clusters i22 and i25 from Moffit data set. 

The overarching goal of the project was to find molecular markers of the WSNs of the POA. I aimed 

to achieve this goal by scRNA-seq of 3 functional groups differentiated by Ca2+-imaging of POA primary 

neural culture while stimulating them with a temperature of 45 ˚C and TRPM2 blocker 2-APB. These were 

the cells that do not respond to temperature (Non-responders), the cells that respond to temperature and 

whose response is not abolished by the 2-APB (2-APB insensitive responders), and cells that respond to 

temperature and whose sensitivity was abolished by 2-APB (2-APB sensitive responders). However, the 

primary cell culture from the POA, which I used to categorize POA neurons by temperature sensitivity, 

turned out to be a mixture of different cell types. The biggest problem here is that it turned out that 2-

APB sensitive responders are in the majority of neurons, while the rest of the cells were, based on 
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transcriptional analysis, non-neuronal cells, which makes it difficult to compare their transcriptomic 

differences in terms of temperature sensitivity. Therefore, the differential gene expression analysis 

between 3 functional groups did not yield any neuronal molecular markers explaining the temperature 

sensitivity but merely cell type differences (data not shown). Although it was expected to have some glial 

cells in the culture I used, I hypothesize that culturing cells for 3 days induced additional transcriptional 

changes which I captured by scRNA-seq. 
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Figure 1.6. Cell type mapping of P9 POA primary cells to the scRNA-seq data of the adult POA from the 

Moffit data set.  
(A) Cell type mapping was achieved through the integration (Butler et al., 2018) of the scRNA-seq data of P9 POA 

primary cell culture to the scRNA-seq data of the adult POA from Moffit et al. (Moffitt et al., 2018). Visualization is 

achieved with tSNE plots. The left tSNE plot shows broad cell types from Moffit et al. data to which P9 POA sequenced 

cells are mapped. The right graph presents a tSNE of cell groups in the Ca2+ imaging groups: 2-APB insensitive 

responders: cells responding to temperature stimulus not affected by 2-APB; 2-APB sensitive responders: cells 

responding to temperature stimulus also affected by 2-APB; Non-responders: cells not responding to temperature 

stimulus. The legend below the histogram shows the color-coding of the broad cell categories from the single-cell 

POA atlas. The bar graph in (B) presents quantification of the number of the cells from the scRNA-seq data set 

mapped to Moffit broad cell types, and the bar graph in (C) presents quantification of the number of the cells from 

the scRNA-seq data set mapped to Moffit subgroups cell types. The legend below the histogram shows the names 

and the main marker genes of the cell type subgroup from the single-cell POA atlas found by Moffit scRNA-seq data 

analysis. 

3.3. PATCH-SEQ METHOD AS AN ALTERNATIVE TO THE PRIMARY NEURONAL CULTURE FOR 

THE SEARCH OF WSNs’ GENETIC MARKERS 

The recently emerged tool to access the cell population’s transcriptome, potentially useful for the 

search for the markers of the WSNs, is the Patch-seq method which combines analysis of neurons’ 

transcriptome and electrophysiology (Cadwell et al., 2016; Fuzik et al., 2016). The advantage of Patch-seq 

is the possibility to use acute brain slices of adult animals for the measurement of action potentials, and 

other electrophysiological parameters, while as well obtaining the material for the transcriptome of single 

cells. With this method, I could measure the warm-sensitivity of the neurons via classical criteria of AP 

firing frequency increase during warming (Boulant & Dean, 1986). I have decided to test if we could apply 

this method to our search for WSNs molecular markers. (Figure 1.7.). 

This pilot Patch-seq experiment was a collaboration with a colleague in the lab Dr. Wojciech 

Ambroziak who performed ephys recordings and collection of the cell material, and I prepared the 

materials for the sequencing and cDNA libraries.  

In the experiments we have used acute slices from Vgat-Cre/HTB mouse line where inhibitory 

neurons (Vgat+) are marked by green fluorescent protein (GFP) fused with histone H2B (HTB). Both, Vgat+ 

(GFP+) and the GFP- cells were patched in the whole-cell mode, APs were recorded for ≈2 minutes, and 

cellular content was then collected with the recording electrode by applying negative pressure, and used 

for the Smart-seq2 (Picelli et al., 2014) preparation of the cDNA libraries for the scRNA-seq (Figure 1.7. A). 

We hypothesized that transcriptomic analysis would show enrichment for Vgat and other genetic markers 
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of inhibitory neurons in GFP+ patched cells. Confirming this hypothesis would be proof of the principle that 

with the Patch-seq approach we could obtain genetic markers of WSNs. In addition to patched cells, the 

negative control should be collected in every patching experiment to account for possible contamination 

coming from guiding the recording pipette through the layers of cells in the tissue. The internal solution in 

the recording pipette for the negative control contained the same ingredients as for patched sample 

collection, the pipette is immersed into the tissue, retracted, and the internal solution ejected into the 

tube containing Smart-seq2 buffer. Two types of negative control were performed: one in which after 

immersion to tissue, pressure at the pipette tip was not released, and the other where pressure was 

released to mimic as close as possible the sample collection (Cadwell et al., 2017; B. R. Lee et al., 2021).  

Finally, I processed the collected samples with the Smart-seq2 protocol (Picelli et al., 2014), 75% 

of which yielded good quality cDNA (Figure 1.7. B; upper panel) determined with a Bioanalyzer 

electropherogram (Agilent Technologies, 2009). 36 patched samples, which yielded good quality cDNA, 

were sequenced (16 fluorescent and 11 non-fluorescent and 9 negative controls) at the Genomics Core 

facility (EMBL Heidelberg) with the NextSeq Mid Illumina sequencer with single-end 150 bp readout, 

yielding > 2 million reads per sample. Negative controls, which yielded cDNA (roughly 10% of the total 

negative controls) (Figure 1.7. B; middle panel), were included because their transcriptome could serve as 

a readout of potential contamination in our patched samples. Negative controls not yielding any cDNA 

were the goal to which we strived, and were not included in the sequencing(Figure 1.7. B; bottom panel). 

After the first steps of QC of the sequencing reads, I did the cell QC (Figure 1.7. C) in Seurat (Butler et al., 

2018; Stuart et al., 2019). Six cells did not pass the quality control according to the number of genes per 

cell (<2000), counts per cell, and percent of mitochondrial counts (>10%), all six were negative controls. 

To explore the transcriptome and see if the Vgat+ (GFP+) patched cells are enriched in Vgat transcripts as 

expected, I looked into the individual gene expression levels. In Figure 1.7. D) plotted is expression level of 

Vgat and Vglut2 genes for which we hypothesized that would be showing enriched expression levels in 

GFP+ (inhibitory) and GFP- (excitatory) patch-clamp recorded cells, respectively. From the violin plots, one 

can see that detection of these broad neuronal markers is quite low, whereas on the other hand, Gad1 

and Gad2 inhibitory neuronal markers, were expressed on a higher level in Vgat+ than in Vgat- cells.  
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Figure 1.7. Patch-seq pilot experiment with the Vgat POA neurons. 

(A) Scheme of the experiments: 3 acute brain slices were obtained and the patch-clamp recordings were performed 

in the Vgat+ (GFP expressing) neurons. After the recording of action potentials, cell content was aspirated into the 

recording pipette. The sample was ejected into the tube containing buffer for the Smart-seq2 single-cell RNA 

sequencing. (B) Example traces of cDNA library from electropherogram run on a Bioanalyzer. The upper panel shows 

a trace of a cDNA from 1 cell after the first PCR enrichment, the middle electropherogram shows an example of the 

negative control yielding cDNA, and the bottom electropherogram shows an example of the negative control not 

yielding the cDNA. Negative controls were obtained by immersing the recoding pipette into the acute brain slice 

without a cell recording or intentional aspiration of the material. (C) Violin plots showing quality control (QC) metrics 

of sequenced cells: genes detected per cell, number of counts per cell, percent of mitochondrial genes detected in a 

cell. (D) Violin plots showing the expression of neuronal markers Slc32a1 (Vgat), Slc17a6 (Vglut2), Gad1 (Glutamate 

decarboxylase 1), Gad2 (Glutamate decarboxylase 2), Tubb3 (β3-tubulin), Syn1 (synapsin1), Syn2 (synapsin 2), Neun 

(Neuronal nuclear protein), and the expression of glial markers Mbp (Myelin basic protein) and Mobp (Myelin 

Associated Oligodendrocyte Basic Protein). Y-axis depicts log2 scaled expression levels of the gene transcript. Each 

dot represents one single cell, and each violin plot on a single graph represents a group a cell belonged to in the 

patch-seq experiment Vgat+(GFP), NC (negative control), and Vgat- cells. (E) The heatmap represents the proportions 

of the genes in each of the patch-seq samples corresponding to the genes in the Moffit data broad cell types. Columns 

present cells, and rows represent the Moffit broad cell type. The cell modeling presented in the heat map is work 

done in collaboration with Nelson Johansen, UCS Davis (Johansen & Quon, 2022). 

The concern about contamination in patch-seq samples was confirmed by the expression level of 

glial genes in the transcriptome of patched neurons coming from other cell type’s mRNAs, particularly the 

ones coming from oligodendrocytes such as myelin-associated oligodendrocyte basic protein (Mobp) and 

Myelin basic protein (Mbp) (Figure 1.7. D). I was motivated to assess further the level of contamination in 

the pilot Patch-seq data. Currently, the best way to address the amount of contamination in Patch-seq 

data is to have access to the RNAseq transcriptome cell atlas from the region from which the Patch-seq 

data is obtained. As described above, Moffit et al. have performed scRNA-seq from more than 30 000 POA 

cells recovering different cell types in the region (Moffitt et al., 2018). From this cell atlas, it is possible to 

model cell types in the region of interest by using genes recovered by scRNAseq (Johansen & Quon, 2022). 

The heatmap in Figure 1.7. E), shows the proportion by which each cell in our Patch-seq pilot data set is 

modeled by one of the cell types from POA scRNA-seq data (Oligodendrocyte, Mural, Microglia, Inhibitory 

neurons, Excitatory neurons, Ependymal, Endothelial cells, and Astrocytes). From this result, I conclude 

that most of the contamination in the obtained patch-seq pilot data set comes from the oligodendrocyte 

cell type. Quantification of the modeling showed that 25% of patch-clamp recorded cells should be 
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removed from further analysis because these express a larger proportion of transcripts coming from glial 

cell types than the transcripts coming from neurons.  
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4. DISCUSSION 

4.1. RESEARCH BACKGROUND AND SUMMARY OF KEY FINDINGS 

Body temperature is a dynamic homeostatic property, tightly regulated by the autonomic nervous 

system. How the brain coordinates the maintenance of the body temperature within a narrow range of 37 

˚C, a condition that is needed for all enzymatic reactions and cellular processes to function properly, 

remains unclear (Siemens & Kamm, 2018). It has been decades since the POA (preoptic area of the 

hypothalamus) is defined as a key CNS structure responsible for thermoregulation by lesion studies or 

direct heating and cooling of the region. Intrinsically temperature-sensitive neurons have been found in 

this brain region (Boulant & Dean, 1986; Nakayama et al., 1961, 1963). It has been shown that 30% of 

neurons recorded in acute brain slices are warm sensitive which is reflected in these neurons increasing 

AP firing frequency while direct warming is applied (Boulant, 2000; Griffin & Boulant, 1995; Kelso et al., 

1982; Kelso & Boulant, 1982). These WSNs are activated by peripheral warming as well, which makes them 

plausible integrators of peripheral and central temperature information (Boulant & Hardy, 1974).  

The lack of knowledge about the molecular composition of the POA warm-sensitive neurons 

presents a hurdle in elucidating how the POA acts as a body thermostat. Knowing molecules that identify 

them would make it possible to investigate further their connectivity to other brain regions involved in 

thermoregulatory processes. Therefore, the goal of this part of the thesis was to try to answer the 

questions of whether POA WSNs express specific genetic markers and which genes those are.  

The approach I used to learn about the POA WSNs transcriptome was based on the work of Song 

et al. Similarly as in that work I used the primary POA cell culture but this time with a week older, 9 days 

old C57BL/6 N mice (P9), and performed calcium imaging while applying a temperature stimulus of 45 ˚C 

in the presence and the absence of the TRPM2 antagonist, 2-Aminoethoxydiphenyl borate (2-APB). I 

identified 3 types of cells according to their temperature sensitivity: temperature non-responding cells 

(Non-responders) temperature-sensitive cells (2-APB insensitive responders), and cells that responded 

more strongly to 45 ˚C stimuli but whose response was abolished by 2-APB (2-APB sensitive responders) 

(Figure 1.2. E). 

Furthermore, I identified by Ca2+-imaging, hand-picked, and performed scRNA sequencing of Non-

responder cells; (n=22), 2-APB insensitive responders (n=37), and 2-APB sensitive responders (n=34) to 

compare their transcriptome and find markers of WSNs. Analysis of the scRNA-seq data pointed to the 

limitations of the P9 cell culture used (Figure 1.4. and Figure 1.6.). The majority of the temperature Non-

responders and 2-APB-insensitive temperature-sensitive cells sequenced expressed glial marker genes 
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together with neuronal markers, whereas 2-APB sensitive responders expressed more neuronal markers 

(Figure 1.4.). In-silico mapping of the POA neural culture transcriptome to the POA scRNA-seq atlas has 

confirmed that collected cells are a mixture of different cell types (Figure 1.6.) with 2-APB temperature-

sensitive responders mapping to inhibitory neurons. In addition, immunofluorescence staining for 

neuronal (NeuN) and oligodendrocyte (OLIG2) markers showed that almost half of the cells in the POA 

neural culture co-express these markers on the protein levels as well (Figure 1.5. A and B). I did not find 

this combination of proteins expressed in the same proportion in the POA P9 brain sections used for the 

immunohistochemistry (Figure 1.5. C and D). Therefore, I concluded that the genetic heterogeneity of the 

sequenced cell categories was too large and that putative WSNs’ molecular markers identified from 

cultured neurons would be ambiguous. 

The recently emerging tool to access certain cell population transcriptome, the Patch-seq method, 

which combines analysis of neurons’ transcriptome, electrophysiology, and morphology seemed like a 

feasible alternative to the cultured cells system for a search of markers of WSNs (Cadwell et al., 2016; 

Földy et al., 2016; Fuzik et al., 2016). Together with a colleague in the lab, I performed a pilot experiment 

using VgatCre/HTB mouse line in which my colleague patched and obtained cellular material from the GFP+ 

(Vgat+) and GFP- (Vgat-) cells, after which I processed the samples for the RNAseq and analyzed the data 

we obtained (Figure 1.7.). Patch-seq method turned to present its hurdles, such as higher drop-out rates 

of detected genes, as I also observed in the lack of reads for Vgat and Vglut2 (Figure 1.7. D). Additionally, 

I detected the contamination of the samples with the mRNA from other cell types due to the leading of 

the recording electrode throughout the thick layer of tissue. Since we had access to the scRNA-seq atlas 

of the POA brain region (Moffitt et al., 2018), I could assess the contamination source and quantify it 

(Johansen & Quon, 2022). The 25% of the patched samples should be from the further analysis as they 

expressed reads from other cell types and not only neurons (Figure 1.7. E). This has made me question the 

feasibility of the patch-seq method for obtaining the transcriptome of WSNs from adult tissue.  

4.2. HOW GOOD IS THE PRIMARY POA NEURONAL CULTURE FOR THE SEARCH FOR THE 

GENETIC MARKER OF POA WSNs? 

The reason to use primary cultures from older animals, in comparison to the previous work in our 

lab, was the fact that the TRPM2 KO animals still had temperature-sensitive neurons present, as shown by 

Ca2+-imaging in adult POA acute slices (Song et al., 2016). The Ca2+-imaging results I obtained from the 

experiments with P9 POA cell culture (Figure 1.2.) have closely recapitulated the findings of Song et al. In 

that work the criteria for determining WSNs were set via calcium response of human embryonic kidney–



CHAPTER 1 Molecular characterization of POA warm-sensitive neurons 

[42] 
 

293 cells (HEK 293) loaded with the ratiometric fluorescent calcium indicator fura-2. If a cell responded 

above the 5-time standard deviation of mean HEK 293 cells response to 45˚C, it was considered warm 

sensitive. They found that about 16.3 % of cells in POA culture from P2 mice responded to 45˚C stimulus 

above this criterion. In my Ca2+-imaging recordings, I used a different calcium indicator, Cal520, which is 

unlike fura-2, a single-wavelength indicator (Tada et al., 2014). In P9 POA cell culture, about 15% of cells 

were temperature-sensitive, and the temperature response of about 98% percent of those was blocked 

by TRPM2 antagonist 2-APB. The cell was characterized as a WSN if it was above the cutoff value 

determined by the mean of maximum amplitude of cell response to 45˚C stimulus with 2-APB 

(mean(3*SD(max(∆F/F (45˚C+2-APB))))) from all the coverslips in one experiment. The rest of the cells in 

the primary POA culture were temperature-insensitive (Figure 1.2. E). This finding was in concordance with 

that of Song and colleagues, but as well with the other studies using POA neural cultures (Tabarean et al., 

2005) or dissociated POA neurons (Cai et al., 2012) to test temperature sensitivity. 

In the Ca2+-imaging I performed, I found as well cells responding to temperature but insensitive to 

2-APB (Figure 1.2.D). These cells were not detected in the Ca2+ imaging performed on P2 cultures with the 

Fura2 calcium indicator, as the temperature response of all cells seems to be abolished by 2-APB (Song et 

al., 2016). The Cal-520 fluorescent indicator has higher dynamics and calcium sensitivity than the fura-2 

indicator (Lock et al., 2015). Since APB-sensitive temperature responders respond to 45˚C temperature 

stimulus with lower calcium levels than the 2-APB-sensitive temperature responders (Figure 1.2. D), as 

projected from ∆F/F calculation, it could be that these cells went undetected in calcium imaging with Fura-

2. However, it might as well be that this cell category was not present in the P2 POA primary cell cultures, 

and due to neuronal maturation, the cells in the P9 POA culture have started to express other ion channels 

sensitive to heat apart from TRPM2. There are many examples of increased expression of certain ion 

channels or enhancement of their functionalities during early postnatal development such as HCN 

channels and TRPM4 in mouse hippocampal pyramidal neurons or Kcnq2 in the hippocampus, which 

increase their expression during postnatal development (Riquelme et al., 2021; Vasilyev & Barish, 2002; 

Weber et al., 2006).  

The goal of the project was to find markers of WSNs via scRNA-sequencing of temperature-

sensitive neurons from the primary POA neural culture. I obtained the transcriptome data of 93 cells from 

which 22 Non-responders, 37 2-APB insensitive responders, and 34 2-APB sensitive responders. First, the 

t-SNE graph-based clustering analyzed according to the principal component genes, did not show a clear 

separation between the 3 groups of sequenced cells (Figure 1.2. D). There was however the inclination of 

2-APB sensitive cells to separate from the rest. The detailed look into the expression of neuronal and glial-
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specific genetic markers showed that these cells do express neuronal markers more strongly than the 

other 2 cell categories (Figure 1.4. A). On the contrary, Non-responders and, 2-APB insensitive responders 

have expressed glial markers in a higher manner than the 2-APB sensitive responders (Figure 1.4. B). This 

result has made me suspect the nature of the transcriptome coming from the primary neural POA culture 

as it seemed that many cells are expressing neuronal and glia markers at the same time. I confirmed this 

finding by immunofluorescence staining of oligodendrocyte and neuronal markers, OLIG2 and NeuN, in 

POA primary cultures (Figure 1.5. A). These markers colocalized in 42% of cultured cells, a finding three 

times less occurring in the P9 POA tissue (Figure 1.5. B). Looking more carefully into NeuN and OLIG2 

overlapping cells in the P9 POA tissue, I observed some NeuN positive cells that had an OLIG2 expressing 

nucleus near their soma (Figure 1.5. C; 3x zoom-in inset). It was described in the work of others that 

oligodendrocytes from satellite, perineuronal cells near neuronal soma (Valério-Gomes et al., 2018). In the 

cell counting method I used in NIS elements software, it was difficult to segment the cells standing in close 

vicinity to one another. Therefore, I expect that the percentage of NeuN and OLIG2 double-positive cells 

(ones expressing both proteins) in the P9 tissue should be even less than 14%. 

In addition, mapping of the POA neural culture transcriptome to the larger scRNA-seq data set of 

the POA (Moffitt et al., 2018), has revealed a more detailed transcriptomic identity of the cell categories I 

found with the Ca2+-imaging (Figure 1.6.). It confirmed the finding that the cells presented mixed cell types 

with the 2-APB sensitive responders mainly mapping to inhibitory neurons and the other two categories 

to oligodendrocytes and ependymal cells.  

Interestingly, although the cultured cells turned out to be a mix of cell types, the category that 

was most temperature-sensitive is recapitulating the literature knowledge on the nature of the WSNs. 

Some papers where WSNs were identified in vitro, defined them as GABAergic (Eberwine & Bartfai, 2011; 

Lundius et al., 2010), and in current models of thermoregulation their output towards heat conserving 

mechanisms are thought to be inhibitory (Madden & Morrison, 2019; S. Morrison F. & Nakamura, K, 2011). 

However, with novel literature, the thermoregulatory model is changing, as several populations residing 

in the POA and involved in thermoregulation are glutamatergic (Machado & Saper, 2022). 

In addition, the comparison of two independent RNAseq data sets poses certain challenges, such 

as technical variabilities, animals, or cell lines that are used for the experiments. However, computation 

of the common “anchors” between two data sets has been possible with the Seurat tool (Stuart et al., 

2019), where the anchors represent cell pairs in which the similarity between two cells is evaluated by the 

overlap in their local shared nearest neighbor (SNN). 
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To the best of my knowledge, the primary neural culture from the POA was until now never 

characterized in the detail on the transcriptome level. There are, however, few examples where 

comparisons have been made between the in vitro neuronal models used in research and the ex vivo 

tissue. For example, a transcriptomic analysis of the study of primary hippocampal cultures cells 

sequenced right after dissociation from the tissue showed about 1000 up or down-regulated genes 

between two conditions, and it revealed several changed biological pathways (King et al., 2021). 

Furthermore, it has been shown that even a standard procedure such as medium change can cause 

dramatic changes in the transcriptome profiles of the primary neurons by inducing up and down-regulation 

of thousands of genes (Rubiolo et al., 2016). Additionally, it has been shown that the space and volumes 

of the cell culturing devices, such as microfluidics chips, affect the cell transcriptome (Middelkamp et al., 

2021). The human-induced pluripotent stem cell-derived neurons (hiPSCs) and other cell types were 

evaluated when cultured on microfluidic chips, and it has been found that those cells exhibit increased 

expression of genes related to cell adhesion, tissue migration, and activation of metabolic processes in 

comparison to cells cultured on the large cell-plates. Another interesting example of culturing conditions 

affecting the cell transcriptome is the presence of oligodendrocytes within the hippocampal neuronal 

culture which was found to affect the neuronal activity of GABAergic neurons such as synaptic activity and 

action potential firing (Mazuir et al., 2021). Processes linked to these changes included synapse assembly, 

action potential generation, and transmembrane ion transport. 

All the above-mentioned provide examples of how culturing conditions can impact the native 

transcriptome of the cultured cell types. In my literature review, I was not able to find concrete examples 

where co-expression of NeuN and Olig2 is measured in postnatal neuronal cultures, and thus I was not 

able to relate my 3-day POA culture results to any finding reported in the literature. It could very well be 

that this went undetected in other rodents' postnatal cells. Some papers, however, have found Olig2 to 

co-localize with NeuN in the brains of a human fetus (Jakovcevski, 2005), and others have found Olig2 

expression in immature neuronal and glial progenitors of the embryonic spinal cord which give rise to 

motor neurons (Takebayashi et al., 2000). Moreover, it was found that Olig2+ cells give rise to inhibitory 

and excitatory neurons (reviewed in (Szu et al., 2021). This leads me to the conclusion the Olig2 

transcription factor is participating in the definition of neural cell type in early embryonic development.  

In addition, the trituration of the brain tissue can be less favorable for the neurons’ survival than 

for the glial cells' survival, since neuronal neurites are damaged during dissociation. In addition, glial cells 

keep their proliferative potentials, as neurons do not. Therefore, some researchers use antimitotic drugs 

to prevent glial cell proliferation in the culture systems (Mao & Wang, 2001; Seibenhener & Wooten, 
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2012). Since glial cells preserve their proliferative potential, it could be that the culturing conditions I used 

led to their proliferation and differentiation to a mixed cell type. 

Furthermore, it could be that coexpression of NeuN and OLIG2 was observed by others, but it did 

not prove to be physiologically relevant. For example, no matter that cultured POA primary neurons 

probably express Olig2, and other glial markers, the number of cells responding to temperature we got 

matched the number of others performing similar quantification of WSNs in the primary POA cultures 

(Tabarean et al. 2005), and the work established in our lab (Song et al., 2016). On the other hand, 

transcriptomic analysis of the cultured cells was the experiment that led me to the finding that it might be 

ambiguous to find the marker of the WSNs. This is not because these cells do not express genes that code 

for ion channels and molecules responsible for their temperature-sensitivity, since they show a clear 

response to 45˚C stimulation. However, it might be that the readout of these genes, especially if these are 

expressed at a low level in the cell, might be overwritten by the expression of more prominent cell-type 

markers, and was not captured by our scRNA-seq approach (Sims et al., 2014). This is because scRNA-seq 

is a method prone to zero reads, a characteristic that is biased against the lowly expressed genes due to 

overamplification of highly abundant genes (Hicks et al., 2018). For example, functional Trpm2 expression, 

an ion channel whose activity I measured by highly sensitive calcium imaging, was found to be quite lowly 

expressed by scRNA analysis in all of the cells and not only 2-APB sensitive functionally confirmed Trpm2-

expressing cells (Figure 1.4. B). It can be that the depth of the sequencing method I used is not enough to 

detect low-expressed genes. However the Smart-seq2, the method I used, is one of the most sensitive 

methods for gene detection, and the average number of reads per cell achieved in this experiment was 

1.4 million, more than it is considered necessary to reach the plateau in the number of genes detected 

(Haque et al., 2017; Ziegenhain et al., 2017).  

Importantly, Kamm and colleagues in our lab, have further investigated the role of the TRPM2 ion 

channel in heat detection in the POA (Kamm et al., 2021). In this work, the TRPM2 was found not to be a 

somatic heat sensor in WSNs, but instead, it was found at the local neuron synapses from where it 

modulates the firing of neighboring WSNs. In addition, the warming from 33-36 ˚C was enough of a 

stimulus to activate TRPM2 in the synapses, a temperature which is more close to the physiological state, 

unlike 42˚C at which one can observe somatic responses of cultured POA neurons. Equally important, this 

work re-assessed the previously established and widely accepted knowledge that the warm-sensitivity of 

POA neurons is an intrinsic property and not synaptically driven (Kelso & Boulant, 1982; Madden & 

Morrison, 2019; S. F. Morrison & Nakamura, 2019; Tan & Knight, 2018). The proportion of the warm-

sensitive POA neurons remained the same in the slices of adult mice when blockers of the fast synaptic 
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transmission were applied. However, the recording of the temperature sensitivity before and after the 

application of the synaptic blockers showed that almost every WSN changed its thermal coefficient with 

synaptic blocker application and became warm-insensitive (Kamm et al., 2021). 

Together, these findings have confirmed the doubt that the early postnatal cultures might not be 

reliable for a search of the genetic markers of the WSNs in the POA, since it is very likely that some of the 

proteins responsible for the heat sensation and its modulation are not in the mature form as in the intact 

tissue. However, the molecular mapping of the temperature-responsive cells blocked by 2-APB to 

inhibitory neuronal population, as is expected from the literature on WSNs, points out that the cultured 

cells still might have kept a certain transcriptomic repertoire to reveal WSNs’ molecular background. 

However, since the temperature-insensitive cells identified in the Ca2+-imaging were not neuronal, I lost 

the ability to compare these neurons directly to extract the potential markers of WSNs. Moreover, the 

warm sensitivity, after all, is modulated by synaptic inputs, which POA cultures are devoid of, and therefore 

from the cell culture model, I would not be able to grasp a complete picture of WSNs. The questions that 

rose from this finding relevant for this study are: If the synaptic input defines whether a neuron will be 

warm-sensitive or not, depending on the constellation of synaptic inputs it receives, how does one 

approach the search of WSNs? Should one, therefore, use synaptic blockers to identify the WSNs, or would 

that even further tamper with the in vivo occurring WSNs? How many WSNs are intrinsically warm-

sensitive and in how many of WSNs is that property synaptically driven? Would a neuron still need to be 

equipped with a certain molecular armor to be warm sensitive although this sensitivity is synaptically 

modulated?  

4.3. PATCH-SEQ AS AN ALTERNATIVE METHOD TO SEARCH FOR MARKERS OF WSNs 

The patch sequencing (Patch-seq) method offers an alternative to the immature cultured neurons 

for investigating the electrophysiological, morphological, and transcriptomic cell-type composition of the 

brain's regions (Cadwell et al., 2020; Muñoz-Manchado et al., 2018; Scala et al., 2019, 2021). It employs a 

collection of the cellular content with a recording pipette after Ephys measurement. One of the main 

pitfalls of the Patch-seq method is the contamination coming from mRNAs of other cell types surrounding 

the cell of interest. Tripathy et al. have observed a significant increase of unwanted cell type contamination 

in publicly available Patch-seq, compared to scRNA-seq data sets in which cells were obtained by tissue 

dissociation and droplet-based RNA sequencing methods (Tripathy et al., 2018). The main issue pointed 

out was that samples with greater contamination indices express markers of their cell type at lower levels. 

In our pilot-Patch-seq experiment, we also experienced the problem of contamination coming from non-
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patched cells, especially oligodendrocytes (Figure 1.7. E). In addition to the problem of contamination, 

Patch-seq is facing the problem of a low abundance of mRNA starting material. This is because in this 

method we are not obtaining the whole cell but aspirating a portion of the intracellular content after 

patch-clamp recording. Therefore, it is expected to have a higher drop-out rate of detected genes with 

Patch-seq than with scRNA-seq data sets obtained by other methods. Indeed I also observed this dropout 

in the pilot data set by the low abundance of certain expected genes such as Vgat (Figure 1.7. D). This could 

represent a problem in particular in our case where we want to find the transcriptomic differences 

between cells that exert subtle physiological differences, such as temperature sensitivity. However, the 

availability of large scRNA-seq data sets from the region of interest provides the opportunity to analyze 

the transcriptome obtained via Patch-seq post-hoc, quantify the contamination, and remove the 

contaminated cells from further analysis (Johansen & Quon, 2022; Sicherman et al., 2021). Moreover, 

certain improvements have been implemented in Patch-seq on the technical level such as aspiration of 

the cell nucleus together with the cytoplasm which should also increase the amount of starting mRNA 

material and therefore the number of genes detected by RNA-seq should increase as well (Cadwell et al., 

2017).  

Patch-seq is growingly applied in neuroscience, especially when the goal is to correlate differences 

at the level of gene expression with the ones at the level of cell electrophysiology. One should also not 

forget the power of combinatorial data that is gathered by Patch-seq, as electrophysiological and 

morphological data together with the transcriptome obtained, could give more information about the cell 

types than each alone (Lipovsek et al., 2021). Patch-seq has been used to reveal the transcriptomic, 

morphological, and electrophysiological profile of the cell-type differences in mouse cortex (Gouwens et 

al., 2020; Scala et al., 2021). In that work, it was shown useful to map Patch-seq samples to the larger 

single-cell atlas of the region to facilitate the correlation of electrophysiology to the transcriptome 

obtained by Patch-seq due to the drop-out of the reads that Patch-seq is facing. However, in both of these 

papers, the numbers of cells patched and sequenced are in the thousands, numbers not easily feasible for 

smaller laboratories. In my case, where I aim to search for markers of WSNs, there is a specific hurdle with 

the numbers of cells one needs to analyze to expect telling results achieved with Patch-seq. The occurrence 

of WSNs in mouse brain slices in which the warm sensitivity is assessed was in a range of 21-27% (Kamm 

et al., 2021). On top of that, from the pilot-patch seq experiment, I have learned that about 25% of cells 

exhibited contamination coming from other cell types, and I would have to remove these from further 

analysis (Figure 1.7. E). Furthermore, the cDNA library preparation had a similar number of dropouts in 

both scRNA-seq experiments presented in this thesis work, which was also about 25%. That means, if one 
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would like to have 100 WSNs for Patch-seq analysis, oI would have to patch and record 700 cells and collect 

about 175 WSNs to account for dropouts after cDNA library preparation and the cell contamination. This 

illustrates why Patch-seq is challenging, as being low throughput, hand-laborious, and interdisciplinary-

demanding (Lipovsek et al., 2021).  

Moreover, attempts have been made in terms of WSN marker identification by implementing 

Ephys recordings and scRNA-seq (T. A. Wang et al., 2019). In this paper, the authors propose that the gene 

Ptgds is a marker of POA WSNs. Ptgds codes for lipocalin-type prostaglandin-D-synthase (L-PGDS) which 

generates prostaglandin D2 (PGD2). The authors of the work have found that PGD2 lowers mice Tcore 

when challenged with hyperthermic stimuli such as injection of prostaglandin E2 (PGE2). In addition, Ptgds 

knockdown turned out to be lethal as mice could no longer maintain their body temperature. However, 

the expression of Ptgds transcript in the POA was not found to be specific for WSNs but also to reside in 

cold-sensitive and temperature-insensitive neurons, discrediting the specificity of this gene as a marker of 

WSNs. Moreover, the expression of Ptgds in the POA scRNA-seq data from Moffit and colleagues was 

found in each of the POA cell types, and it was larger in oligodendrocytes than in the neuronal cell types 

(Figure 1.8.).  

 

Figure 1.8. Expression of Ptdgs in broad cell Moffit et al.categories revealed by scRNA-seq of the POA. 
Violin plots of the expression levels (Y-axis presents log2 scale on the) of Ptdgs transcript in the broad cell populations 

from the POA scRNA-seq atlas (Moffitt et al., 2018). Ambiguous cells were characterized by co-expression of Vglut2 

and Vgat2. Note that Ptdgds appear to be broadly expressed in many cell types. 



CHAPTER 1 Molecular characterization of POA warm-sensitive neurons 

[49] 
 

Overall, I learned from this pilot experiment that Patch-seq might provide a powerful tool to collect 

data on WSNs transcriptome, electrophysiological properties, and morphology when coupled with the 

larger scRNA-seq data sets from the brain region of interest. On the other hand, I learned that it is a 

laborious, low throughput method, prone to contamination from unwanted cell types, and one should 

carefully inspect the feasibility of this method implementation depending on the prior knowledge of 

physiology and transcriptome (e.g. large scRNA-seq atlases of the region) of the cells of interest. 

4.4. STUDY IMPLEMENTATION AND FUTURE RESEARCH 

In this thesis work, I tried to find markers of WSNs, by using primary neural culture from POA of 9 

days old mice. I have found that in terms of the transcriptome, this primary neural culture insufficiently 

recapitulates the state of adult POA neurons, and exhibits too heterogeneous transcriptome at the single-

cell level, and therefore I concluded that it is not sufficient for the search for genetic markers of WSNs. 

Although I did not reach the aim of this study to find the markers of WSNs, others as well might want to 

use a similar approach to learn about POA cell types that exert certain kinds of physiology. With the scRNA-

seq, I learned about the limitations of the primary POA culture when it comes to studying neuronal 

physiological properties we want to transfer to in vivo conditions. Moreover, novel findings of my 

colleagues and myself have shed a light on the central thermoregulation, by re-defining the role of the 

TRPM2 ion channel in POA warm sensitivity as a synaptic and not somatic driver of WSNs activity, and 

interestingly found that WSNs activity is highly modulated by synaptic inputs (Kamm et al., 2021). Both of 

these findings could not be achieved on the primary cell culture. Therefore, further research of WSNs 

demands investigation of these cells in their native environment. 

A potentially useful tool to do this is Patch-seq which allows for measuring the electrophysiological 

properties of a neuron, in this case, it would be the thermal coefficient (AP/s/˚C) while increasing the 

temperature, capturing its transcriptome, and morphology (Cadwell et al., 2016; Földy et al., 2016; Fuzik 

et al., 2016). Not without its flaws, this method which was put to a test also in this thesis still offers a 

powerful tool to analyze the physiologically defined cell type. This is especially promising if one has an 

access to the large single-cell data sets of the transcriptome of the region where neurons of interest are 

residing (Cadwell et al., 2020; Gouwens et al., 2020; Muñoz-Manchado et al., 2018; Scala et al., 2019, 

2021).  

Previously, we thought that temperature sensitivity was a WSN intrinsic property, now we learned 

that this is not the entire story (Kamm et al., 2021). Therefore, and in light of our data, the concept of 

neuronal warm-sensitivity has changed and the approaches for searching markers of WSNs have to be re-
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evaluated. When further investigating the characteristics of WSNs, one should consider implementing the 

blockers of synaptic inputs to look for intrinsically temperature-sensitive neurons or to first assess how 

many of WSNs is truly intrinsic and how many are modulated by synaptic inputs. In addition, other Ephys 

properties should be gathered and analyzed with the hope of finding an additional unique characteristic 

of these neurons. Perhaps Patch-seq offers a manner by which Ephys data can be collected while 

simultaneously transcriptionally profiling the neurons to define WSNs of POA in greater detail.  
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5. MATERIALS AND METHODS  

5.1. ANIMALS 

Animals used in this part of the thesis were postnatal day 9 C57BL/6JRj and VgatCreHTB line for 

which VgatCre (Slc32a1tm2(cre)Lowl/J, The Jackson Laboratory strain number 016962) was crossed with 

Rosa26Lox-stop-LoxHTB (The Salk Institute for Biological Studies). For obtaining P9 C57BL/6JRj pregnant 

female mice were ordered from Janvier company. The females arrived at our animal room at the 13th week 

of pregnancy and were housed at room temperature (23 ± 1°C; unless specified otherwise) with a standard 

12-h light/dark cycle and with ad libitum access to food and water. The pups were kept with their after 

birth mothers until day 9. All experiments employed a mixture of male and female mice and were per the 

local ethics committee and governing body (Regierungspräsidium Karlsruhe, Germany) and were approved 

under protocol numbers: T-01/17, T-05/19. 

5.2. POA P9 NEURAL CULTURE 

5.2.1. Glas coverslip preparation 

Glass coverslips of 5mm diameter (11888372, Menzel Fischer Scientific) were cleaned by leaving 

them in 1M HCL overnight, and on the next day, they were incubated for several hours in 70% ethanol and 

rinsed well with H2O. Coverslips would then be left to dry for 1h under the cell culture hood with the UV 

light on, and stored in a clean petri dish until use. 20 μl of poly-D-lysin (P7886 Sigma) (1:100 in H2O) was 

added to each dry coverslip and left to incubate overnight at 37 ˚C in the home-made humidity chamber 

(petri dish lid of 10 cm diameter covered with parafilm, placed inside of a petri dish of 20 cm diameter, 

surrounded with ca lean paper towel wetted with 1xPBS). On the next day, poly-D-lysin was removed, 

coverslips were washed with 3x 1xPBS, and 20 μl of laminin (L2020 Sigma, 1:10 in H2O) was placed on each 

coverslip instead, and incubated for a minimum of 2h at 37 ˚C in the home-made humidity chamber. 

5.2.2. POA neural cell suspension preparation and culturing 

Four C57 BL/6 mice were sacrificed by a quick decapitation. Brains were removed from the skull 

and immersed in ice-cold ACSF. Before slicing in the same ACSF, brains were glued to the cutting stage of 

a Vibratome (HM650V, Thermo Scientific, USA) together with an agar block (3%) which supported the 

brains against the vibratome pushing. The ACSF (in mM; 125 NaCl, 2.5 KCl, 2.5 NaHCO3, 1.25 NaH2PO4X 

2H20, 1 MgCl2, 2 CaCl2), and it was constantly bubbled with carbogen (95% O2, 5%CO2). Brains were sliced 

at frequency 50, speed 9, thickness 300 μm, and amplitude 1. 2-3 slices containing the whole POA were 
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collected and placed in a petri dish containing ice-cold HBSS (-) solution (in mM; 10 D-glucose, Hepes in 1x 

HBSS medium). POA was dissected in HBSS (-) under a dissection microscope. POA tissue was then cut into 

4 smaller pieces which were transferred to the clean 1.5 ml tube and 1ml of PK solution (30 mg/ml 

Proteinase K (P6556 Sigma), 20 μl of 50x B-27 supplement, in 1ml of HBSS(+) (in mM; 10 D-glucose, 10 

HEPES, 1.2CaCl2, 0.8 MgCl2, in 1xHBSS medium (14175-083, ThermoFisher Scientific, Gibco)). The tissue 

was incubated for 5 minutes at 30˚C. PK solution was then removed from the issue without disturbing it 

(tissue stayed at the bottom of the tube), and rinsed with 1x HBSS(-). 1ml of papain solution (0.5 mg/ml 

papain (Sigma P4762-25mg), 20 μl of 50x B-27 supplement (Invitrogen 17504-044), 5mM L-Cysteine 

(Calbioquem) in HBSS(-)) was added to the tissue, incubated 30 minutes at 37 ˚C with inverting a tube 

every 5 minutes to mix well. After 30 minutes, papain solution was removed, and tissue was rinsed 1x with 

HBSS(-). 1ml of a warm (37˚) cell culture media ( 10%FBS, 0.5 ml of 100x Glutamax (ThermoFisher Scientific, 

Gibco), 1ml of B27 50x supplement, 0.5 ml of PenStrepC 100x in 50ml of Neurobasal medium (21103049, 

ThermoFisher Scientific, Gibco)) was added. The tissue was triturated with a 1ml pipette tip, for about 5-

10 x, while avoiding creating bubbles. The supernatant was collected, avoiding bigger chunks of tissue, 

transferred to a new tube, and centrifuged for 4 minutes, at 4 ˚C, and 250 rpm. The supernatant was 

discarded and cells were resuspended in 20 μl/coverslip of cell culture media, e.g. for 5 coverslips 100 μl 

of media was used. Laminin was aspirated away from the coverslips, coverslips were left to dry for about 

10 minutes, and 20 μl of cell suspension was added to the glass coverslip. The cell suspension was left to 

incubate on the coverslips at a cell incubator (37 ˚C, 5%CO2) in a homemade humidity chamber. After 2h 

coverslips containing cells were transferred to a well of 24 well-plate each and filled with 1ml of pre-

warmed (37 ˚C) culture media and left in a cell culture incubator (37 ˚C, 5%CO2). On the following day, the 

cell media was exchanged for a fresh one, and cells were left to recover for 2 additional days. On the 3rd 

day, calcium imaging was performed.  

5.3. CALCIUM IMAGING DATA ACQUISITION AND ANALYSIS 

Coverslips containing cells were transferred back to a humidity chamber (described in 3.1.1). Cells 

were washed with 50μl 1xRinger solution (in mM; 140NaCl, 5.0KCl, 2 MgCl2 x6 H2O, 2 CaCl2 x2H2O, 10 

Glucose, 10 HEPES, adjusted to pH 7.4), and then covered with 50μl 1x Ringer's containing 10 μM 

Cal520AM (21130, AAT Bioquest) and 0.05% pluronic acid F-127 (P6866, Invitrogen). Cells were left to 

incubate with calcium dye for 1h in a dark in a homemade humidity chamber at 37˚C before the calcium 

imaging.  
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The cell containing coverslips were placed in the perfusion chamber (RC-22, Warner Instruments) 

while perfusing through it Ringer's solution constantly at room temperature (23-25˚C) by a gravity-driven 

perfusion system (ValveBank II Automate Scientific) at a rate of max 2.5ml/minute, and a vacuum pump 

(Ecovac, Schuett Biotech). The thermocouple probe (IT 18, Physitemp) was placed as close as possible to 

the coverslip and connected to the BAT-12 digital thermometer (Physitemp) by which the temperature 

was read. CoolSnapHQ2 camera was used for recording, connected to an AxioObserver D1 microscope 

(Zeiss) with ET470/40x excitation and ET525/50m emission filters (Chroma). Images were taken at 1Hz in 

MetaFluor software (Molecular Devices), at 20ms exposure time, binning 2. The stimulus of 45˚C was 

achieved by connecting a perfusion system running the Ringer's with the homemade glass coils connected 

to a heated circulating water bath (Multitemp III, Pharmacia Biotech). 

Each stimulus lasted 45 seconds, between each stimulus 4 minutes were allowed for cells to 

recover. During the 2nd stimulus, Ringer's containing 30 μM 2-APB was perfused to cells. 4 minutes after 

the 3rd stimulus high K+ solution was perfused on cells (in mM; 45 NaCl, 100KCl, 2 MgCl2 x6 H2O, 2 CaCl2 

x2H2O 10 glucose, 10 HEPES) to observe maximum depolarization of the cells. The total procedure of 

recording with 1 coverslip lasted for about 13 minutes.  

Calcium imaging analysis was performed using FIJI (Fiji is Just ImageJ 2.1.0) (Schindelin et al., 2012). 

Motion correction was done by the moco plugin (Dubbs et al., 2016), and cells were detected by 

thresholding and setting the size of particles at 15 pixels^2. The average fluorescence (F) of a cell was 

measured in FIJI by the mean gray value. Measurements were exported to Excel, where ∆F/F values were 

calculated by subtracting the average baseline fluorescence (∆F= F-F(baseline)) before the 1st 45 ˚C stimuli 

(first minute of the recording) from the fluorescence values and dividing it by the baseline (∆F/F(baseline)).  

5.4. CELL COLLECTION AND SINGLE-CELL RNA SEQUENCING  

All the surfaces where buffers for cell collection were prepared were sprayed with RNseZAP 

(Ambion). Calcium imaging video was played from the beginning immediately after the recording, and 

regions of interest were placed around the cells identified as 2-APB insensitive temperature responders 

(3x responding to 45˚C), 2 –APB 2-APB sensitive temperature responders (response to a 2nd 45˚C blocked 

by 2-APB), or non-responders (no visual fluorescence increase during 45˚C stimulus). Cells of interest were 

then found under the microscope. I aimed to collect one cell from each of the categories per coverslip, 

meaning 3 cells per coverslip. A glass capillary connected to a 50ml syringe pressure system was navigated 

to the cells with an MM3A-LS micromanipulator (Kleindiek) while observing the approaching under a 
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microscope. Cells were aspirated with an application of a negative pressure until one could not observe 

the cell at the coverslip anymore.  

Glass capillary was loaded with 1μl of a Ringer’s with RNAse inhibitor (1μl of RNAse inhibitor 

(40U/μl, Promega N2515) diluted in 40 μl of sterile-filtered Ringer’s). After aspiration cell was ejected with 

a syringe-applied pressure to a 0.2 ml PCR tube containing 4μl of the Smartseq2 buffer ( 2μl of lysis buffer 

(19μl 0.2% Triton-X-100 mixed with 1μl of RNase inhibitor), 1μl of dNTP mix, and 1μl of oligo-dT primers). 

Sometimes the glass was broken to ensure that the cell was ejected to a 4μl buffer. After ejection of a cell 

into the 0.2 ml tube, the sample was snap-frozen in liquid nitrogen.  

5.4.1. cDNA library preparation 

cDNA library preparation from single-cell samples was done at GeneCore (EMBL, Heidelberg) by 

following Picelli et al protocol (Picelli et al., 2014). I will highlight here the differences in that protocol. 

Firstly, all the samples were processed in batches of a maximum of 21 samples as I recognized this is the 

number of samples I could handle without jeopardizing the quality. Reverse transcription was done 

according to the published protocol with SuperScript Transcriptase IV (ThermoFisher Scientific, cat.no. 

18090010) but without the IS PCR primers. The first amplification was done by 21 cycles at the PCR cycler. 

The cleanup by SPRI magnetic beads was done with a ratio of 0.6:1 (beads: sample) with skipping the 

ethanol washes. If primer dimers were present after the 1st clean-up, 2nd cleanup was repeated with a ratio 

of 1:1. After the purification, the cDNA quality control step was performed by running all the samples on 

a Bioanalyzer Agilent high-sensitivity DNA chip. Samples that were selected for further processing were 

never below a concentration of 120 pg/μl, and the library devoided the small fragments with a peak 

between 1.5 and 2kb. 

cDNA library tagmentation was done by in-house GeneCore (EMBL, Heidelberg) adapted protocol 

and the Tn5 enzyme was produced in the Protein Expression and Purification Core Facility (EMBL, 

Heidelberg). 1.25 μl of 100-200 pg/μl cDNA was used for the tagmentation reaction after which 12 cycle 

PCR enrichment was performed by adding a unique combination of adapter index primers to each sample. 

Finally, SPRI bead cleanup was performed by skipping the ethanol washes. Library quality was again 

verified at Bioanalyzer High Sensitivity DNA chip and the concentration of each sample was measured on 

Qubit as well. By these two measurements molarity of each sample was calculated, 93 samples were 

pooled equimolar (80nM) and pipetted to one tube. The final pool was cleaned up with SPRI beads 1:1, 

and this time 80% ethanol wash was included. Sequencing was performed on the Illumina NGS platform 

with the NextSeq mid 500. 
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5.4.2. scRNA-seq analysis 

First, trimming of the adapter sequences was done with the fast tool (S. Chen et al., 2018) run by 

a Linux command line. Next, I did the quality control of the reads by using FASTQC (Steven W. Wingett & 

Simon Andrews, 2018). To quantify the transcripts detected in scRNA-seq data, I used the Salmon tool 

(Patro et al., 2017) to align the obtained reads to the mouse transcriptome (GRCm38.p6, release M20). 

Next, I proceeded with the analysis in R-based packages. I used the resulting transcripts quantification files 

from Salmon to associate them with gene IDs for gene-level summarization and creation of the count 

matrix with the Bioconductor tximport package (Soneson et al., 2016). Next, I used Seurat (V3) (Stuart et 

al., 2019) for further analysis by following the Seurat-Guided Clustering tutorial for basic scRNA-seq 

analysis, and the Integration and Label Transfer tutorial for integration of obtained data set to a scRNA-

seq POA atlas (Moffitt et al., 2018). 

5.5. IMMUNOFLUORESCENCE STAINING IN P9 POA NEURAL CELL CULTURE 

Cells were prepared in the same manner as described above in (5.2.2 (page 51)) and on the 3rd day 

of culturing I stained the cells with the antibodies raised against OLIG2 and NeuN. Antibodies used were 

mouse Olig2 (MABN50, Merck) and rabbit anti-NeuN (D4G4O, Cell Signaling). Briefly, cells on the coverslips 

were washed 1x with PBS1x, fixed with 4% PFA (paraformaldehyde) in PBS1x, for 10 minutes at RT. Next, 

cells were washed 1x with 1xPBS and blocked for 1h at RT n 10%NGS in 1xPBS. Primary antibodies against 

OLIG2 and NeuN were diluted in blocking solution (3%NGS, 0.1% Triton-X-100in 1XPBS) at 1:500 and 

1:1000 respectively, and cells were incubated in the primary antibody solution overnight at 4 ˚C. On the 

following day, cells were washed 3x with 1xPBS. The secondary antibodies anti-mouse IgG Alexa 647 and 

anti-mouse IgG Alexa 488 were diluted at 1:750 in a blocking solution (3%NGS, 0.1% Triton-X-100 in 1XPBS) 

together with DAPI. Cells were incubated for 2h at RT with the secondary antibody solution after which 

they were washed 3x with 1xPBS and 1x with H2O. Coverslips were mounted on the glass slides with Immu-

Mount (Epredia, Fisher Scientific). Pictures were taken at the Nikon imaging center at Heidelberg 

University, with the Nikon A1R confocal microscope under Nikon Plan Apo λ 10x NA 0.45 (working distance 

4mm, the field of view 1.27 x 1.27mm) objective. Immunofluorescence images were processed in FIJI 

(Schindelin et al., 2012) and cell counting was plotted in Microsoft Excel 2016. 

5.6. IMMUNOHISTOCHEMISTRY STAINING IN P9 POA BRAIN SECTIONS 

Brains from C57BL/6j were obtained and incubated overnight in 4% PFA at 4 ˚C. On the next day, 

brains were incubated for 3 h in 10%sucrose, at 4˚C followed by incubation in 30% sucrose at 4 ˚C 
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overnight. Brains were cut at 50 μm thickness on a microtome and kept in a cryoprotectant solution (150 

g of sucrose, 200ml of ethylene glycol, and 0.1 M PBS until 500ml) in the 24 well plates until staining was 

performed. Briefly, POA sections were permeabilized by 0.2% Triton-X-100in 1XPBS (PBST) at 4 ˚C 

overnight. On the 2nd day sections were blocked in 10% goat serum (GS) in 0.2%PBST, 2h at RT. Primary 

antibodies mouse Olig2 (MABN50, Merck) and rabbit anti-NeuN (D4G4O, Cell Signaling) were diluted at 

1:100 and 1:1500, respectively, in 1%GS in 0.2%PBST. 200 μl of staining solution as used per well/section. 

Sections were incubated in the primary staining solution at 4 ˚C for 3 days. On the 5th day, sections were 

washed with 0.2%PBST, 4x10 minutes at RT. Secondary antibody solution (anti-mouse IgG Alexa 647 and 

anti-mouse IgG Alexa 488 were diluted 1:750 in a blocking solution 1%GS in 0.2%PBST) containing DAPI 

was applied on sections and were left incubating at 4 ˚C overnight. Sections were washed 4x for 5 minutes 

with 1xPBS, mounted on glass slides, and covered with Immu-Mount (Epredia, Fisher Scientific) and a glass 

coverslip. Pictures were taken at the Nikon imaging center at Heidelberg University, with the Nikon A1R 

confocal microscope under Nikon Plan Apo λ 20x NA 0.75 (working distance 1mm, a field of view 0.64 x 

0.64mm) objective. Immunohistochemistry images were processed in FIJI (Schindelin et al., 2012) and cell 

counting was plotted in Microsoft Excel 2016. 

5.7. PATCH SEQUENCING 

For the Patch-seq electrophysiology, 8 to 12-week-old VgatCreHTB mice were anesthetized using 

a Ketamine/Xylazine cocktail (ketamine: 220 mg/kg, Ketavet; Zoetis, USA and Xylazine 16 mg/kg, Rompun; 

Bayer, Germany). Under the deep anesthesia validated by the non-responsive movement of limbs to the 

pinching of the skin, mice were quickly decapitated, and brains were dissected out to the ice-cold 

oxygenated (95% O2, 5% CO2) slicing ACSF (in Mm; 1.2 NaH2PO4xH2O, 2.5 KCl, 20HEPES, 25 glucose; 30 

NaHCO3, 93 NMDG (n-methyl-glucamine), 5 Na-Ascorbate, 3 Na-pyruvate, 12 N-acetylcysteine, 10 

MgSO4x7H2O, 0.5 CaCl2). Coronal (250 μm thick) POA slices were obtained with a vibratome (Leica 

VT1200S) in the same slicing solution. Slices were then transferred to and incubated at 32 °C in a bath 

containing oxygenated holding ACSF (in mM; 118 NaCl, 2.5KCl, 7 glucose, 1.2 NaH2PO4xH2O, 24 NaHCO3, 5 

HEPES, 7 Glucose, 4 Ascorbic acids (sodium-L-ascorbate), 2.4 Na-pyruvate, 2 N-acetylcysteine (NAC), 1 

MgSo4*7H2O; 2 CaCl2). After a recovery period of 30 minutes, individual slices were transferred to the 

recording chamber where they were continuously perfused with oxygenated recording ACSF (in mM; 125 

NaCl, 2.5 KCl, 7 glucose, 1.2 NaH2PO4xH2O, 24NaHCO3, 5 HEPES, 8 Glucose, 1 MgSO4*7H2O, 2 CaCl2), at ≈2 

ml/min. Electrophysiological recordings of the cells were acquired using a MultiClamp 700B amplifier 

(Molecular Devices, USA), Axon Digidata 1550B digitizer (Molecular Devices, USA), and Clampex 11.0.3 
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software (Molecular Devices, USA). Cells were visualized using a SliceScope upright microscope 

(Scientifica, UK) equipped with a 40X water immersion objective (U-TV1X-2, Olympus, Japan). Images were 

acquired by a digital CCD camera (ORCA-R2 C10600-10B, Hamamatsu Photonics K.K., Japan) using 

MicroManager 1.4 software (Vale’s lab, UCSF, USA). Borosilicate glass micropipettes (O.D. 1.5 mm, I.D. 

0.86 mm, Sutter Instrument, BF150-86-7.5) were pulled with the micropipette puller (P-97, Sutter 

Instrument, USA). The open pipette resistance was between 2-4MΩ. Recording pipettes were filled with 

0.4 to 0.8 μl of the internal solution adjusted for Patch-seq containing in mM (120 potassium gluconate, 2 

KCl, 5 NaCl, 10 HEPES, 10 EGTA, 1 MgATP, 1 CaCl2) with 20 µg/ml glycogen, and 0.25 U/µl recombinant 

RNase inhibitor (40U/μl, Promega N2515). After obtaining the Giga seal, the cell action potentials were 

recorded in the whole-cell mode for ≈2.5minutes to simulate the potential recording of a WSN neuron. 

After the recording cells’ internal content was aspirated by application of the negative pressure. 27 

samples were obtained in this manner for the scRNA-seq. In addition, 9 negative controls were obtained 

by immersing a recording pipette into the tissue and applying negative pressure.  

Samples obtained were processed by Smartseq2 protocol for scRNA-seq as described in 5.4.1 (page 54) 

and data analyzed as in 5.4.2. 

5.8. GENOTYPING PCR PROTOCOLS 

VgatCre: forward primer CCGGCTTCGTGCATTCACTC, rewerse primer ACACCGGCCTTATTCCAAG. 

PCR cycler procedure: 94 ˚C 3 min; 40 x: 94˚C 30 sec, 58 ˚C 30 sec, 72 ˚C 1min; 72 ˚C 5min, 16 ˚C hold.PCR 

reaction/1 sample: 2xbuffer 13 μl (36.4% sucrose, 3.5mM MgCl2, 11mM (NH4)2SO4, 0.005% cresole red, 

1:1000 β-mercaptoethanol), dNTPs 10mM, Fwd primer 10mM (1μl), Rew primer 10mM (1μl), taq 

polymerase 5U/μl (0.125 μl), H2O (3μl), DNA sample 1 μl.
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1. INTRODUCTION 

1.1. HEAT ACCLIMATION 

1.1.1. Motivation to investigate heat acclimation 

Mammals, such as humans and rodents, are endotherms and can maintain autonomously their 

body temperature (Tcore) within a narrow range. Because of this homeostatic response, mammals can 

prevail and be active in a broader range of environmental temperatures, unlike ectotherms whose Tcore 

depends directly on the environment (Asarian et al., 2012). The ability to defend the Tcore despite external 

changes is extremely important to maintain a stable internal-cellular milieu once it is usurped by a dynamic 

external environment (Taylor, 2014). Due to global climate warming researchers are more and more 

interested in investigating the process behind adaptation and acclimation to a warmer environment and 

the potential evolutionary means by which these are being achieved in different species (Cavicchi, Sandro, 

1995; McCarthy & Intergovernmental Panel on Climate Change, 2001). 

For further reading, it is important to distinguish three terms; acclimatization, acclimation, and 

term adaptation. Acclimatization refers to the changes happening to the organism due to two or several 

changing variables in its natural environment, for example, increased temperature and reduced oxygen 

supply, and it is a more common natural occurrence as it is rare to have only one environmental factor 

changing at once (Hutchison & Maness, 1979). The term acclimation refers to the changes that happen 

due to one variable, most often in a controlled experimental environment, for example, increased 

environmental temperature (Hutchison & Maness, 1979). It is also important not to confuse the term 

adaptation with acclimation or acclimatization. Adaptation refers to evolutionary response and genetic 

change in a population happening over the course of generations to adapt to environmental change which 

is causing stress to the organism (Collier et al., 2019). Unlike acclimation or acclimatization adaptation is 

irreversible, even when the environmental stressor is removed the achieved change in the organism 

persists (Collier et al., 2019). Importantly, acclimation and acclimatization allow for the development of a 

new physiologic condition through coordinated metabolic changes to help survive the current challenging 

environment (Bauman & Bruce Currie, 1980). 

While meeting the challenge of heat stress or chronic heat exposure organism responds with 

changes achieved via a process called heat acclimation (Horowitz, 2002). At its core, heat acclimation is a 

joint term for physiological changes that develop over a prolonged period and help to increase heat 

endurance or better prevalence in a novel hotter environment. Hallmarks of it are lowered skin and body 
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temperature, lowered heart rate, and increased cutaneous blood flow and sweat rate (Sawka, Michael N. 

et al., 2011). Collectively, these alterations allow the organism to cope with higher environmental 

temperatures.  

The acclimated state is characterized by a decreased Tcore threshold for activation of the heat 

dissipation mechanism and an increased Tcore threshold for heat stress injury (Horowitz, 2016). Analysis of 

different acclimation protocols has shown that acclimation homeostasis is achieved through a bi-phasic 

process of short-term heat acclimation (STA) and long-term heat acclimation (LTA). The differences 

between these two phases are reflected in the responses of the effector organs to inputs from the 

autonomic nervous system, which is inefficient in STA and becomes efficient in LTA (Horowitz, 2002). A 

summary of the changes happening in both phases of heat acclimation is presented in Figure 2.1. 

 

Figure 2.1. Heat acclimation is a biphasic process  

At the onset of heat acclimation in STA (short-term heat acclimation, 2 days at heat) there is increased autonomic 

nervous system excitability. During STA there is a marked lowered effector organ responsiveness or in other words, 

reduced organ functionality in concordance to the demands of a new environment. LTA (long-term heat acclimation, 

from 2/5 to ≥30 days) is marked by a decrease in sympathetic nervous system excitability due to achieved acclimatory 

homeostasis. Molecular changes at the level of the hypothalamus during STA show an increase in the expression level 

of ion channel and neurotransmitter receptors coding genes showing increased cellular signaling. A decrease in the 

expression of genes related to food intake and metabolic energy production might play a role in the decrease in heat 
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production. Transcripts related to maintenance of DNA integrity indicate induced DNA damage. Hsp72 increased 

production shows increased heat stress levels and higher reserves upon achieved acclimation in LTA. On the other 

hand, hypothalamic transcriptome from LTA mice shows a decrease in the level of ion channel coding genes and 

neurotransmitter receptors showing decreased excitability and signaling. Decreases in transcripts related to 

maintenance of DNA integrity show reduced DNA damage. An increase in apoptosis, antioxidative, and 

cytoprotection-related genes lead to the potential production of cell-protective molecules. All these molecular 

changes together bring up better heat endurance. Adapted from: Heat acclimation and cross-tolerance against novel 

stressors: genomic–physiological linkage (Horowitz, 2007) 

Heat acclimation in humans has been investigated in terms of military and occupational settings, 

and athletic performance. The adaptations to novel hotter environments observed in humans include 

improved sweating, improved skin blood flow, lowered body temperatures, reduced cardiovascular strain, 

improved fluid balance, altered metabolism, and enhanced cellular protection (Périard et al., 2015). It is 

not yet fully investigated how exactly these adaptations are achieved. 

1.1.2. Cellular and molecular changes behind heat acclimation 

Heat acclimation impacts animals on several levels, starting from changes on the transcriptional 

level to the ones at the level of organ function (Horowitz, 2014). In this part, I will provide several examples 

of these changes observed after applying different heat acclimation protocols in rats. For example, in the 

most important evaporative organ of rats, a submaxillary salivary gland, muscarinic receptors activate 

calcium signaling to induce secretion and therefore cool the animal (Horowitz & Meiri, 1985). The 

secretory efficiency in the submaxillary gland was diminished during the STA (rats spent 2 to 10 days at 

34˚C) because of the increased number of receptors at the cellular membrane leading to receptor 

desensitization and consequentially to reduced Ca2+ induced secretion (Kloog et al., 1985). This effect of 

receptor density persisted in LTA (20 to 60 days at 34˚C) but it was followed by an increased secretion 

efficiency, which shows that acclimation-induced cellular changes are biphasic. The first phase of 

acclimation (STA), when organ function is perturbed marks a transition phase toward the condition when 

organ function is efficient and stable (LTA) (Horowitz, 2014). Another interesting example of cellular 

changes resulting in physiological adaptation achieved during heat acclimation is the increased NO 

(nitrogen oxide) production in the blood plasma of heat acclimated rats (G. H. Li et al., 2008). Here, heat 

acclimation consisted of either constant exposure to 32 ˚C or the same temperature exposure only during 

the last half of a dark phase, during a period of 10 days. An increase in NO plasma levels decreased the 

sensitivity of the thoracic aorta to noradrenaline making it more dilated which could lead to increased heat 

dissipation. This is a possible explanation for increased splanchnic blood flow in acclimated animals 
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exposed to heat stress despite having the same vasoconstriction effect as the non-acclimated animals 

(Haddad & Horowitz, 1999).  

Due to the cellular and organ changes one might hypothesize that certain molecular changes have 

to occur during the course of acclimation. Among several other findings, the level of heat shock protein 72 

(Hsp72) was found to be increased in the heart tissue of rats during acclimation (Horowitz et al., 1997). In 

the response to cellular stress, such as heat, transcription of Hsp genes accelerates and these proteins pile 

up in the cellular milieu (Amorim et al., 2015). The most heat-sensitive of all heat shock proteins, the Hsp72 

is found to stabilize denatured proteins by which it structures cytoskeleton and restores cellular function 

to enhance cell survival. Hsp-72 has been indirectly implicated in modulating the Tcore threshold for 

activation of the heat dissipation mechanism and increasing the Tcore threshold for heat stress injury 

(Horowitz, 2007; Maloyan & Horowitz, 2002). It is not proven, however, that an increased level of HSP-72 

is essential for developing an acclimation phenotype because full heat acclimation can be achieved 

although its levels are not elevated in humans (Hom et al., 2012). Interestingly, the heat shock factor 

(HSF1), necessary for transcription of all heat shock genes by binding the heat shock responsive element 

(HSE), has been found to increase with acclimation to different temperature ranges in Drosophila (Garbuz 

et al., 2003). In addition, acetylation of histone 4 at HSE of Hsp72 and Hsp90 was observed at the onset of 

STA in rats, indicating possible increased activity of HSF1 binding to HSE of these HSP genes (Tetievsky & 

Horowitz, 2010). 

Further on, the acclimation effect on mitochondrial metabolism was shown as well by decreased 

oxygen consumption and reactive oxygen species (ROS) production in LTA rat myocardiocytes after 

ischemia or heat stress (Assayag et al., 2012). Additionally, mitochondrial metabolism was changed by an 

improved function of the cytochrome oxidase chain due to hypoxia-inducible factor 1-α (HIF1 – α) 

remodeling (Mreisat et al. 2020); Assayag et al. 2012). 

1.1.3. Central modulation of heat acclimation and its genetic background 

The hallmark of achieved heat acclimation is a reduced temperature threshold for activating heat-

dissipating mechanisms, e.g. increased sweat rate during exercise after daily heat exposures in humans 

(Brück & Zeisberger, 1987; Fox et al., 1963). This has been recently confirmed in heat acclimated humans 

by finding that skin sympathetic nerve activity, which activates heat loss mechanisms, is increased 

following heat acclimation (7 consecutive days of heat acclimation to 40-41˚C) (Barry et al., 2020). Such a 

coordinated shift in temperature thresholds for thermoregulatory effectors once heat acclimation has 

been achieved argues for central modulation of heat adaptation (Horowitz et al., 1999). This is suggested 
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to happen through altered sensitivity and discharge rates of hypothalamic temperature-sensitive neurons 

based on a model of adjusted set point proposed by Hammel (Hammel et al., 1960, 1963). In his model, 

Hammel suggests an antagonistic effect of temperature-sensitive and insensitive neurons, where 

temperature-sensitive neurons excite heat loss effector neurons and inhibit heat production dependent 

on the organisms’ environment demands (Boulant, 2006). Pierrau et al. have tested the ratio of intrinsically 

temperature-sensitive neurons residing within the preoptic area of the rat hypothalamus (POA) upon 

warm acclimation. They found that 2 weeks of exposure to warm temperature decreases the number of 

these warm sensitive neurons (WSNs) in the POA (Pierau et al., 1998). To my best knowledge, this finding 

has not been corroborated until now, nor has its biological importance been further verified. Moreover, 

an additive increase of c-Fos expression due to both hypohydration stress and stress caused by acclimation 

in MnPOA (median preoptic nucleus) of the hypothalamus according to (Patronas et al., 1998) suggests 

the involvement of POA in both processes. Additionally, it has been shown that hypohydration might 

interfere with the acclimation process by abolishing the heat endurance during the course of heat 

acclimation and increasing the Tcore thresholds for activating heat dissipation mechanisms (Schwimmer et 

al., 2004). Therefore, the interference of hypohydration with acclimation phenotype might take place in 

the POA. This additionally points to the role of central thermoregulation in heat acclimation. 

To look for the changes that happen on the genetic level of the hypothalamus, including nowadays 

established central controller of thermoregulation, the POA, Schwimmer et al. performed the analysis of 

RNA of the whole hypothalamus obtained from rats by cDNA Atlas array (Schwimmer et al., 2006). The 

goal was to find genes that could modulate the bi-phasic process of heat acclimation such as a shift of 

higher to lower Tcore thresholds for activation of effector mechanisms to dissipate the heat after the full 

acclimation has been achieved. Analysis of transcripts changed in hypothalamic tissue obtained at STA 

were showing the upregulation of voltage-gated ion channels, ion pumps and transporters, 

neurotransmitters, and hormone receptors, pointing out increased excitability (Horowitz & Meiri, 1985). 

On the other hand, LTA transcriptomic profile was showing downregulation of genes coding for 

mitochondrial energy metabolism and cellular maintenance processes. Therefore, the hypothalamic gene 

expression pattern was recapitulating the biphasic physiology of heat acclimation. 

To conclude, thermoregulation is an important neural process connecting changes in temperature 

of external and internal environments with the peripheral and central nervous system allowing for a 

systemic response to the change in temperature (S. F. Morrison & Nakamura, 2019). Heat acclimation is a 

homeostatic process of prevailing the environmental challenges and improving animal fitness in a novel 

environment which is achieved through a plethora of metabolic changes (Bauman & Bruce Currie, 1980; 
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Collier & Gebremedhin, 2015). How exactly are these processes connected in the central nervous system, 

and which cell types are they mediated by are questions that I seek to answer in this thesis work. 

1.2.  LEPTIN HORMONE AND LEPTIN RECEPTOR  

1.2.1. Genetic and molecular mapping of mutations causing ob/ob and db/db phenotypes 

In 1949, a spontaneous mutation was observed in Jackson Laboratories which caused mice to 

excessively eat and gain weight (Ingalls AM et al., 1950). Apart from being obese these mice had other 

physiological problems such as infertility, increased corticosterone levels, hypothermic, and diabetic (J. 

Friedman, 2014). The place of the mutation was mapped to Ob (obese) gene on chromosome 6 (J. M. 

Friedman, Leibel, & Bahary, 1991; J. M. Friedman, Leibel, Siegel, et al., 1991). 

Within the time from 1959 and 1966, two new obese phenotypes were observed in mice, with 

genes carrying mutations named “adipose” (ad) and “diabetic” (db) (Falconer & Isaacson, 1959; Hummel 

K.P. et al., 1966). 

In 1978, Coleman and colleagues performed parabiosis experiments where they stitched together 

living ob/ob mice to wild-type (WT) or db/db mice (Coleman, 1978). The observation was that ob/ob mice, 

when paired to db/db or normal mice, ate less and lost weight. On the other hand, wild-type mice paired 

with db/db mice eventually stopped eating and died. From these observations, Coleman and colleagues 

suggested the existence of a blood circulating factor that reduces the food intake and body weight but 

must be lacking in ob/ob mice. According to Coleman, the same blood circulating factor was acting through 

its receptor that must be lacking in db/db mice which were compensating for the lack of blood factor 

function with its overproduction. 

Later on, the Ob gene was cloned and showed to code for 167 amino acid-long protein, with a 

mutation in the 105th amino acid resulting in a dysfunctional form of the novel blood circulating factor 

(hormone) in ob/ob mice (Y. Zhang et al., 1994). Due to its ability to reduce body weight when 

supplemented with mice, this hormone was named leptin (from Greek leptos, “thin”) (J.L. Halaas, 1995). 

Finally, the Db gene has been mapped to chromosome 4 and its cloning led to the discovery that 

it codes for a leptin receptor protein (OB-R) (Tartaglia et al., 1995). Interestingly, the expression of newly 

cloned leptin receptors was higher in the hypothalamus in relation to other tissues (G.-H. Lee et al., 1996). 

In addition, it has been found that different splicing variants of Ob-r result in proteins with cytoplasmic 

portions variable in length (G.-H. Lee et al., 1996). Moreover, a long-form of a receptor Ob-Rb- in db/db 

mice were shown to have guanine to thymine mutation at the splicing sites rendering the receptor 

dysfunctional by causing premature termination of the receptor signaling. 
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1.2.2. Leptin to leptin receptor signaling 

Leptin is a hormone primarily produced by white adipose tissue and later on found to be produced 

by the stomach and placenta (Bado et al., 1998; Masuzaki M. et al., 1997; Y. Zhang et al., 1994). The leptin 

production increase is positively correlated to energy levels stored in adipose tissue and levels of leptin in 

plasma are higher as total body fat is increased (Ahima et al., 2000; Hamann et al., 1995). Leptin has a 

plethora of physiological functions such as decreasing food intake, increasing satiety, and affecting many 

other neuroendocrine and autonomic systems including the increase in the metabolism rate and energy 

expenditure (EE) (Ahima et al., 1996). Fasting decreases leptin levels in blood circulation and 

intraperitoneal injection of leptin during fasting has shown to prevent a delay in ovulation of female mice 

caused by starvation, showing that leptin directly affects the mouse estrous cycle (Ahima et al., 1996). This 

discovery was in line with the finding that ob/ob mice (lacking leptin) are infertile (Ingalls AM et al., 1950). 

Overall, leptin has an important role in energy homeostasis, as normal levels of leptin signal energy storage 

in fat cells to avoid hunger and prepare for high energy demands, whereas a low level of leptin signals a 

lack of stored energy, therefore promoting food-seeking and diminishes EE (Myers MG, & Leibel RL, 2015). 

Leptin acts through its receptor LepR (Ob-r) primarily found in the hypothalamus (H. Chen et al., 1996; 

Tartaglia et al., 1995). 

Db/db mice which have the same phenotype as ob/ob mice lack the long form of leptin receptor -

LepRb (Ob-Rb)- showing that this particular splicing variant is a key receptor for leptin function (H. Chen 

et al., 1996; G.-H. Lee et al., 1996). LepRb is an IL-6 receptor family type I receptor and its activation 

promotes phosphorylation of transcription factor family signal transducers and activators of transcription 

(STATs) (Baumann et al., 1996). STAT3 plays a predominant role in leptin to LepRb signal transduction 

whereas STAT5 and STAT1 are dispensable for leptin signaling (Bates et al., 2003). The binding of leptin to 

the LepRb isoform leads to the formation of Janus kinase 2 (JAK2) and the LepRb complex (Figure 2.2). 

JAK2 phosphorylates tyrosine 985, 1077, and 1138. STAT3 and STAT 5 bind to phosphorylated tyrosines on 

LepRb and get phosphorylated as well converting them to their active form and that translocate to the 

nucleus where they initiate transcription of genes targeted by leptin (Park and Ahima 2014). 
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Figure 2.2. Leptin signaling through the long form of leptin receptor (LepRb). 
When leptin binds to its receptor this leads to the formation of the Janus kinase 2 (JAK2)/lLepRb complex. JAK 2 

phosphorylates itself and as well tyrosine amino acids at positions 985, 1077, and 1138 of the LepRb. Signal 

transducer and transcription activator 3 and 5 (STAT 3 and STAT5) bind to phosphorylated tyrosines. The 

phosphorylation of STAT3 and STAT5 makes them active and enter the nucleus where they initiate the transcription 

of their target genes involved in leptin signaling. Adapted from: Leptin signaling, Park and Ahima, Faculty of 1000 

reports, 2014 (Park & Ahima, 2014). 

LepRb is mostly expressed in the brain and if its expression in LepRb null mice (db/db) is rescued 

by a CNS (central nervous system) neuron-specific LEPR transgene, the physiology of db/db mice returns 

to one of the wild-type (WT) mice (de Luca et al., 2005). When LepRb is knocked down in hypothalamic 

neurons specifically, the phenotype of mice resembles that of db/db and ob/ob mice although it stabilizes 

when the mouse reaches mature age (Ring & Zeltser, 2010). Moreover, the ablation of LepRb in Vgat 

(vesicular GABA transporter) or NOS1 (nitric oxide synthase-1) neurons, both hypothalamic neuron 

subpopulations, show a phenotype similar to that observed in db/db mice pointing out that the 

hypothalamus might be the key brain region for leptin signaling (Leshan et al., 2012; Vong et al., 2011). On 

the other hand, ablation of LepRb in hypothalamic cell populations, such as arcuate nucleus POMC 

(proopiomelanocortin), AgRP (agouti-related peptide), and NPY (neuropeptide Y) expressing neurons has 

only a mild effect on body weight and food intake(Balthasar et al., 2004; van de Wall et al., 2008). That 

suggests that other hypothalamic cell populations might play a more indispensable role in obesity caused 

by a lack of LepRb. Additionally, leptin exerts a distinct function via these two arcuate hypothalamus 
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cellular populations by increasing the activity of satiety-promoting (anorexigenic) POMC neurons and 

decreasing the activity of feeding-promoting (orexigenic) NPY neurons (Elias et al., 1999). This suggests 

the potential diverse role of leptin signaling depending on LepRb expressing neuronal population 

specificity. 

1.2.3. Thermoregulation of ob/ob and db/db phenotypes  

One of the characteristics of ob/ob mice is a lower body temperature in comparison to lean mice 

and the fatal inability to defend the body temperature when acutely exposed to a cold environment 

(Mayer J. & Barnett R.J., 1953). On the other hand, acclimating ob/ob mice to a milder but still cool 

environment of 12 ˚C for 2 weeks enables them to better endure cold (Trayhurn & James, 1978). Due to 

decreased Tcore, one could hypothesize that ob/ob mice have a lower Tcore “set point” in comparison to WT 

mice and therefore would choose the colder environment over the thermoneutral temperature (30˚) to 

defend that set point (Fischer et al., 2020). In the temperature preference test, when mice are given the 

freedom to explore a range of temperatures and to choose their preferred temperature, ob/ob mice still 

choose thermoneutrality as so do their WT counterparts (Carlisle & Dubuc, 1984; Fischer et al., 2016). This 

has led to a conclusion that it is not the “set point” that is changed in ob/ob mice but that the threshold 

for activation of certain thermoeffectors mechanisms is lowered in absence of leptin (Fischer et al., 2020). 

Therefore, the mechanisms of heat preservation are activated at higher temperatures than in WT mice. At 

subthermoneutral temperatures such as 27˚C ob/ob mice do have lower body temperature than WT mice, 

meaning they appear hypothermic (Fischer et al., 2016). Yet, at that temperature ob/ob mice successfully 

defend their body temperature and keep it stable by increasing metabolism levels which shows that leptin 

has an effect on the central control of Tcore and that ob/ob mice are anapyrexic (exert lower Tcore) through 

reduction of threshold to activate thermoeffector mechanisms. In concordance, it has been shown that 

inability to adapt to cold observed in ob/ob mice is not due to defects in heat conserving mechanisms but 

due to lowered heat production capacity because of flawed thermogenesis (Davis & Mayer, 1954). 

Moreover, the investigation of brown adipose tissue (BAT) thermogenesis has not shown a crucial 

difference between ob/ob and WT mice. However, there is an indication that white-adipose tissue lipolysis, 

a provider of the fuel for muscle shivering thermogenesis, is reduced in ob/ob mice in comparison to WTs 

(Dehaye et al., 1977). 

The db/db mice also exert severe hypothermia when exposed to the cold and lowered body 

temperature, similar to that observed in ob/ob mice (Trayhurn, 1979). Unlike in the ob/ob phenotype, BAT 
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seems to be less functional than the one in WT mice shown by reduced reactivity to norepinephrine 

injection which is known to activate sympathetic BAT thermogenesis. 

1.2.4. Leptin effect on thermoregulation  

The lack of leptin in ob/ob mice is thought to be the cause of decreased body temperature, and 

indeed leptin treatment increases Tcore of ob/ob mice by acute (hours), semi acute (two days), and chronic 

supplementation (Fischer et al., 2016; Harris et al., 1998). It has been shown that leptin does that via 

reducing the heat loss via tail vasoconstriction and not by increasing EE or activating thermogenesis in BAT. 

When food is scarce or when environmental conditions are too harsh for foraging, small mammals such as 

rodents are capable to enter a hibernation-like state called torpor (Geiser, 2020). Injection of leptin in 

ob/ob mice that did not receive enough food at a cold environment of 21˚C prevented torpor bouts seen 

in ob/ob pair-fed mice that did not receive leptin (Fischer et al., 2016). Therefore, leptin via its pyretic 

effect activated Tcore defense without decreasing the metabolic rate. Interestingly, although 

intraperitoneal IP administration of leptin did not cause an increase in EE or BAT thermogenesis, the 

intracerebroventricular (ICV) injection of leptin did increase EE in ob/ob and food-deprived lean mice, and 

it did activate BAT in WT mice (Mistry et al., 1997; Rodríguez-Rodríguez et al., 2019). It is not known why 

is there a discrepancy among experiments when leptin is administered peripherally or centrally but it could 

be that concentrations achieved via ICV injections are much higher than the physiological ones (Fischer et 

al., 2020). 

1.3. HYPOTHALAMIC LEPTIN RECEPTOR EXPRESSING NEURONS 

1.3.1. Hypothalamic leptin receptor-expressing neurons in thermoregulation  

The mRNA coding for LepRb was found expressed throughout the different brain regions such as 

the hypothalamus, midbrain, and brainstem (Scott et al., 2009). The strongest labeling in the 

hypothalamus was found in the medial preoptic area (MPA), ventromedial hypothalamic nucleus (VMH), 

lateral hypothalamic area (LHA), and dorsomedial hypothalamic nucleus (DMH). In addition, Zhang et al. 

have verified the anatomical distribution of LepRb in DMH and dorsomedial hypothalamus (DH) and the 

POA (Y. Zhang et al., 2011). To investigate whether LepRb expressing DMH/DHA and median preoptic area 

(referring to the median preoptic nucleus (MnPO) and medial preoptic area (MPA)) neurons might be 

involved in thermoregulation, they traced BAT projections with pseudorabies virus (PRV) and found that 

34% and 33% of total PRV+ neurons expressed LepRb in DMH/DHA and mPOA, respectively. They also 

showed that cold exposure of mice activates cFos expression in DMH/DHA neurons but not in mPOA. 
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Additionally, they found that mPOA and DMH/DH neurons project to rostral raphe pallidus (rRPa) and that 

mPOA Leprb neurons project directly to DMH/DHA, both of which are known thermoregulatory regions 

(S. F. Morrison & Nakamura, 2019). This finding suggests that LepRb expressing neurons are involved in 

different neuronal populations and act at different levels of thermoregulatory circuits. Another finding 

coming from the same laboratory showed that chemogenetic activation of LepRb neurons in MnPO 

promotes hypothermia by decreasing the Tcore, energy expenditure, BAT thermogenesis, and feeding (Yu 

et al., 2016). Activation of these neurons also induced body extension, a thermoregulatory behavior 

observed in mice exposed to high environmental temperatures. In concordance with the work of Zhang et 

al., the authors showed that LepRb expressing MnPO neurons are activated by ambient warmth (30˚C) and 

not by cold, showing that these POA neurons receive information about environmental temperature. 

Interestingly, immunostaining against pSTAT3 (phosphorylated signal transducer and activator of 

transcription 3) revealed neurons in the POA activated by i.p. injection of leptin. Of those pSTAT3 positive 

POA neurons, 58% were expressing vesicular glutamate transporter (Vglut2), while only 19% were 

expressing Vgat. Moreover, activation of Vglut2, but not of Vgat expressing neurons, recapitulated the 

hypothermia phenotype observed when activating LepRb POA neurons, suggesting that the glutamatergic 

fraction of LepRb POA neurons mediates this response. Although these two papers point to the 

thermoregulatory role of POA neurons expressing LepRb (POALepRr), the role of leptin in modulating the 

activity of that that cell population in thermoregulation is not proven. Therefore Yu et al. have invested 

effort to research leptin signaling in POA directly and have shown that leptin has diverse effects on POALepR 

neurons when measured in brain slices with a whole-cell patch-clamp (Yu et al., 2018). The majority of 

POALepR neurons were depolarized by leptin puff or bath perfusion, as others were hyperpolarized or 

unaffected. Delivering leptin in vivo to POA locally, activated phosphorylation of STAT3 in the POA and 

transiently decreased feeding in mice. However, leptin delivery did not interfere with energy expenditure 

nor food intake at different ambient temperatures (cold, room temperature, and warmth) suggesting that 

leptin signaling in POA affects food intake independently of thermoregulation. Interestingly, POA-specific 

knockdown of LepRb did not affect body weight homeostasis and metabolic adaptations dependent on 

different ambient temperatures. On the contrary, LepRb knockdown did affect body weight homeostasis 

only during negative and positive energy balance, fasting, and high fed diet, respectively, but without 

affecting food intake (Yu et al., 2018). 

To conclude, POALepR neurons seem to play an important role in thermoregulation by receiving 

peripheral input from the periphery and defending Tcore by inhibiting BAT thermogenesis and promoting 
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thermoregulatory behavior to dissipate the heat but leptin signaling itself seems to primarily play a role in 

body weight homeostasis (Yu et al., 2016, 2018; Y. Zhang et al., 2011). 

1.3.2. Action potential firing of POALepR neurons during the heat acclimation and mouse 

heat tolerance 

In our lab, Dr. Jorg Pohle evaluated LepRb expressing neurons in POA (POALepR) neurons and their 

role in the heat acclimation process. By crossing the Lepr Cre line with the Rosa26Lox-stop-LoxHTB (HTB: H, histone-

2B-tag GFP; T, TVA; B, rabies glycoprotein B19 G) he obtained the LeprCreHTB mouse line where Lepr+ 

neurons are labeled by GFP, which enabled visualization of Lepr expressing neurons (Leshan et al., 2006; 

Y. Li et al., 2013) (Figure 2.3.). This allowed recording of the action potential (AP) firing of POALepR neurons 

(Figure 2.4. A). He has found that POALepR neurons of heat acclimated mice – the ones that spend a 

minimum of 4 days up to 4 weeks at the constant ambient temperature of 36 ˚C - significantly increase AP 

firing frequency (AP FF) in comparison to POALepR neurons from mice that spent the whole time at standard 

housing conditions (room temperature of 23 ˚C) or only 24 hours at 36 ̊ C (Figure 2.4. B). The firing of these 

neurons before and after acclimation was intrinsic and not affected by blocking GABA-ergic and 

glutamatergic synaptic transmission (Figure 2.4. E) with Gabazine (Ueno et al., 1997), CNQX, and D-AP5 

(X.-H. Li et al., 2017). Following these findings, Dr. Sara Nencini did an in vivo heat endurance assay where 

she challenged mice from 4 different heat acclimation conditions by placing them at a hot temperature of 

39 ˚C (Figure 2.4. C). She found that mice that have spent a longer time acclimating at 36 ˚C were better 

at defending their body temperature when challenged with a hot 39˚C environmental temperature (Figure 

2.4. D left panel). The longer the animal spent time acclimating the longer it took for its body temperature 

to reach the lethal threshold of 41.5 ˚C (Figure 2.4. D right panel). 

 

Figure 2.3. LeprCre mouse line crossed to HTB line enables visualization of Lepr expressing cells 

Panel l): Coding sequences for hGFP (histone-tagged GFP to label the nuclei of recombined cells), the TVA receptor 

(the avian tumor sarcoma leucosis virus receptor A to allow infection with the EnvA pseudotyped rabies glycoprotein 

(RG)-deleted rabies virus), and the B19 G rabies glycoprotein (RG, to trans-synaptically and retrogradely spread the 

virus to presynaptic neurons) are joined by 2A cleavage peptide and a LoxP flanked stop cassette was placed in front 



CHAPTER 2 Molecular characterization of POALepR neurons involved in heat acclimation 

[71] 
 

of them. This mouse line was originally designed for transsynaptic tracing of the neural circuits; TVA, the avian tumor 

virus receptor A to allow infection with the pseudotyped RG-deleted rabies virus envelope glycoprotein EnvA. Panel 

ll): Coding sequences for Cre recombinase were placed into the 3’UTR region of the LRb exon, rendering Cre 

expression under the control of the mRNA encoding LRb. Panel lll): In the presence of Cre recombinase, transcription 

of the open reading frame (ORF) is enabled and hGFP, the TVA receptor, and the B19 G rabies glycoprotein are 

expressed. Adapted from: Leptin Receptor Signaling and Action in the Central Nervous System Leshan et al.Obesity, 

2006, and from Molecular layer perforant path-associated cells contribute to feed-forward inhibition in the adult 

dentate gyrus, Li et al. 2013, PNAS (Leshan et al., 2006; Y. Li et al., 2013). 
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Figure 2.4. AP firing frequency of POALepR neurons during the heat acclimation and mice heat tolerance 
(A) Cartoon depicting the acclimation procedure of LeprCreHTB mice to heat (36 ˚C). Acute brain slices from 

LeprCreHTB mice acclimated and non-acclimated to heat (mice housed at room temperature) were used for whole-

cell patch-clamp electrophysiology for action potential firing frequency (AP FF) recording. (B) Example traces from 

AP recordings belonging to 4 different conditions: Non_accl. = room temperature mice (black); Accl. 4d (Acclimated 

4 days at 36˚C; orange), Accl. 24h (Acclimated 24 hours at 36˚C; blue) temperature) and Accl. ≥4W (Acclimated ≥4 

weeks at 36˚C; red). The right panel shows the firing frequency of cells responding to each condition. (n= 42/5: 42 

neurons from 5 mice) per group. Kruskal-Wallis test, P <0.0001; Dunn’s multiple comparisons test; P=0.0062 (Non-

acclimated : Accl.4d), P<0.0001 (Non-accl. : Accl. ≥ 4 weeks/full acclimation), P=0.0005 (Accl. 4d : Accl.≥ 4 weeks). 

Brain slices were recorded at 33°C bath temperature. (C) After heat acclimation mice were subjected to the heat 

endurance assay. (D) Left panel: Average body temperature of non-acclimated (black, n=7), 24 hr (blue; n=5), 4 days 

(orange; n=8) and 4-5 weeks (red; n=7) acclimated animals in the heat endurance assay monitored for a maximum 

of 24 hr or until the animal reached the cut-off temperature of 41.5°C (dashed red line). Right panel: Average 

endurance time (tE, min) of mice shown on the left. Cut-off time: 24 hr (dashed grey line). Kruskal-Wallis test, 

P<0.0001; Dunn’s multiple comparisons test; P=0.0262 (Non-accl. : Accl. 4d), P=0.0006 (Non-accl. : Accl. ≥ 4 weeks). 

Data represent mean ± S.E.M. (E) Fast synaptic transmission blockers (CNQX 10 µM, D-APV 50 µM, and Gabazine 5 

µM) do not affect AP firing rates in non-acclimated and acclimated POALepR neurons in ex vivo brain slices. Data 

obtained by Dr. Sara Nencini (data in panel B and C), Dr. Jörg Pohle (data in panel B) and Dr. Wojciech Ambroziak 

(data in panel E). The figure was made by Dr. Sara Nencini (panels A-D) and Dr. Wojciech Ambroziak (panel E) and it 

is a part of a manuscript that is currently under revision process. 

In addition, my colleagues wanted to verify if the acclimation-induced AP firing increase in the 

POALepR is needed for heat endurance developed after heat acclimation. They used a neuronal silencing 

technique via virally delivered Cre-dependent tetanus toxin light chain (TeTxLC) (Sweeney et al., 1995) to 

the POA of LepR-Cre mice before heat acclimation (Figure 2.5.). TeTxLC-silenced animals performed worse 

in the heat acclimation process (Figure 2.5. B) as several animals reached a lethal 41.5 ˚C during the first 2 

days of the 36 ̊ C acclimation protocol. Other TeTxLC-silenced animals failed earlier in the endurance assay 

test in comparison to control virus-injected animals (Figure 2.5. C-E). Although this experiment pointed 

out the importance of POALepR neurons output activity in mouse heat acclimation and heat endurance 

performance, it did not directly show that action potential firing of POALepR is strictly necessary for better 

heat endurance developed after heat acclimation. Therefore, my colleagues performed another set of 

experiments using chemogenetic interference with POALepR firing. For this, they injected virus-containing 

Cre-dependent inhibitory G-protein coupled Designer Receptors Exclusively Activated by Designer Drugs 

(Gi-DREADD) into the POA of LepR-Cre mice. After the Cre-dependent recombination, POALepR neurons 

express Gi-DREADD which can be activated by delivery of exogenous ligand clozapine N-oxide (CNO)and 
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will consequentially decrease the firing of neurons (Miao et al., 2015). CNO was delivered during the 39˚C 

heat endurance assay due to which LepR-Cre animals failed to maintain stable Tcore and endure the heat 

challenge. (Figure 2.5. F-H). This led to the conclusion that AP firing of POALepR neurons is needed for heat 

endurance developed after heat acclimation. 
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Figure 2.5. Silencing of POALepR activity impairs acclimation and prevents heat tolerance  

(A), Schematic showing the two different experimental approaches to interfere with POALepR activity. LepR-Cre 

animals were injected in the POA with Cre-dependent TeTxLC- or Gi-DREADD viral particles to permanently eliminate 
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synaptic output from POALepR neurons or to temporarily silence POALepR activity, respectively. (B) Body temperature 

traces of individual animals injected with TeTxLC are shown during the first 3 days of heat acclimation (36°C). 6 out 

of 9 animals with silenced POALepR outputs failed during the first two days of acclimation and reached the Tcore cut-off 

of 41.5°C (demarcated by the dashed red line). (C), TeTxLC silenced animals that completed the 30-day heat 

acclimation (36°C) (n=3) were tested together with heat acclimated mCherry virus-injected control animals (n=5) in 

the heat endurance assay (39˚). (D), Average endurance time (tE, min) for the two groups shown. Mann Whitney 

test; P=0.0262 (mCherry : TeTxLC). Endurance assay was terminated after 9 hours. (E), Representative image of 

POALepR neurons labeled with mCherry that is co-expressed together with TeTxLC. Scale bar size: 250 μm. (F), Heat 

endurance assay of Gi-DREADD infected mice. Non-acclimated (top panel) or acclimated (bottom panel) animals were 

injected either with CNO (0.3 mg/kg i.p.) or saline 10 min before the assay and the body temperature was 

continuously monitored. Non-acclimated animals did not endure the heat challenge assay, independently of whether 

they received CNO or vehicle (saline). In acclimated mice, CNO injection (but not saline injection) eliminated acquired 

heat tolerance and the animals quickly reached the cut-off temperature (41.5°C). (G), Average endurance time (tE) 

for the groups shown on the left. Kruskal-Wallis test, P<0.0001; Dunn’s multiple comparisons test; P<0.0001 (Accl. 

Saline: CNO); n= 8 animals for Non-acclimated groups and n=7 for Acclimated groups. (H), Representative image of 

POALepR neurons labeled with eYFP (enhanced yellow fluorescent protein) that is co-expressed together with Gi-

DREADDs; scale bar: 250 μm. Boxplots show median and interquartile range. Data was obtained by Dr. Sara Nencini 

and Dr. Jörg Pohle. The figure was done by Dr. Sara Nencini and it is part of a manuscript that is currently under 

revision process.  
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2. AIMS 

Acclimation is a phenotypic adaptation, which, unlike other immediate physiological reactions of 

the nervous system to the changes in the environment, takes more time to develop (Khlebovich 2017). In 

other words, acclimation is a biological trait of adaptation to changes in the environment that persist 

longer e.g. temperature, humidity, and food availability, and it is achieved through a change in gene 

activity. Heat acclimation, however, is a process of phenotypic adaptation to a temperature change in the 

environment resulting in the achievement of a thermo-tolerant phenotype marked by lowered thresholds 

for activation of the heat dissipation mechanism (Horowitz, 2007). Development of this phenotype is 

achieved through the variety of changes at a molecular, cellular, and organ level of the organism. The 

preoptic area of the hypothalamus (POA) is considered to be the key brain region in orchestrating the Tcore 

defense and body temperature homeostasis (S. F. Morrison & Nakamura, 2019; S. Morrison F. & 

Nakamura, K, 2011). Being the thermoregulatory center, POA is believed to play an important role in 

regulating the heat acclimation process (Pierau et al., 1998; Schwimmer et al., 2006). 

My colleagues found that, after mice spend 4 days up to 4 weeks at a constant temperature of 36 

˚C, they become better at enduring heat challenges (usually lethal 39 ˚C), and POA leptin receptor-

expressing neurons (POALepR) exhibit increased action potential firing frequency (AP FF) (Figure 2.4). This 

led to the hypothesis that the increase in firing frequency of POALepR neurons could be facilitating heat 

acclimation and therefore enabling mice to a better heat endurance (Nencini S., Ambrozak W., Pohle J., et 

al. Unpublished Manuscript). Moreover, during the silencing of POALepR firing by Gi-DREADD expression in 

POALepR neurons mice failed to endure heat during the challenge of 39˚C (Figure 2.5 F-H). This result further 

strengthened the hypothesis that increased AP FF of POALepR after heat acclimation is necessary to develop 

improved heat endurance following heat acclimation.  

Moreover, I hypothesized that the molecular changes in the POALepR neurons are the cause of 

increased firing frequency in POALepR neurons during heat acclimation. The encouragement to this 

hypothesis was the result that the application of synaptic blockers does not affect the firing of these 

neurons, neither before nor after heat acclimation. Therefore, investigating those changes would shed 

light on the mechanism of why LepR expressing POA neurons seem to be necessary for heat acclimation 

and more generally elucidate the general role of POA in this homeostatic process.  

Therefore, I decided to investigate the transcriptional changes happening in the POALepR neurons 

during the heat acclimation process. In order to accomplish this, I took advantage of the LeprCreHTB line 

(Figure 2.3) for fluorescence-activated cell sorting (FACS) of POALepR cells followed by RNA sequencing.  
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The specific questions I wanted to address with this approach were: 

1) Which transcriptional changes happen in the POALepR neurons during the heat acclimation? 

2) Do any molecules found differentially expressed before and after acclimation modulate POALepR 

neurons' action potential firing frequency? 

3) Can I deduct the function that POA might have in heat acclimation from molecular changes found? 
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3. RESULTS 

3.1. ANATOMICAL DISTRIBUTION OF LEPR NEURONS IN THE POA  

It has been shown by others before that heat acclimation induces neuronal proliferation in rat 

hypothalamus already after 5 days of heat acclimation of 32˚C (Matsuzaki et al., 2009). After 33 days of 

heat acclimation, the novel cells have been shown to differentiate into mature neurons by co-staining a 

marker of proliferating cells bromodeoxyuridine (BrdU) and marker of mature neurons NeuN. Since the 

protocol of heat acclimation I used in my experiments had an even higher temperature and lasted for 

almost 30 days, I wondered if the number of neurons in the POA of mice also increases due to heat 

acclimation and if the number of LepR neurons is changed. For that reason, I wanted to quantify specifically 

the number of neurons expressing both LeprR and NeuN. In addition, we knew from the work of others 

how the LepR neurons anatomically distribute in the POA (Scott et al., 2009; Yu et al., 2016; Y. Zhang et 

al., 2011) but I wanted to verify if the LeprCre line crossed with HTB truthfully recapitulates previous 

findings. Since POALepR neurons change the AP firing frequency most drastically after ≥4 weeks at 36 ˚C 

heat acclimation, I compared IHC staining in POA sections of acclimated to the non-acclimated mice, to 

verify that the anatomical pattern and the number of LepR neurons within the POA remain the same after 

heat acclimation. 

To re-evaluate the anatomical distribution of Lepr+ neurons in POA I collected brain tissue from 

non-acclimated (housed at standard housing conditions, room temperature ≈23 ˚C) and acclimated 

(housed for ≥4 weeks at 36 ˚C) LeprCreHTB adult animals and did immunohistochemistry (IHC) on free-

floating POA sections. Sections that I collected for representation of the POA region were spanning the 

area starting with position Bregma 0.5 mm and ending with Bregma 0.10 mm going from anterior to 

posterior brain axis according to Paxinos mouse brain atlas (Figure 2.6. A). For this IHC I collected 30 μm 

thick sections, corresponding to anatomical bregma positions described above and I incubated them with 

primary antibodies raised against GFP and neuronal marker NeuN. 

Figure 2.6. B) shows an example expression pattern in the POA of a mouse that was housed at 

room temperature (Non-acclimated) and that was housed for ≥30 days at 36˚C (long-term acclimated). 

From these examples and other processed tissue, I concluded that the anatomical distribution of LepR+ 

neurons in the POA appeared to remain the same after heat acclimation. In addition, I quantified the 

overlap of LepR (GFP) and NeuN in both conditions (Number (Lepr+NeuN+) = mean±SEM=81,35 ± 3,006 

and 82,64 ± 2,303 in Non-acclimated and Acclimated conditions, respectively, two-tailed t-test p=0.9473). 
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The percent of double-positive LEPR+NeuN+ neurons remained unchanged after ≥4 weeks of 36 ˚C heat 

acclimation (Figure 2.6. C). 
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Figure 2.6. Number of POALepR in the POA before and after heat acclimation 

(A) Map of POA region adapted from Paxinos brain atlas (Anterior to posterior). (B) Representative images of IHC 

staining (top to bottom=anterior to posterior) of POA sections were obtained from non-acclimated and acclimated 

(>4 weeks at 36 ˚C ) LeprCreHTB mice stained against DAPI, GFP (LepR), and NeuN. Scale bar represents 100 μm, 

images taken with 10x objective at a confocal microscope. (C) Quantification of double-positive LEPR+NeuN+ cells by 

each obtained section (n=20 vs n=19, non-acclimated vs acclimated condition respectively (N=3 vs N=3 mice) plotted 

as a % of double-positive LEPR+NeuN+ of all LEPR+ cells. Statistical significance is calculated by unpaired, two-tailed t-

test; NS p=0.9473 (mean± SEM =81,35 ± 3,006 and 82,64 ± 2,303 in Non-acclimated and Acclimated conditions, 

respectively). Each dot on a boxplot represents a quantified section, the upper and lower hinge of a box represent 

the first and third quartiles (the 25th and 75th percentiles) and a middle hinge represents the median. The upper and 

lower whisker extend from their respective hinges to the largest and lowest value no further than 1.5 x IQR (inter-

quartile range). Data beyond the end of the whiskers are representing the outlying points. ac Anterior commissure; 

MnPOA Median preoptic nucleus; MPO Medial Preoptic Nucleus; IHC Immunohistochemistry. 

3.2. FACS SORTING AND BULK RNA SEQUENCING OF POALEPR NEURONS FROM NON-

ACCLIMATED AND ACCLIMATED MICE 

To gain insight into transcriptional changes that happen in the POALepR neurons during heat 

acclimation, I decided to use the FACS sorting technique to obtain bulks of POALepR cells and isolate their 

mRNA for sequencing. I could visualize POALepR neurons via GFP expression in the LeprCreHTB line where 

LepR neurons are labeled by histone-2B-GFP (described in Figure 2.3). 

In the adult brain, perineuronal nets made of chondroitin sulfate proteoglycans engulf neurons somas, 

and dendrites (Horii-Hayashi et al., 2015). Therefore, cell trituration and dispersion from the adult mouse 

brain tissue can result in a low neuronal survival rate. To increase the neuronal survival rate for 

fluorescence-activated cell sorting (FACS) I applied a protocol for neuronal dissociation which employs 

enzymes to digest extracellular matrix glycoproteins resulting in an increased cell survival rate (Moffitt et 

al., 2018). 

For each sorting round, I collected brains from a total of 3 LeprCreHTB male and/or female mice, 

dissected the POA, triturated the tissue to dissociate the cells, and did FACS sorting of GFP+ and GFP- cells. 

I repeated the procedure with the POA tissue obtained from mice under 3 different conditions: non-

acclimated (NA, RT 23˚C), short-term acclimated (STA; 4-5 days at 36˚C), long-term acclimated (LTA, ≥4 

weeks at 36˚C). Later on, I used FACS-sorted samples for the RNA sequencing (Figure 2.7. A). In order to 

distinguish between living and dead cells during the cell sorting, I used propidium-iodide (PI) which enters 

the cell if it has a compromised plasma membrane. After that, PI intercalates with the double-stranded 
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DNA and stains the cell (Riccardi & Nicoletti, 2006). The cell survival rate in the POA dissociated samples 

was ranging from 60%-90% and did not differ among the 3 acclimation conditions (Figure 2.7. B).  

Gating for the GFP+ cell population was determined based on GFP and PI fluorescence intensity 

(Figure 2.7. C). GFP+ population was spreading towards higher values of fluorescent intensity on the GFP 

scale looking at samples coming from NA to LTA conditions (Figure 2.7. C; top to bottom). Indeed, flow 

cytometry analysis showed that GFP intensity was significantly different between samples obtained from 

non-acclimated LeprCreHTB animals, where it was the lowest (Mean ±STD = 3.6 ±0.13), to samples 

obtained from long-term acclimated animals, where it was the highest (Mean ±STD= 6.5 ±0.68). (Figure 

2.7. D; left-most panel). The same trend was observed and was statistically significant for forward scatter 

(FSC, parameter determining the cell size) and side scatters (SSC, parameter determining the cell 

granularity) parameters of the analyzed GFP+ population (Figure 2.7. D; middle panels).  

Interestingly, although all of the samples were prepared as reproducibly as possible, the percent 

of GFP+ cells from all the surviving (PI-) cells was significantly lower in the STA condition in comparison to 

the NA and LA conditions among which there was no statistically significant difference observed (Figure 

2.7. D; right-most panel). This suggested the potential technical problems occurring while obtaining 

neurons from STA-treated mice, or, since the approach to obtain neurons was held consistent among the 

preparations, more likely the biological differences (see the discussion section). 

By neuronal dissociation followed by the FACS sorting, I obtained 5 samples from NA and LTA 

conditions and 8 samples from the STA condition. Each sample was sorted into a GFP+ and GFP- population. 

This resulted in 36 samples in total for RNA sequencing. 
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Figure 2.7. Fluorescence-activated cell sorting (FACS) of LepR neurons for RNA sequencing 

(A) Scheme of the FACS sorting procedure: 3 depicted brain sections were collected in each FACS sorting round from 

3 LeprCreHTB mice that were or non-acclimated (NA), short-term acclimated (STA) or long-term acclimated (LTA). 

POA (red square) containing LEPR+ cells (green dots) was dissected and triturated. Cells were sorted according to GFP 

fluorescence into GFP positive (GFP+) and GFP negative (GFP-) bulk cell samples used for RNA sequencing. (B) Flow 

cytometry evaluation of % of live cells - propidium iodide negative (PI-) - from all events in each dissociated cells 

sample. Statistical significance was calculated with way ANOVA followed by Tukey’s multiple comparisons; NA: STA 

NS. p=0.950, NA: LTA NS. p=0.9366, STA: LTA NS. p=0.9967. Box represents the mean (middle line) and ± standard 

deviation of the mean (upper /lower hinge. NA (mean ± SD =74.24 ± 5.477, N=5); STA (mean ± SD = 75.68±9.73, N=8); 

LTA (mean ± SD = 76.04 ± 7.67, N=5). (C) Left panel, flow cytometry example dot-plots of PI- and GFP+ population of 

cells coming from non-acclimated NA, STA, and LTA LeprCreHTB mice. Purple dots represent the GFP+ population 

selected for sorting (PI- and GFP+ events). (C) Right panel, flow cytometry example dot-plots of PI- and GFP+ (green 

dots) and GFP- (red dots) population selected for cell sorting, corresponding to the dot-plots in the left panel. Black 

dots represent events left out from sorting as a measure of precaution to avoid false positive and false negative 

events. Regions within the GFP+ box present the division of the GFP+ population into cells with lower and higher GFP 

fluorescence intensity. (D) Flow cytometry parameters measured for NA, STA, and LTA of GFP+ sorted samples used 

for RNA sequencing. Statistical significance is calculated by One way ANOVA followed by Tukey’s multiple 

comparisons. Box represents the mean (middle line) and ± standard deviation of the mean (upper /lower hinge). Each 

point represents a sample for which quantification has been done. GFP intensity: NA:STA ***p=0.0003, NA:LTA 

****p < 0.0001, STA:LTA **p=0.0091; NA (mean ± SD =3.606 ± 0.1316, N=5); STA (mean ± SD =5.346 ± 0.6733, N=8); 

LTA (mean ± SD =6.5 ± 0.6828, N=5); FSC (Forward Scatter): NA:STA **p=0.0052, NA:LTA **p=0.0044, STA:LTA 

NS.p=0.6231; NA (mean ± SD=115.1 ± 5.212, N=3); STA (mean ± SD =133.1 ± 7.774, N=8); LTA (mean ± SD =137.3 ± 

1.111; N=3); SSC (Side Scatter): NA:STA *p=0.0497, NA:LTA **p=0.0052, STA:LTA NS.p=0.1250; NA (mean=77.5 ± 

4.874; N=3; STA (mean ± SD = 92.1 ± 9.129; N=8; LTA (mean ± SD =103.7±5.856; N=3), %GFP+ from alive cells: NA:STA 

*p=0.0194, NA:LTA NS.p=0.901, STA:LTA *p=0.0495; NA mean ± SD =0.48 ± 0.249; N=5; STA (mean ± SD =0.225 ± 

0.046; N=8); LTA (mean ± SD =0.44 ± 0.114; N=5). a.u.= arbitrary units 

Next, I isolated the RNA from each sample by using the Qiagen microRNA kit (described in the 

methods section). I first assessed the RNA quality and quantity of the isolated RNA via the RIN algorithm 

(RNA integrity number) using Bioanalyzer Eukaryote Total RNA Pico chip (Masotti & Preckel, 2006). at the 

Gene Core facility at EMBL, Heidelberg (Figure 2.8.). RIN algorithm is a standardized way to calculate the 

RNA integrity from the electropherogram (Imbeaud, 2005). It calculates the ratio of the area under the 

28S and 18S ribosomal RNA peaks to the whole area under the graph (Figure 2.8. A); the higher RIN number 

represents less RNA degradation. The samples which had low RIN numbers (Figure 2.8. B), in the range 

from RIN= 0 (non-determined) to RIN=1.25, were 4/8 samples belonging to the STA condition. These were 
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later included in sequencing because they still yielded a good cDNA library as shown by Bioanalyzer High 

Sensitivity DNA Assay (Agilent Technologies, 2009) (Figure 2.8. A).  

After determining the RNA quality of the samples I prepared a cDNA library (examples in Figure 

2.8. C) for each of the 36 samples and pooled the cDNA in 2 batches for RNA sequencing (Figure 2.8. D). 

Sequencing was performed by the Gene Core staff on Illumina NGS sequencing platform; Next-seq High 

on 2 flowcells with 75 base pair, single end readout.  

After obtaining the results of RNA sequencing I did quality control of RNA sequencing reads with 

the FastQC tool (Steven W. Wingett & Simon Andrews, 2018) and transcriptome indexing followed by 

transcripts quantification using the Salmon package (Patro et al., 2017). Next, I assessed the counts of the 

Egfp and Lepr gene transcripts in each sample and according to each sorted pair of GFP- and GFP+ cell 

populations (Figure 2.8. E). Detected levels of both Egfp and Lepr genes were higher in samples sorted as 

GFP+ than in the ones sorted as GFP- with average normalized counts for Egfp being 92.63 and 622.05 and 

for Lepr 54.06 and 1226.30 in samples sorted as GFP- and in samples sorted as GFP+, respectively. When 

comparing the counts in each sample from each acclimation condition according to GFP fluorescence only 

expression levels of Lepr gene in the NA condition were not significantly different between GFP- and GFP+ 

samples. This might be due to one GFP- sample in NA condition (grey circled symbol) which had high 

expression of Lepr gene. Nevertheless, the GFP+ sample pair corresponding to the questionable NA GFP- 

sample still showed higher expression of the Lepr gene (green circled symbol). 
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Figure 2.8. Quality control of RNA samples and RNA sequencing data set  

(A) Example of Bioanalyzer RNA pico chip trace (left) and RIN level of all the samples per condition (right). (B) RIN 

numbers were determined via Bioanalyzer Eukaryote Total RNA Pico chip of each sorted sample. (C) Example of 

Bioanalyzer High Sensitivity DNA Assay traces from 2 STHA cDNA samples with low RIN numbers. (D) Bioanalyzer High 

Sensitivity DNA Assay traces of final pooled cDNA used for sequencing. (E) mRNA expression levels (log10 counts) of 

Egfp (left panel) and Lepr (right panel) in GFP+ vs GFP- FACS-sorted, RNA-sequenced samples. Each symbol represents 

one sorted pair; GFP+ and GFP- samples coming from the same bulk of cells (prepared from the same tissue). Green 

and gray colors represent GFP+ and GFP- samples, respectively. NA (Non-acclimated), STA (short-term acclimated), 
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LTA (Long.-term acclimated). Statistics was calculated using On-way ANOVA with Sidak’s multiple comparison test: 

EGFP counts; NA (GFP-):NA (GFP+) ****, p<0,0001, STA (GFP-):STA (GFP+) ****, p<0,0001, LTA (GFP-):LTA (GFP+) 

****, p<0,0001; Lepr counts; NA (GFP-):NA (GFP+) NS., p=0.58, STA (GFP-):STA (GFP+) ****, p<0,0001, LTA (GFP-):LTA 

(GFP+) ***, p=0,0004. 

3.2.1. Differential expression and gene set enrichment analysis of RNA sequencing data 

Next, I performed a principal component analysis on the RNA sequencing data by using a function 

from R based package DESeq2 (Love et al., 2014). The PCA plot in Figure 2.9. A) showed that two principal 

components in the obtained RNA seq data set are the GFP phenotype and the acclimation. For example, 

it shows that all the GFP+ samples are grouped to the right side of the PCA plot, and then these are further 

separated to the bottom and top of the plot depending if samples are coming from non-acclimated or 

acclimated mice, respectively.  

To look at the differential gene expression between samples coming from NA, STA, and LTA 

samples I performed a differential gene expression analysis with the help of Dr. Silvia Calderazzo (DKFZ) 

who designed the statistical approach for the analysis. I wanted to extract from the obtained data the 

differences between NA, STA, and LTA conditions, taking into account the GFP + and - phenotype. The DE 

analysis done in DESeq2 (Love et al., 2014) resulted in 386 significant (p-adjusted value ≤ 0.1) differentially 

expressed genes (DEGs) among NA and LTA conditions, 562 DEGs between NA and STA conditions, and 96 

DEGs between STA and LTA. 

The heatmap in Figure 2.8. B) represents the expression of 150 significant DEGs (in rows; top 50 

according to p-adjusted value from 3 comparisons NA:LTA; NA:STA; STA:LTA) in each of 36 samples 

(columns) from 3 conditions (top 50 DEGs from3 comparisons are listed in Table 2 (in Appendix, page 161). 

The samples cluster primarily according to the GFP phenotype, followed by clustering of GFP+ samples 

according to acclimation treatment. Moreover, the major differences between GFP+ samples (the POALepr 

neurons) seem to be coming from 3 different acclimation conditions. Whereas the majority of the genes 

increase their expression levels from NA towards STA and to LTA (upper part of the heatmap in GFP+ 

samples), others decrease the expression level from NA to STA and LTA (middle part of the heatmap in 

GFP+ samples). 

The additional step of the precaution in the analysis was to check whether there are certain 

confounding effects brought to the data set by experimental design- the so-called batch effect (Liu & 

Markatou, 2016). The variables that can cause the batch effects in the RNA sequencing experiments, such 

as cDNA library processing groups, pools of the cDNA samples, and the number of sorted cells per sample 

seemed not to be affecting the sample clustering on the heatmap with the most significant DEGs.  
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Figure 2.9. Differential gene expression analysis of RNA sequencing data of POALepR neurons  

(A) Principle component analysis (PCA) of the RNA sequencing data set based on the top 500 genes with the highest 

variance. (B) Heatmap of top 50 differentially expressed genes (DEGs, sorted according to p-adjusted value) from 

NA:STA, NA:LTA, and STA:LTA comparisons (total number of plotted genes is 150). Columns represent sequenced 

samples and rows represent genes. The color scale represents the calculated z-score of the counts. Apart from the 

treatment (acclimation condition) and GFP variables, potential batch-effect variables such as Library processing, final 

cDNA pool, and the number of sorted cells are added above each sample. DESeq2 package (Love et al., 2014) was 

used for differential expression analysis with Wald test for the significance testing of the p-value and Benjamini-

Hochberg for calculating the false discovery rate (FDR, adjusted p-value). 

Additionally, to begin to analyze the functional consequences of heat acclimation at the cellular 

level, and to get the first insight into the transcriptional changes associated with it, I performed gene set 

enrichment analysis (GSEA) by using an R package fgsea (Fast GeneSet Enrichment Analysis) (Korotkevich 

et al., 2016; Sergushichev, 2016). I applied GSEA by looking at the hallmark gene sets in one of the 

Molecular Signature Data Base annotated gene collections (Liberzon et al., 2015). Hallmark gene sets 

represent specific biological states or processes and display the expression of coherent gene groups. Figure 

2.10. A) and B) show fgsea normalized enrichment scores for each pathway and if a pathway is significantly 

enriched in the DEG data set (annotated with turquoise or red color if significant or not, respectively). 

When using DEG from NA:STA comparison (Figure 2.10. A) 28 hallmark pathways in total were changed. 

Out of those 27 were up-regulated and 1 was down-regulated. When feeding fgsea with DEG from NA:LTA 

comparison (Figure 2.10. B) 33 hallmark pathways in total were changed. Out of those 28 were up-

regulated and 5 were down-regulated according to fgsea NES values. The majority of the pathways were 

shared among the two DEG data sets resulting from NA:STA and NA:LTA differential expression analysis 

(Table 3. and Table 4.; marked in blue color (in Appendix, pages 163-164); e.g. hypoxia gene set was 

enriched and up-regulated in both DEGs sets. On the other hand, several pathways were specifically 

enriched in each of the comparisons (Table 3 and Table 4.; marked in red color) (in Appendix, pages 163-

164); e.g. protein secretion pathway was only enriched among DEG when comparing NA:STA and IL6 JAK-

STAT3 signaling and interferon-γ pathways were found enriched only in DEG set from NA:LTA differential 

analysis. The only common down-regulated enriched gene set was oxidative phosphorylation, whereas 

other common pathways were up-regulated.  
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[Figure continues on the next page] 



CHAPTER 2 Molecular characterization of POALepR neurons involved in heat acclimation 

[92] 
 

 

Figure 2.10. Gene set enrichment analysis of DEGs in the RNA sequencing data  

(A) GSEA analysis of DEGs coming from the comparison of NA to STA conditions presented through normalized 

enrichment scores. (B) GSEA analysis of DEGs coming from the comparison of STA to LTA conditions presented 

through normalized enrichment scores. Gene pathways are presented and their corresponding enrichment scores 

are calculated in the fgsea R package. Pathways colored in blue are the ones significantly up-or down-regulated in 

the DEGs coming from each comparison in A and B. 

Next, I hypothesized that proteins that participate in the observed increase in neuron firing 

properties (Figure 2.4. B) could be expected among the group of ion channels that could be either up-or 

down-regulated during heat acclimation. Data from our lab that supports this hypothesis is the finding that 

the firing of the acclimated POALepR neurons persists even after the application of synaptic blockers, and 

therefore is an intrinsic property of these neurons (Figure 2.4. E). Therefore, I decided to look for genes 



CHAPTER 2 Molecular characterization of POALepR neurons involved in heat acclimation 

[93] 
 

coding for ion channels in the obtained RNAseq data and to analyze if any of those belong to the group of 

DEGs. To investigate all known ion channels as a reference I used the website tool Channelpedia (EPFL, 

Blue Brain Project https://channelpedia.epfl.ch/), a repository that collects data on all known ion channels 

and their families While investigating different families of ion channels I found Kcnq2 (Potassium Voltage-

Gated Channel Subfamily Q Member 2, Kv7.2) ion channel to be significantly up-regulated (p-adjusted 

value < 0.1) during the course of acclimation (Figure 2.11. A). Two other potassium ion channels; Kcnn2 

(Potassium Calcium-Activated Channel Subfamily N Member 2, KCa2.2) and Kcnh2 (Potassium Voltage-

Gated Channel Subfamily H Member 2, Kv11.1) (Figure 2.11. B and C). I found it to be borderline significant 

between non-acclimated and long-term acclimated conditions only (p-adjusted value = 0.13 and 0.15, 

respectively)  

 

Figure 2.11. The expression level of potassium channels in GFP+ (Lepr+) and GFP- (Lepr-) samples from 

NA, STA, and LTA conditions  

(A) Expression level (log2 normalized counts) of Kcnq2 (Kv7.2, Potassium Voltage-Gated Channel Subfamily Q 

Member 2) mRNA in GFP+ and GFP- samples of each of the acclimation conditions. NA:LTA *padj. = 0.05408426; 

NA:STA (GFP+) * padj.= 0.03605393; STA:LA NS.padj. = 1. (B) Expression level (log2 normalized counts) of Kcnn2 

(KCa2.2, Potassium Calcium-Activated Channel Subfamily N Member 2) mRNA in GFP+ and GFP- samples of each of the 

acclimation conditions. NA:LTA NS. padj. = 0.1310168; NS. padj. = 0.7813248; STA:LA NS. padj. = 0.71727. (C) 

Expression level (log2 normalized counts) of Kcnh2 (Kv11.1, Potassium Voltage-Gated Channel Subfamily H Member 

2) mRNA in GFP+ and GFP- samples of each of the acclimation conditions. NA:LTA NS. padj. = 0.1515015; NA:STA NS. 

https://channelpedia.epfl.ch/
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padj.= 0.130829; STA:LA NS. padj.1. Expression levels are calculated by the DESeq2 package (Love et al., 2014) with 

the Wald test for the significance testing of the p-value and Benjamini-Hochberg for calculating the false discovery 

rate (FDR or adjusted p-value). Differential expression results are calculated for the difference between GFP+ samples 

and statistical analysis behind it is taking into account expression changes that happen in GFP- samples in each 

acclimation condition as well. The upper and lower hinge of a box represent the first and third quartiles (the 25th 

and 75th percentiles) and a middle hinge represents the median. The upper and lower whisker extend from their 

respective hinges to the largest and lowest value no further than 1.5 x IQR (inter-quartile range). Data beyond the 

end of the whiskers are called "outlying" points. NA Non-acclimated, STA short-term acclimated, LTA Long.-term 

acclimated. 

3.3. PHARMACOLOGY OF POTASSIUM ION CHANNELS IN POA LEPR NEURONS 

Since 3 potassium ion channel genes were the only ones from genes coding for ion channels that 

are up-or down-regulated in the course of the acclimation process, I wanted to look further if these 

channels have a role in the AP firing of POALepR neurons. To do that I used whole-cell patch-clamp 

electrophysiology (Ephys) in the acute mouse brain slices and recorded AP firing while applying different 

ion channel blockers or activators by bath application in ACSF. Before endeavoring in collecting this data I 

first wanted to make sure that the data on the change of firing frequency (Figure 2.4 B) with the course of 

acclimation holds when I perform the Ephys recordings. Therefore, I recorded the AP firing frequency of 

POALepR neurons in the acute brain slices from LeprCreHTB which spent 0 days at 36˚C (NA), 5 days at 36˚C 

(STA), and ≥4 weeks at 36 ˚C (LTA). Like my colleagues before, I also observed a significant difference in AP 

firing frequency between NA and STA and LTA conditions, but no significant difference in AP firing 

frequency (AP FF) of POALepr between STA and LTA conditions (Figure 2.12. A). Other than AP FF, I extracted 

information on pseudo resting membrane potential (pseudoRMP). PseudoRMP is the average value of the 

neuron membrane potential obtained by averaging membrane voltage values recorded in Clampfit 

(Molecular Devices, San Jose, CA 95134). The pseudoRMP was significantly different from NA and STA and 

LTA conditions, but similarly to AP FF not significantly different between the STA and the LTA condition 

(Figure 2.12. B). In addition, I calculated the coefficient of variation of the interspike interval (CV (ISI)), 

which is a parameter that allows assessing how regular the firing of APs is (Figure 2.12. C) (Taube, 2010). 

Firing regularity or CV (ISI) (standard deviation of the ISI divided by mean ISI) was significantly different 

between POALepR neurons harvested from mice subjected to NA and LTA conditions showing that the firing 

pattern changed from a slow and irregular pattern in the NA condition to a fast and regular one in the LTA 

condition. Figure 2.12. D shows example AP traces from each condition. 
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Figure 2.12. POALepR neurons electrophysiological properties during the acclimation process  

(A) Firing frequency (FF(Hz)) of Lepr+ (HTB) neurons measured by the whole-cell current-clamp in acute brain/POA 

slices obtained from NA (Non-acclimated), STA (Short-term acclimated), LTA (Long-term acclimated) LeprCreHTB 

mice. Statistics are calculated with 1 way ANOVA non-parametric Kruskal-Wallis, Dunn’s multiple comparisons test. 

NA:STA ****p<0.0001, NA:LTA ****p<0.0001, STA:LTA NS. p>0.9990. NA (mean±SD= 1.859 ± 3.284, N=7, n=64), STA 

(mean ± SD= 7.78 ± 5.3, N=3, n=33), LTA (mean ± SD=8.713 ± 6.861, N=3, n=43). (B) Pseudo resting membrane 

potential (mV) corresponding to cells in (A). Statistics is calculated with 1way ANOVA, parametric, Tukey's multiple 

comparisons test NA:STA ****p<0.0001; NA:LTA **p=0.0059; STA:LTA NS.p=0.0851. NA (mean ± SD= -46.25 ± 7.2, 

N=7, n=63), STA (mean ± SD= -37.52 ± 8.773, N=3, n=30), LTA (mean ± SD= -41.46± 7.701, N=3, n=43). (C) Coefficient 

of variation of interspike interval (CV (ISI)) corresponding to cells in (A). Statistics are calculated with 1 way ANOVA 

non-parametric Kruskal-Wallis, Dunn’s multiple comparisons test. NA:STA NS.p=0.1213; NA:LTA **p=0.0018; STA:LTA 

NS.p=0.7811. NA (mean ± SD= 0.7414 ± 0.5193, N=7, n=41), STA (mean ± SD= 0.5205 ± 0.4701, N=3, n=30), LTA (mean 

± SD= 0.4631 ± 0.4266, N=3, n=40). Each dot on a boxplot represents a cell, the upper and lower hinge of a box 

represent the first and third quartiles (the 25th and 75th percentiles) and a middle hinge represents the median. The 

upper and lower whisker extend from their respective hinges to the largest and lowest value no further than 1.5 x 
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IQR (inter-quartile range). Data beyond the end of the whiskers are "outlying" points. (D) Example traces of action 

potential firing from 3 conditions.  

Finally, I went on further by testing the possible importance of 3 candidate potassium channels in 

the AP firing of POALepr neurons. 

3.3.1. Kv7.2 (Kcnq2) 

In order to test the importance of Kv7.2 (Kcnq2) in regulating AP firing of the POALepR neurons, I 

used ML252 ((S)-2-Phenyl-N-(2-(pyrrolidine-1-yl)phenyl) butanamide), a selective blocker of Kv7.2 channel 

(Cheung et al., 2012). The application of 10 μM ML252 drug in ACSF (artificial cerebrospinal fluid) bath 

solution did not cause the difference in AP FF of non-acclimated LepR+ neurons (Figure 2.13. A and D). 

However, the drug caused a dramatic change in the firing pattern of neurons obtained from long-term 

acclimated mice: In many neurons (14 of 32 recorded neurons), the highly regular firing pattern observed 

in acclimated LepR neurons was transformed into a pattern of bursts with long intervals of no firing (Figure 

Figure 2.13. D and E). Including the CV (ISI) in this analysis was therefore essential to demonstrate and 

quantify the drug-induced change in AP firing (Figure 2.13. C). 

Additionally, the Kv7.2 channel antagonist decreased the pseudoRMP in neurons coming from the 

LTA condition (Figure 2.13. B) (K. Li et al., 2021). In summary, although blocking the Kv7.2 did not reduce 

AP firing frequency in POALepR neurons after heat acclimation, it significantly changed the pattern of firing 

of 43% of these neurons and specifically in heat acclimated conditions. 

The Kv7.2 has been previously implicated in the control of neuronal firing regularity and its mRNA 

levels have been found to increase after induced neuronal hyper-excitability (Carver et al., 2020; Greene 

& Hoshi, 2017). I hypothesize that the up-regulation of Kv7.2 modulates AP firing of POALepR neurons to 

become more regular during the heat acclimation and to serve as a break to otherwise potentially 

exaggerated firing. 
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Figure 2.13. Kv7.2 (Kcnq2) ion channel pharmacology in POALepR neurons  

(A) Effect of 10 μM ML252- Kv7.2 (Kcnq2) channel blocker on firing frequency (FF (Hz)) of Lepr+ (HTB) neurons 

measured by whole cell current clamp in acute brain/POA slices obtained from NA STA (Short-term acclimated), LTA 

(Long-term acclimated) LeprCreHTB mice. Statistics is calculated with 1 way ANOVA non-parametric Kruskal-Wallis, 

Dunn’s multiple comparisons test. NA:LTA ****p<0.0001; NA:NA+ML252 NS. p>0.9999; LTA:LTA+ML252 NS. p>0.999; 

NA+ML252:LTA+ML252 **** p<0.0001. NA (mean±SD= 1.859 ± 3.284, N=7, n=64), LTA (mean ± SD=8.713 ± 6.861, 

N=3, n=43), NA+ML252 (mean ± SD=2.806 ± 4,212, N=3, N=30), LTA+ML252 (mean ± SD=9.129 ± 7.091, N=3, n=32). 

(B) Effect of ML252- Kv7.2 (Kcnq2) channel blocker on pseudo resting membrane potential of Lepr+ (HTB) 

corresponding to cells in (A). Statistics is calculated with 1way ANOVA, parametric, Tukey multiple comparisons test: 

NA:LTA **p=0.0064; NA:NA+ML252 NS.p=0.6428; LTA:LTA+ML252 **p=0.0030; NA+ML252:LTA+ML252 **** 
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p<0.0001. NA (mean ± SD= -46.25 ± 7.2, N=7, n=64), LTA (mean ± SD= -41.46± 7.701, N=3, n=43), NA+ML252 (mean 

± SD= -44.22± 8.704, N=3, N=30), LTA+ML252 (mean ± SD= -35.41 ± 6.816, N=3, n=32). (C) Effect of ML252- Kv7.2 

(Kcnq2) channel blocker on coefficient of variation of interspike interval (CV (isi)) of Lepr+ (HTB) neurons 

corresponding to cells in (A). Statistics is calculated with 1 way ANOVA non-parametric Kruskal-Wallis, Dunn’s 

multiple comparisons test: NA:LTA *p=0.0105; NA:NA+ML252 NS.p=0.4148; LTA:LTA+ML252 **p=0.0015; 

NA+ML252:LTA+ML252 NS. p>0.9999. NA (mean ± SD= 0.7414 ± 0.5193, N=7, n=41), LTA (mean ± SD= 0.4631 ± 

0.4266, N=3, n=40), NA+ ML252 (mean ± SD= 0.9739 ± 0.5386, N=3, N=20), LTA+ ML252 (mean ± SD= 1.391 ± 1.395, 

N=3, n=31). Each dot on a boxplot represents a cell, the upper and lower hinge of a box represent the first and third 

quartiles (the 25th and 75th percentiles) and a middle hinge represents median. The upper and lower whisker extend 

from their respective hinges to the largest and lowest value no further than 1.5 x IQR (inter-quartile range). Data 

beyond the end of the whiskers are "outlying" points. (D) Example traces of action potential firing from 4 conditions. 

(E) Pie-charts with quantification of bursty AP firing and RMP oscillations occurrence in Lepr+ neurons recorded with 

ML 252 drug. 

3.3.2. Kca2.2 (Kcnn2) 

Next, I tested the possible role of the KCa2.2 ion channel, a member of SK (small conductance 

calcium-activated potassium channels) in POALepR neurons AP firing known to participate in medium 

afterhyperpolarization (mAHP) of an action potential (Pedarzani et al., 2001). Afterhyperpolarization (AHP) 

plays an important role in neuronal excitability and firing pattern (Storm, 1990). For example, activating 

SK channels in hippocampal pyramidal neurons reduces neuronal excitability due to increased mAHP 

amplitude (Pedarzani et al., 2001, 2005). In the POALepR RNA sequencing, we see a decrease of SK2 mRNA 

with a log2-fold change of -2.03 between NA and LTA conditions (Figure 2.11.). I hypothesized that 

decreased mRNA levels of this ion channel might serve as a mechanism to increase neuronal firing. To test 

this hypothesis, I applied the CYPPA (10μM) activator (N-Cyclohexyl-N-[2-(3,5-dimethyl-pyrazole-1-yl)-6-

methyl-4-pyrimidinamine) of KCa2.2 to see if opening this channel has an effect on AP firing frequency, 

pseudoRMP and CV (ISI) of POALepR neurons in non-acclimated and long-term acclimated 

condition(Hougaard et al., 2007).  

Application of the SK2 channel activator CYPPA has reduced the firing frequency of POALepR 

neurons in LTA conditions (Figure 2.14. A) whereas it did not affect pseudoRMP and CV (ISI) (Figure 2.14. 

B and C). The reduction of AP FF of acclimated POALepR neurons due to the application of CYPPA SK2 

activator goes along with the hypothesis that the more of the channel is open the higher the mAHP 

amplitude and therefore the span between each subsequent AP is larger. However, the effect of the 

activator can solely confirm the the presence of KCa2.2 channel in these neurons and cannot prove the 
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specific role of the channel. Figure 2.14. D shows example AP traces from each condition with and without 

CYPPA. On the other hand, the application of general SK2 blocker-apamin (Bond, 2004) did not have any 

effect on AP FF, pseudoRMP nor CV (ISI) (Figure 2.14. E), F), and G)). Apamin acts a non-specific SK channel 

family blocker. The lack of its observed effect might be due to technical reasons, such as the drug 

concentration being too low to reach the neurons and therefore not exerting the effect. On the other 

hand, it can be that KCa2.2 has no significant role in modulating AP firing of POALepR neurons neither before 

nor after the heat acclimation and that the reduction of SK2 mRNA during the heat acclimation is 

redundant. 
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Figure 2.14. KCa2.2 (SK2, Kcnn2) ion channel pharmacology in POALepR neurons  

(A) Effect of 10 μM CYPPA KCa2.2 activator on firing frequency (FF (Hz)) of Lepr+ (HTB) neurons measured by whole cell 

current clamp in acute brain/POA slices obtained from NA (Non-acclimated), STA (Short-term acclimated), LTA (Long-

term acclimated) LeprCreHTB mice. Statistics is calculated with 1 way ANOVA non-parametric Kruskal-Wallis, Dunn’s 

multiple comparisons test. NA:LTA ****p<0.0001; NA:CYPPA+NA NS.p>0.9999; LTA:LTA+ CYPPA *p=0.0421, 
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NA+CYPPA:LTA+CYPPA *p=0.0120. NA (mean±SD= 1.859 ± 3.284, N=7, n=64), LTA (mean ± SD=8.713 ± 6.861, N=3, 

n=43), NA+CYPPA (mean±SD= 1.137 ± 2.291, N=3, N=31), LTA+ CYPPA (mean±SD= 3.953 ± 4.35, N=3, n=34). (B) Effect 

of CYPPA KCa2.2 activator on pseudo resting membrane potential (mV) of Lepr+ (HTB) neurons corresponding to cells 

in (A). Statistics is calculated with 1way ANOVA, parametric, Tukey multiple comparisons test: NA:LTA **p=0.0026; 

NA:NA+CYPPA NS. p=0.0689; NA:LTA+CYPPA * p= 0.0176; LTA:LTA+CYPPA NS.p=0.9987; NA+ CYPPA:LTA+CYPPA NS. 

p=0.9876. NA (mean ± SD= -46.25 ± 7.2, N=7, n=63), LTA (mean ± SD= -41.46 ± 7.701, N=3, n=43), NA+ CYPPA (mean 

± SD= -42.59 ± 5.309, N=3, N=31), LTA+ CYPPA (mean ± SD= -41.84± 6.859, N=3, n=34). (C) Effect of CYPPA KCa2.2 

activator on coefficient of variation of interspike interval (CV (ISI)) of Lepr+ (HTB) neurons corresponding to cells in 

(A). Statistics is calculated with 1 way ANOVA non-parametric Kruskal-Wallis, Dunn’s multiple comparisons test: 

NA:LTA **p=0.0053; NA:CYPPA+NA NS.p=0.1874; LTA:LTA+CYPPA NS.p=0.5925; NA+CYPPA:LTA+CYPPA *p=0.0104. 

NA (mean ± SD= 0.7414 ± 0.5193, N=7, n=41), LTA (mean ± SD= 0.4631 ± 0.4266, N=3, n=40), NA+ CYPPA (mean ± 

SD= 1.206 ± 1.265, N=3, N=18), LTA+ CYPPA (mean ± SD= 0.581 ± 0.4526, N=3, n=27). (D) Example traces of action 

potential firing from 4 conditions. (E) Effect of apamin- SK2 channel blocker on firing frequency (FF (Hz)) of Lepr+ 

(HTB) neurons measured by whole cell current clamp in acute brain/POA slices obtained from NA, STA and LTA 

LeprCreHTB mice. Statistics is calculated with 1 way ANOVA non-parametric Kruskal-Wallis, Dunn’s multiple 

comparisons test. NA:LTA ****p<0.0001, NA:NA+apamin NS. p>0.9999; LTA:LTA+apamin NS.p>0.999; 

NA+apamin:LTA+apamin **** p<0.0001. NA (mean±SD= 1.859 ± 3.284, N=7, n=64), LTA (mean ± SD=8.713 ± 6.861, 

N=3, n=43), NA+apamin (mean ± SD=1.231 ± 1.754, N=3, N=25), LTA+apamin (mean ± SD=9.654 ± 8.787, N=3, n=24). 

(F) Effect of apamin- SK2 channel blocker on pseudo resting membrane potential of Lepr+ (HTB) neurons 

corresponding to cells in (A). Statistics is calculated with 1way ANOVA, parametric, Tukey multiple comparisons test: 

NA:LTA *p=0.0117, NA:NA+apamin NS.p=0.0892; LTA:LTA+apamin NS. p=0.3339; NA+apamin: LTA+apamin NS. 

p=0.3234. NA (mean ± SD= -46.25 ± 7.2, N=7, n=63), LTA (mean ± SD= -41.46± 7.701, N=3, n=43), NA+apamin (mean 

± SD= -41.91 ± 8.284, N=3, N=25), LTA+apamin (mean ± SD= -38.11 ± 8.803, N=3, n=24). (G) Effect of apamin- SK2 

channel blocker on coefficient of variation of interspike interval (CV (isi)) of Lepr+ (HTB) neurons corresponding to 

cells in (A). Statistics is calculated with 1 way ANOVA non-parametric Kruskal-Wallis, Dunn’s multiple comparisons 

test: NA:LTA **p=0.0096; NA:NA+apamin NS. p=0.1804; LTA:LTA+apamin NS. p>0.9999, NA+apamin: LTA+apamin ** 

p=0.0011. NA (mean ± SD= 0.7414 ± 0.5193, N=7, n=41), LTA (mean ± SD= 0.4631 ± 0.4266, N=3, n=40), NA+apamin 

(mean ± SD= 1.413 ± 1.006, N=3, N=15), LTA+apamin (mean ± SD= 0.5519 ± 0.5706, N=3, n=23).Each dot on a boxplot 

represents a cell, the upper and lower hinge of a box represent the first and third quartiles (the 25th and 75th 

percentiles) and a middle hinge represents median. The upper and lower whisker extend from their respective hinges 

to the largest and lowest value no further than 1.5 x IQR (inter-quartile range). Data beyond the end of the whiskers 

are "outlying" points. 
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3.3.3. Kv 11.1 (Kcnh2) 

To verify a role of a third channel candidate, Kv11.1 (Potassium Voltage-Gated Channel Subfamily 

H Member 2; Ether à go-go-related gene; erg), in the AP firing of the POALepr neurons, I used a blocker of 

KV11.1 E4031(Cui & Strowbridge, 2018). The application of 10 μM E-4031 in ACSF bath solution significantly 

increased POALepr AP FF even further in the LTA condition (Figure 2.15. A). This effect was not observed 

when the same drug concentration was applied while recording non-acclimated POALepR neurons (Figure 

2.15. A). E-4031 affected pseudoRMP of the POALepR neurons by decreasing it significantly in both NA and 

LTA conditions (Figure 2.15. B). Interestingly, this reduction was not enough to induce AP FF in both 

conditions. The drug did not affect the CV (ISI) of POALepR neurons (Figure 2.15. C), unlike bursts and 

oscillations observed when blocking the Kv7.2 channel (Figure 2.13). Figure 2.15. D) shows example AP 

traces from each condition with and without E-4031. The increase in AP FF after blocking Kv11.1 could 

point to the role of this ion channel in AP FF of POALepR neurons during heat acclimation. Similar to the one 

of Kv7.2, it could serve as a break to the exaggerated firing of POALepR neurons during heat acclimation. 

Although, it seems the mechanism by which this channel is participating in shaping the anatomy of AP is 

different as it does not usurp the regularity of AP firing but it affects the frequency by other means.  

Further on, I also tested the effect of NS-1643 

(N,N'- Bis[2- hydroxy- 5- (trifluoromethyl)phenyl]urea), a Kv11.1 opener (Elmedyb et al., 2007), on firing 

frequency, RMP, and CV (ISI) of POALepr neurons in LTA condition (Figure 2.15. E), F), G). The drug did not 

affect any of the analyzed electrophysiological variables of POALepR neurons in the LTA condition. I did not 

test its effects in the NA condition. Figure 2.15. H) shows example AP traces from each tested condition 

with and without NS1643. Again, the lack of the observed effect of an activator might be due to technical 

reasons such as the concentration being too low to achieve the effect or because the additional opening 

of the drug does not affect POALepR neurons. 
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Figure 2.15. Kv11.1 (Kcnh2) ion channel pharmacology in POALepR neurons 
(A) Effect of 10 μM E4031- Kv11.1 (Kcnh2) channel blocker on firing frequency (FF (Hz)) of Lepr+ (HTB) neurons 

measured by whole cell current clamp in acute brain/POA slices obtained from NA (Non-acclimated), STA (Short-term 

acclimated), LTA (Long-term acclimated) LeprCreHTB mice. Statistics is calculated with 1 way ANOVA non-parametric 

Kruskal-Wallis, Dunn’s multiple comparisons test. NA:LTA ****p<0.0001, NA:NA+ E4031 NS. p>0.9999, 

NA:LTA+E4031 ****p<0.0001, LTA:NA+E4031 **0.0059; LTA:LTA+ E4031 * p>0.0357; NA+ E4031:LTA+ E4031 **** 

p<0.0001. NA (mean±SD= 1.859 ± 3.284, N=7, n=64), LTA (mean ± SD=8.713 ± 6.861, N=3, n=43), NA+E4031 (mean ± 

SD=2.918 ± 5.068, N=2, N=16), LTA+ E4031 (mean ± SD=13.86 ± 5.273, N=3, n=23). (B) Effect of E4031 – Kv11.1 (Kcnh2) 

channel blocker on pseudo resting membrane potential of Lepr+ (HTB) neurons corresponding to cells in (A). Statistics 

is calculated with 1way ANOVA, parametric, Tukey multiple comparisons test: NA:LTA **p=0.0067, NA:NA+E4031 

**p=0.0010, NA:LTA+E4031 **** p<0.0001, LTA:LTA+E4031 *** p=0.0008, NA+ E4031:LTA+ E4031 NS. p=0.3202. NA 

(mean ± SD= -46.25 ± 7.2, N=7, n=64), LTA (mean ± SD= -41.46± 7.701, N=3, n=43), NA+ E4031 (mean ± SD= -38.34± 

8.374, N=2, N=16), LTA+ E4031 (mean ± SD= -34 ± 6.674, N=3, n=23). (C) Effect of E4031 – Kv11.1 (KcnH2) channel 

blocker on coefficient of variation of interspike interval (CV (isi)) of Lepr+ (HTB) neurons corresponding to cells in (A). 

Statistics is calculated with 1 way ANOVA non-parametric Kruskal-Wallis, Dunn’s multiple comparisons test: NA:LTA 

*p=0.0111, NA:NA+E4031 NS. p>0.9999, NA:LTA+E4031 ***p=0.0002, LTA:LTA+ E4031 NS p=0.5568, NA+ E4031: 

LTA+ E4031 ** p=0.0061. NA (mean ± SD= 0.7414 ± 0.5193, N=7, n=41), LTA (mean ± SD= 0.4631 ± 0.4266, N=3, n=40), 

NA+ E4031 (mean ± SD= 0.939 ± 0.7404, N=2, N=11), LTA+ E4031 (mean ± SD= 0.3928 ± 0.6133, N=3, n=22). (D) 

Example traces of action potential firing from 4 conditions above. (E) Effect of 10 μM NS1643- Kv11.1 (Kcnh2) channel 

activator on firing frequency (FF (Hz)) of Lepr+ (HTB) neurons measured by whole cell current clamp in acute 

brain/POA slices obtained from NA (Non-acclimated), STA (Short-term acclimated), LTA (Long-term acclimated) 

LeprCreHTB mice. Statistics is calculated with 1 way ANOVA non-parametric Kruskal-Wallis, Dunn’s multiple 

comparisons test. NA:LTA ****p<0.0001; NA:LTA+NS1643 ****p<0.0001; LTA:LTA+NS1643 NS. p>0.9999. NA 

(mean±SD= 1.859 ± 3.284, N=7, n=64), LTA (mean ± SD=8.713 ± 6.861, N=3, n=43), LTA+ NS1643 (mean ± SD=9.874 

± 7.786, N=3, n=29). (F) Effect of 10 μM NS1643– Kv11.1 (Kcnh2) channel activator on pseudo resting membrane 

potential of Lepr+ (HTB) neurons corresponding to cells in (E). Statistics is calculated with 1way ANOVA, parametric, 

Tukey multiple comparisons test: NA:LTA **p=0.0040; NA:LTA+NS1643 *** p=0.0001; LTA:LTA+NS1643 NS. 

p=0.4076. NA (mean ± SD= -46.25 ± 7.2, N=7, n=64), LTA (mean ± SD= -41.46± 7.701, N=3, n=43), LTA+ NS1643 (mean 

± SD= -39.17 ± 7.465, N=3, n=29). (G) Effect of 10 μM NS1643– Kv11.1 (Kcnh2) channel activator on coefficient of 

variation of interspike interval (CV (isi)) of Lepr+ (HTB) neurons corresponding to cells in (E). Statistics is calculated 

with 1 way ANOVA non-parametric Kruskal-Wallis, Dunn’s multiple comparisons test: NA:LTA **p=0.0014; NA:LTA+ 

NS1643 **p=0.0012, LTA:LTA+ NS1643 NS p>0.9999. NA (mean ± SD= 0.7414 ± 0.5193, N=7, n=41), LTA (mean ± SD= 

0.4631 ± 0.4266, N=3, n=40), LTA+ NS1643 (mean ± SD= 0.3638 ± 0.1952, N=3, n=26). (H) Example traces of action 

potential firing from 3 conditions. Each dot on a boxplot represents a cell, the upper and lower hinge of a box 

represent the first and third quartiles (the 25th and 75th percentiles) and a middle hinge represents the median. The 
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upper and lower whisker extend from their respective hinges to the largest and lowest value no further than 1.5 x 

IQR (inter-quartile range). Data beyond the end of the whiskers are "outlying" points. 

3.4. POALepR NEURONS ARE A PART OF WARM-ACTIVATED POA NEURONS  

Two genes, that have been proposed earlier as markers of POA neurons activated by peripheral 

warmth; warm-activated neurons (WANs), brain-derived neurotrophic factor (Bdnf), and pituitary 

adenylate cyclase polypeptide (Adcyap1 or PACAP) were both significantly upregulated with acclimation 

process (Figure 2.16. A) (Moffitt et al., 2018; Tan et al., 2016). In addition, in 2018, Moffit et al. showed that 

the Lepr gene is expressed in PACAP/Bdnf cluster anatomically overlapping with WANs. To investigate 

therefore if POALepR neurons are part of the WANs population I did the IHC on the POA of LeprCreHTB mice 

challenged with peripheral heat for 4h at 36˚C, and stained with the antibody raised against cFos- an 

immediate early gene produced by active neurons (Morgan et al., 1987) together with an antibody raised 

against the GFP. The heat challenge resulted in an earlier established pattern of cFos immunostaining in 

POA (Scammell et al., 1993; Yoshida et al., 2005; Yu et al., 2016; Y. Zhang et al., 2011; Zhao et al., 2017) 

which was not present in room temperature control mice (Figure 2.16. B; left panel). In addition, 

quantification of GFP (LepR) and cFos overlap after a heat challenge doubled from an average of 30% in 

room temperature control animals to an average of 60% in peripherally warmed animals (Figure 2.16. B; 

right panel), confirming the previous finding of Yu et al. (Yu et al., 2016). Therefore, from these results and 

the knowledge in the literature, I conclude that the POALepR neurons are activated by peripheral warmth. 

In addition, POALepR neurons up-regulate during heat acclimation genes coding for PACAP and Bdnf. The 

role of these neuropeptides is not described in heat acclimation nor is the mechanism by which they 

modulate WANs activity investigated in detail. 
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Figure 2.16. Warming challenge increased % of POALepR expressing immediate early gene cFos 

(A) mRNA expression of Adcyap1 (PACAP) and Bdnf neuropeptides in FACS-sorted and sequenced Lepr+ (GFP+) and 

Lepr-(GFP-) cells. Expression is presented as log2 normalized counts. Statistics were calculated with the DESeq2 

package, Wald test was used for calculating the p-value and Benjamini-Hochberg was used for calculation of FDR 

(false discovery rate)/p-adjusted value; Adcyap1: NA:LTA ****padj. = 9.902491e-05; NA:STA **** padj=3.937078e-

05; STA:LTA NS. padj=1; Bdnf: NA:LTA * padj= 0.02859663; NA:STA p= **padj=0.001344327; STA:LTA p= NS. padj=1. 

Differential expression results are calculated for the difference between GFP+ samples but statistical analysis behind 

it is taking into account expression changes that happen in GFP- samples in each of the acclimation conditions as well. 

The upper and lower hinge of a box represent the first and third quartiles (the 25th and 75th percentiles) and a 

middle hinge represents the median. The upper and lower whisker extend from their respective hinges to the largest 

and lowest value no further than 1.5 x IQR (inter-quartile range). Data beyond the end of the whiskers are called 

"outlying" points. (B) (left panel) Immunohistochemical staining on POA sections obtained from LeprCreHTB mice 
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that were kept at RT only vs. mice that were exposed to 36˚C for 4 h (N=2 vs. N=2) stained against DAPI, GFP, and 

cFos. Images were taken with a confocal microscope, under a 10x objective. Scale bar represents 100 μm .(right 

panel) Quantification of double-positive LEPR (GFP+) neurons co-labeled with cFOS normalized to all LEPR (GFP+) cells 

per section (RT control; n=12, mean±SEM=30,77 ± 3,453 vs 4h at 36˚C n=11, mean±SEM=60,36 ± 4,057). Statistical 

difference between two conditions is calculated by a non-paired, two-tailed T-test **** p<0.0001. Each dot on a 

boxplot represents a quantified section, the upper and lower hinge of a box represent the first and third quartiles 

(the 25th and 75th percentiles) and a middle hinge represents the median. The upper and lower whisker extend from 

their respective hinges to the largest and lowest value no further than 1.5 x IQR (inter-quartile range).  
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4. DISCUSSION 

4.1. RESEARCH BACKGROUND AND SUMMARY OF KEY FINDINGS 

Heat Acclimation is a homeostatic process of adaptation to a novel warmer climate achieved by 

changes in metabolism and cellular signaling (Horowitz 2014). Although the POA is the thermoregulatory 

center in mammals, it is not clear which role it plays in the process of heat acclimation resulting in 

increased heat endurance. My colleagues found that the mice develop larger heat endurance after 

acclimation to 36˚C which also leads to an increase in action potential firing frequency (AP FF) in leptin 

expressing POA neurons (POALepR) (Figure 2.4). The firing of POALepR turned out to be required for the 

development of heat endurance. I speculated that POALepR neurons have to change their molecular make-

up during the heat acclimation to achieve the higher AP FF, potentially leading to improved heat 

endurance. 

In this part of the thesis, I investigated the transcriptomic changes happening in POALepR by RNA 

sequencing approach after isolating neurons by fluorescence-activated cell sorting (FACS), from non-

acclimated (NA), short-term acclimated (STA), and long—term acclimated (LTA) mice. Flow cytometry 

revealed interesting changes in POALepR cellular characteristics during heat acclimation. I found that POALepR 

cells increase in size and granularity during heat acclimation suggesting cellular and molecular changes 

induced by acclimation.  

RNA sequencing revealed that substantial transcriptional changes happen in the POALepR neurons 

in the course of heat acclimation (Figure 2.9). The differential expression analysis has resulted in the 

detection of 386, 562, and 96 differentially expressed genes (DEGs) among NA and LTA, NA and STA, and 

between STA and LTA treatments, respectively. In addition, gene set enrichment analysis (GSEA) of DEGs 

suggests which molecular pathways or gene sets in the POA are changed with acclimation in mice (Figure 

2.10.). These data jointly suggest the acclimation-induced transcriptional changes in POALepR neurons. 

Focusing the attention on the molecules that might change the AP firing of POALepR neurons I have 

more closely investigated DEGs coding for ion channels and subunits known to regulate ion channel 

function. First, the Kcnq2 gene, coding for Potassium Voltage-Gated Channel Subfamily Q Member 2 

(Kv7.2) was found to be upregulated during the course of acclimation (Figure 2.11. A). Applying the 

antagonist of this ion channel in vitro on acute POA slices, interfered with organized AP firing of acclimated 

POALepR neurons, rendering it oscillating and bursty(Figure 2.13.). This finding indicated the potential role 

of Kv7.2 in the acclimation-induced increase of AP FF of these neurons. In addition, DE analysis revealed 

two other genes coding for ion channels to be borderline significantly up-and downregulated during heat 
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acclimation (Figure 2.11. B and C). These two were Kcnn2 (Potassium Calcium-Activated Channel Subfamily 

N Member 2, KCa2.2) and Kcnh2 (Potassium Voltage-Gated Channel Subfamily H Member 2, Kv11.1). 

Pharmacological manipulation of KCa2.2 via agonist resulted in a slight, but significant decrease of AP FF in 

POALepR neurons from LTA condition, which indicates the presence of this ion channel in the POALepr 

neurons in a form of a functional protein (Figure 2.14. A). However, the application of its antagonist, 

apamin, exerted no effect (Figure 2.14. E). On the other hand, the application of the Kv11.1 antagonist 

increased the AP FF of POALepR neurons in the LTA condition, suggesting that this potassium channel might 

play a role in shaping the AP during the acclimation process (Figure 2.15.). 

Moreover, in the RNA sequencing of POALepR cells, I found an increase in the expression of genetic 

markers of warmth-activated neurons (WANs) (Tan et al., 2016), Pacap, and Bdnf, with the course of heat 

acclimation (Figure 2.16. A). Indeed, acute warmth stimulation has resulted in augmented cFos expression 

in POALepR neurons, recapitulating the results of others (Yu et al., 2016) (Figure 2.16. B) This result suggests 

that LepR expressing neurons are part of the WANs population in the POA.  

4.2. ANATOMICAL DISTRIBUTION OF LEPR NEURONS IN THE POA  

I have analyzed the distribution of LepR expressing neurons in the POA in the LeprCreHTB mouse 

line where the Lepr Cre line is crossed by an HTB reporter line. I did immunohistochemistry in POA sections 

by staining against GFP and neuronal marker NeuN (Figure 2.6).  

Previously, others have investigated the anatomical distribution of LepR in mouse and rat brains 

(Elmquist et al., 1998; Leshan et al., 2006; Scott et al., 2009). Although in those works POA has been 

proposed as one of the brain regions expressing a long-form of leptin receptor (LepRb) I wanted to further 

study the detailed distribution of Lepr expressing neurons in the mouse line we used for our experiments. 

I have found LepR neurons spreading almost throughout the whole POA starting at Bregma 0.38 to Bregma 

-0.10 with the highest number of GFP+ found in the region of MPA and MnPOA. The overlap of the GFP 

(LepR) signal with NeuN varied from one POA section to another, and the average overlap of Lepr+Neun+ 

cells was 80%. Leptin receptor expression in MnPOA neurons was shown previously but in that work 

quantification of GFP (LepR) and NeuN overlap in the POA was not quantified (Y. Zhang et al., 2011). The 

goal of this experiment was also to compare the number of Lepr neurons in the POA between non-

acclimated and long-term acclimated conditions. In the IHC analysis of the overlap of GFP (LepR) and NeuN, 

I did not find a significant difference in the number of double-positive cells between the two tested 

conditions (Figure 2.6. C). In addition, the anatomical distribution of these cells appeared the same in the 

POA tissue from non-acclimated and acclimated mice (Figure 2.6. B).  
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The other 20% of LepR/GFP signal, which did not overlap with NeuN, might be because of the low 

expression of NeuN in those cells. The analysis was done by the NIS-elements algorithm for cell counting 

(Nikon Instruments Inc) which entails subjective thresholding of a fluorescent signal which sometimes 

might miss put on faint signals.  

Alternatively, it could be that this 20% of POALepR cells (or a fraction thereof) are not neurons but 

other cell types in the preoptic area. Single-cell RNA sequencing (scRNA-seq) of LepR expressing cells from 

the hypothalamus has shown that LepR neurons can be divided by their transcriptome into 8 neuronal and 

17 non-neuronal clusters, mainly tanycytes and endothelial cells (Kakava-Georgiadou et al., 2020). Of all 

the sequenced cells about 45% were classified as neurons based on the expression of neuronal markers 

Mapt (Microtubule Associated Protein Tau) and Tubb3 (Tubulin Beta 3 Class III) while the rest were 

assigned to non-neuronal cell types. It is worth noting that hypothalamic tissue used for sorting cells in 

that work also encompassed the POA (information obtained from the authors of the work). However, since 

the POA is a small portion of the whole hypothalamus it is hard to know how many cells, and therefore 

transcripts of LepR gene, are coming from POA in this data set. 

The role of the preoptic area of the hypothalamus in thermoregulation was discovered a long time 

ago, and yet the molecular make-up of this region is unknown. Defining LepR neurons as part of the POA 

neuronal population has already been done by others (Yu et al., 2016; Y. Zhang et al., 2011) but here I 

provided a more detailed anatomical position of LepR neurons across the POA anterior-posterior axis. 

4.3. FACS SORTING AND BULK RNA SEQUENCING OF POALEPR NEURONS FROM NON-

ACCLIMATED, AND ACCLIMATED MICE 

To collect as many as possible POALepR cells, I implemented a protocol of adult neuron dissociation 

(Moffitt et al., 2018) which resulted in an increase in cell survival after POA tissue dispersion. In the adult 

mouse brain tissue extracellular matrix is mainly consisted of chondroitin sulfate proteoglycans and it 

forms a structure called perineuronal nets which increase in abundance during mouse aging (Horii-Hayashi 

et al., 2015). Disturbing this extracellular matrix when triturating the brain tissue might cause damage to 

neurons and result in low neuronal survival. In all my FACS sorting experiments, the number of living cells 

as marked by propidium-iodide staining was consistent (60%-90%) among samples coming from different 

acclimation treatments suggesting that acclimation did not affect cell survival (Figure 2.7. B). 

Interestingly, what was affected by acclimation treatment was the intensity of GFP fluorescence 

(Figure 2.7. D; left panel). The HTB line is constructed by cloning a tricistronic open reading frame 

containing Histone-2B-GFP, TVA, and B19 glycoprotein separated by 2A cleavage sequences into a Rosa26 
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targeting vector. The vector also contained a CAG promoter, cytomegalovirus (CMV) enhancer, fused to 

the chicken beta‐actin promoter serving as an artificial way to increase levels of gene expression and a 

stop signal flanked by LoxP sites (Figure 2.3.; panel l) (Y. Li et al., 2013). It has been shown that GFP intensity 

can increase due to CAG promotor temperature sensitivity (Yuanyuan Doua, 2021). Nevertheless, it is hard 

to extrapolate this finding made on the HEK cell expression system to the whole mouse. In addition to 

that, temperature sensitivity in that work was not tested by increasing the temperature but by decreasing 

it. It would be interesting to know whether CAG promotor affects GFP expression due to temperature 

increase.  

Further on, it has been shown that heat acclimation at 32 ̊ C increases the proliferation of neuronal 

progenitor cells in the hypothalamus of rats (Matsuzaki et al., 2009). The number of bromodeoxyuridine 

(BrdU) positive cells was significantly increased in the hypothalamus of heat-exposed rats, and the number 

of BrdU+/NeuN+ cells increased at 43 days of heat exposure. Therefore, the increase of the GFP 

fluorescent intensity might be a sign of enhanced transcription following heat acclimation, or of the 

acclimation-induced proliferation of the stem cells present in the adult mouse hypothalamus.  

In addition, I observed an increase in size (FSC) and granularity (SSC) of the POALepR cells dispersed 

from the POA tissue of the STA and LTA mice in comparison to cells from POA of NA mice (Figure 2.7. D; 

middle pannels). It was shown that some cells exposed to hyperthermia increase the cell size and 

granularity at the start of apoptosis (Lyon et al., 2021). The gene pathway analysis of POALepR cells has 

shown induction of apoptosis pathway after acclimation treatment. Therefore a plausible explanation for 

the increase in FSC and SSC of POALepR cells after acclimation might be the induction of apoptotic pathways 

due to potential DNA damage occurring during heat acclimation which as previously discussed by others 

(Horowitz et al., 2004).  

Moreover, the number of surviving POALepR cells was the lowest in STA samples in comparison to 

both, NA and LTA (Figure 2.7. D; right panel). I hypothesize that the DNA damage is increased during the 

early acclimation period when animals are habituating to the novel environment and therefore it could be 

that the POALepR cells are also more sensitive to dissociation from the tissue. It has been found that STA is 

the important phase of heat acclimation as a period when an organism is experiencing the change for the 

first time and that genes related to DNA damage and cellular stress are higher in this phase of acclimation 

(Horowitz et al., 2004). In addition, it could be that the protocol I used for heat acclimation is quite harsh 

on the general health of animals as it entails an abrupt and drastic change of the environmental 

temperature of about 12 ˚C (change from standard housing room temperature of 23 ˚C to 36˚C). The STA 

phase may be a period when an animal goes through the process of extreme metabolic demands to adapt 
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to a novel environment and therefore the neurons' sensitivity to heat stress is also higher which changes 

once the acclimated phenotype is reached (as in the LTA). 

In concordance with this, RNA quality from STA samples was compromised in comparison to the 

other two conditions (Figure 2.8. B). RIN numbers which represent the integrity of isolated RNA were low 

only in the RNA isolated from STA samples indicating that these samples were of lower quality than the 

others(Masotti & Preckel, 2006). Nevertheless, I still included these samples in the sequencing as the cDNA 

resulting from these was of good quality. 

Next, to verify if FACS sorting of POALepR cells was specific enough to isolate POALepR neurons for 

RNA seq according to GFP fluorescence and PI staining, I checked for the expression of Egfp and Lepr 

transcripts in the GFP+ and GFP- sample pairs sorted according to GFP fluorescence signal (Figure 2.8. E). It 

turned out that samples sorted as GFP- had both Egfp and Lepr genes expressed, although by 6 and 22 fold 

higher in GFP+ samples than in the GFP- ones. It was previously shown that the Lepr-Cre line we use in our 

experiments induces GFP expression in 81% of functional Lepr neurons in the lateral hypothalamus 

(Leinninger et al., 2009). Likely due to the Cre-recombination efficiency the other 19% of Lepr-Cre neurons 

fail to express GFP. Therefore, it might have been that some neurons in GFP- samples still had Lepr 

transcript and therefore I found counts of Lepr transcript in those. Moreover, it might as well be that some 

GFP+ neurons were gated in FACS sorting falsely as GFP- due to low expressing EGFP signal and this is why 

we see Egfp and Lepr transcripts in GFP- samples. 

In addition, dissociation of neurons from their native environment might have consequences on 

their health status and therefore on their transcriptome. Nevertheless, others have implemented brain 

tissue trituration to successfully isolate neuronal populations of interest to perform RNA sequencing (Ding 

et al., 2020; Saxena et al., 2012; Tasic et al., 2016). Here I showed that I was able to dissociate POA of adult 

mice and isolate a small cell population (<1% of total living cells) of POALepr cells for RNA sequencing by 

using Cre dependent GFP reporter system. 

4.3.1. Differential expression and gene set enrichment analysis of RNA-seq data 

Principal component analysis (PCA) shows which are the variables in the data set carrying the most 

variance (Pearson, 1901). The PCA of the RNA-seq data I obtained suggests that the two principal 

components carrying the main variability of the RNA-seq data set are the GFP phenotype and the 

acclimation treatment (Figure 2.9. A). These are bringing 81% and 3% of the variance, respectively. PCA 

graph shows that samples are separated primarily according to GFP phenotype, and then GFP+ samples 
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are separated according to acclimation treatment. As expected, this suggests that the difference among 

the samples is due to the GFP phenotype being larger than the ones caused by acclimation treatment. 

To find the genes that are coding for the differences among acclimated and non-acclimated 

POALepR neurons I performed a differential expression (DE) analysis of the genes in the RNA-seq data of the 

NA, STA, and LTA samples (Love et al., 2014). The statistics behind the DE analysis in DESeq2 were designed 

to look at the changes which are happening specifically in the GFP+ samples during acclimation. Looking at 

the changes that happen in both GFP+ and GFP- samples might show interesting things about how 

acclimation affects POA globally, but not in LepR expressing neurons specifically, and that is where we see 

the increase in AP FF. This type of DE analysis among GFP+ samples revealed 386 significantly differentially 

expressed genes (DEGs) when comparing the NA and LTA conditions, 562 DEGs between NA and STA 

conditions, and 96 DEGs between STA and LTA. If the number of changed genes is taken into the account, 

it seems as if there is more of a change in the transcriptome level during the STA than during the LTA. This 

might again point out the fact that during the STA animals might be going through a more drastic change 

that helps to reach the acclimated phenotype in the LTA. 

In addition, the heat map presenting the top 50 DEGs from each comparison (Figure 2.9. B) 

revealed that the main transcriptome differences in the obtained samples are coming from the GFP 

phenotype. Additionally, it showed that the transcriptome differences between GFP+ samples are 

dependent on the acclimation treatment The same conclusion can be drawn if looking at the PCA analysis 

(Figure 2.9. A). 

Further, I analyzed gene pathways activated or suppressed during heat acclimation by gene set 

enrichment analysis (GSEA) on DEGs (Figure 2.10.). Most of the pathways were common to both NA to STA 

and NA to LTA comparisons. One of these was the gene set defining the hypoxia pathway that showed to 

be upregulated. Genes connected to this pathway, such as HIF1-α (Hypoxia-inducible factor 1-alpha), were 

previously found to be increased in the hearts of heat acclimated rats (housed at 34 ˚C for 30 days) 

(Maloyan A et al. 2005). HIF1-α was suggested to play a role in acclimation-induced cross-tolerance to 

other novel stressors, in this particular work to ischemic heart injury. The hearts of heat acclimated rats 

showed higher levels of HIF1-α and less damage induced by ischemic injury. 

On the other hand, one of the pathways specific to NA to STA comparison, and not found by 

analyzing DEGs from NA to LTA comparison was the protein secretion pathway (Figure 2.10.A). The 

increase in protein secretion might suggest higher neurotransmitter release since neurons follow the same 

mechanism of protein secretion as other eukaryotic membranes (Bajjalieh Sandra M. & Scheller Richard 

H., 1995). Moreover, these results agree with the data obtained by the cDNA array of rat hypothalamus 
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during STA and LTA, where upregulation of genes coding for neurotransmitter release and neuron 

excitability was observed (Horowitz, 2007; Schwimmer et al., 2004). 

On the other hand, IL6 JAK/STAT signaling pathway, Interferon-α, and Interferon-γ signaling were 

upregulated specifically in DEGs set coming from NA to LTA comparison (Figure 2.10.B). An increase in 

interleukins and other cytokines was found in rats' hypothalamus after LTA, where 50% of upregulated 

genes were associated with immune response pathways (Schwimmer et al., 2006). These pathways might 

suggest that heat acclimation presents a strain on the organism which causes inflammatory and immune 

responses to rise (Boehm et al., 1997; Platanias, 2005; Schaper & Rose-John, 2015). In addition, an increase 

in the immune responses following heat acclimation has been correlated to neuroprotection mechanisms 

in traumatic brain injury (Shein et al., 2007). How exactly these immune pathways play a role in heat 

acclimation and perhaps as well in heat endurance of the mice following heat acclimation need to be 

further elucidated. 

A Common downregulated pathway in both STA and LTA was oxidative phosphorylation (Figure 

2.10.). Mitochondrial function was previously shown to change during heat acclimation by decreased 

oxygen consumption and oxidative complex activity (Assayag et al., 2012; Cassuto, 1968). The reduction 

of oxidative phosphorylation during heat acclimation goes hand in hand with reduced metabolic rates and 

the need of the organism to reduce any heat production (Sawka, Michael N. et al., 2011). On the other 

hand, due to the increase in AP FF, one would expect that POALepR neurons require higher ATP production 

and therefore higher rates of oxidative phosphorylation (Hall et al., 2012; Özugur et al., 2020).  

RNA seq of POALepR neurons has discovered hundreds of DEGs among acclimation conditions. 

These genes provide insight into cellular and metabolic signaling pathways that are perturbed during heat 

acclimation and investigating these might bring novel findings on what facilitates heat acclimation. 

Moreover, they provide us a basis to investigate potential molecules mediating AP FF increase, which I 

believe is important for increased heat endurance of acclimated animals.  

4.4. PHARMACOLOGY OF POTASSIUM ION CHANNELS IN LEPR POA NEURONS 

While thinking about which proteins might induce AP FF to increase during heat acclimation or 

modulate heat acclimation phenotype, I hypothesized that proteins that play a role in that process should 

have something to do with the membrane properties of the neurons. Since my colleagues have 

demonstrated that the firing of the acclimated POALepR neurons is the intrinsic property of these neurons, 

not abolished by the application of synaptic blockers (Figure 2.4. E), it added another reason to believe 

that inherent change in the membrane of these neurons is modulating the increase in AP FF. Literature 
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provides several examples where ion channels are shown to be modulating long-lasting phenotypes such 

as the Nav1.7 ion channel in integrating synaptic inputs in AGRP, POMC, and PVH neurons controlling the 

body weight homeostasis (Branco, 2016), which, interestingly, is a neighboring hypothalamic brain region 

interconnected with the POA. Therefore, I decided to focus on ion channel genes as potential molecules 

that mediate an increase in the firing frequency of POALepR neurons during heat acclimation and potentially 

play a role in achieving an acclimated phenotype. I checked the expression of all 180 genes coding for ion 

channels and found Kcnq2 (Potassium Voltage-Gated Channel Subfamily Q Member 2, Kv7.2) ion channel 

to be significantly upregulated when comparing samples from NA to STA and NA to LTA (Figure 2.11. A). 

The other two ion channels I found to be borderline significant between non-acclimated and long-term 

acclimated conditions only were Kcnn2 (Potassium Calcium-Activated Channel Subfamily N Member 2, 

KCa2.2) (downregulated)and Kcnh2 (Potassium Voltage-Gated Channel Subfamily H Member 2, Kv11.1) 

(upregulated) (Figure 2.11. B and C). 

Being that only one potassium channel (Kcnq2) was significantly increased during the heat 

acclimation, it made an obvious candidate to further test my hypothesis that it might play a role in AP FF 

of LepR neurons in the POA. As the power to detect molecules in RNA-seq depends on their abundance 

and their length, but also the achieved sequencing depth, RNA-seq can be a technique prone to zero reads 

for rare events (Sims et al., 2014). Therefore, I was keen on testing two additional potassium channels 

which did not significantly change their expression during heat acclimation but were borderline significant 

and followed the acclimation length with the change in their expression (Kcnh2 and Kcnn2). Moreover, the 

trend of expression increase and decrease of Kcnh2 and Kcnn2, respectively, recapitulated the 

advancement of the acclimation process. 

To test the function of the ion channel proteins that those three genes are coding for in AP firing 

of the POALepR neurons during heat acclimation, I used the whole-cell patch-clamp electrophysiology 

(Ephys) and different pharmacological agents to block or activate the ion channels. Before doing that, I 

first had to recapitulate the finding of my colleagues that POALepR neurons increase firing frequency during 

heat acclimation. In the whole-cell current-clamp measurements, I could recapitulate the finding of a 

significant increase in the firing frequency of POALepR neurons in STA and LTA conditions when compared 

to AP FF in NA conditions. On the other hand, I did not find a significant difference in POALepR AP FF between 

STA and LTA conditions. What could cause this discrepancy between the results of me and my colleagues 

is the day longer heat acclimation I used in STA. I recorded neurons on the 5th day of heat acclimation, the 

same as I did for the collection of the samples for FACS sorting and RNA sequencing, and my colleagues 

did the recording on the 4th day of heat acclimation. Since it seemed to me from their FF results that the 
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difference between NA and STA was not yet that large, I considered a day longer STA to be beneficial for 

capturing more robust transcriptomic differences between NA and STA conditions. As I did not perform 

heat endurance with 5 days acclimated animals I cannot say either if their heat acclimation was improved 

even more in comparison to 4 days acclimated animals, or if it was on the same level as the one from 

≥4week acclimated animals. Additionally, although there is not much difference in AP FF of POALepR 

neurons from the STA and LTA conditions (Figure 2.12. A), RNAseq has detected transcriptomic differences 

between samples coming from these conditions. (Figure 2.9. B). It would be interesting to explore what 

these particular genes code for as that could give us a clue about the physiological processes happening 

to mice at the STA leading them to a full acclimated condition when the heat endurance is drastically 

improved. Perhaps these processes are equally important or additive to increased AP FF in POALepR neurons 

for achieving heat acclimation. 

Next, I decided to test if ion channel candidates are present on the protein level in POALepR neurons 

and if these indeed have a function in AP FF during heat acclimation. 

4.4.1. Kcnq2 (Kv7.2.) 

The first candidate, the Kv7.2 channel is known to mediate M currents together with its 

counterpart Kv7.3 (H. Wang, 1998). M current mediates subthreshold excitability of neurons and regulates 

their firing properties and responsiveness to synaptic inputs (H. S. Wang & McKinnon, 1995). Activation of 

M current during the initial stage of an action potential suppresses propagation of consecutive action 

potentials and abbreviates the duration and frequency of the spike train induced by sustained 

depolarization (Brown & Passmore, 2009). It has also been shown that Kv7 channels play a role in neuronal 

firing by modulating several components of action potential; resting membrane potential through the 

opening at low subthreshold membrane voltages and mediating inactivating persistent current; interspike 

interval by increasing it in high-frequency firing neurons; and afterhyperpolarization by contributing to the 

medium afterhyperpolarization together with SK channels but potentially to slow afterhyperpolarization 

as well (Greene & Hoshi, 2017). In addition, it has been found that these channels contribute to increased 

Nav channel availability in the nodes of Ranvier, enhance action potential conductance, and promote 

action potential spiking revealing the fact that the function of Kv7.2 and Kv7.3 heteromers can be context 

and location-dependent (Battefeld et al., 2014)  

Loss of function mutations in Kv7 channels is involved in benign familial neonatal convulsion, and 

common idiopathic epilepsy (Charlier et al., 1998; Singh et al., 1998). However, a study using conditional 

knock-out mice has shown that abolished M current in Kv7.2 deficient neurons but not in Kv7.3, showing 
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that Kv7.2 might mediate M current without the Kv7.3 (Soh et al., 2014). In addition, increased Kcnq2 mRNA 

levels have been shown in pyramidal neurons after chemoconvulsant induction of seizures showing that 

Kcnq2 might be upregulated in the hyper-excited neurons (Carver et al., 2020).  

Therefore, I hypothesize that the increase in expression of Kv7.2 mRNA levels during heat 

acclimation (Figure 2.11. A) helps to stabilize the already significantly increased firing frequency of POALepR 

neurons by counterbalancing the excitability of these neurons. 

I have found that the application of ML252, an antagonist of Kv7.2, causes a dramatic and sudden 

shift from regular to the irregular firing of the neurons accompanied by oscillations in resting membrane 

potential (RMP) (Figure 2.13.). Blocking of Kv7.2 rendered POA neurons more depolarized by increasing 

the RMP (Figure 2.13. B) and it has increased the coefficient of variation of interspike interval (CV(ISI)) 

(Figure 2.13. C). This result is in concordance with the literature showing the role of the Kv7.2 in action 

potential firing regularity (Greene & Hoshi, 2017). Moreover, it has been shown that Kcnq2 null mice show 

increased AP FF after the current injection (Niday et al., 2017). This finding suggests that the increase in 

mRNA levels we see during heat acclimation might serve as a protection mechanism for POALepR neurons 

not to go overboard with firing and to protect them from hyper-excitability. It was shown that the increase 

in Kcnq2 mRNA expression levels caused by the hyper-excitability stimulus was transient and gone after 

the stimulus stops persisting (Carver et al., 2020). It would be interesting to see if the firing properties of 

the POA neurons followed by the application of the Kv7.2 blocker would be gone after the acclimated 

animal has been returned to a room temperature environment. This would potentially show that the 

increase in mRNA of Kv7.2 serves to shape and control AP firing during acclimation which without the 

increase in this channel might have become erratic and out of control.  

The results I obtained by applying the Kv7.2 blocker, suggesting that it plays a role in shaping the 

action potential firing of POALepR neurons in long-term heat acclimation. However, to prove or disprove its 

role in heat endurance increased by heat acclimation one should knock out or knock down this gene in 

POALepR neurons specifically. In addition, although ML252 blocker application shows the effect on AP firing 

of POALepR neurons, and this blocker exhibits >40 fold selectivity for Kv7.2 over other Kv7 channels, it would 

be beneficial to also measure M currents during heat acclimation to prove that these are increased during 

the heat acclimation (Cheung et al., 2012). This would confirm the specificity of the expression increase 

found by RNA sequencing and the effect of the antagonist. 
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4.4.2. Kcnn2 (KCa2.2) 

A member of the SK (slow-conductance calcium-activated) channel family, the KCa2.2 (SK2) 

channel, is known to participate in mediating medium afterhyperpolarization (mAHP) of an action 

potential (Bond, 2004). It has been shown in Purkinje cells that the application of SK channel blocker 

apamin mimicked an increase in cells' excitability by reducing the AHP amplitude (Belmeguenai et al., 

2010). In RNA sequencing of the POA LepR neurons, we see a decrease of KCa2.2 mRNA with a log2-fold 

change of -2.03 between NA and LTA conditions (Figure 2.11. B) and we do see an increase in firing 

frequency with acclimation. If the expression of this channel plays a role in the firing properties of POALepR 

neurons it would most probably prolong the afterhyperpolarization phase and therefore slow down the 

firing of a neuron. In the whole-cell patch-clamp experiments I applied the SK2 channel activator CYPPA in 

the ACSF. CYPPA has significantly reduced the firing frequency of POALepR neurons in the LTA condition 

(Figure 2.14. A). Therefore, the reduction of AP FF after CYPPA application suggests that the KCa2.2 channel 

is present in the POALepR neurons as the functional protein. Importantly, CYPPA affects the SK3 channel as 

well so the effect observed might be due to the effect of CYPPA on SK2 and SK3 channels together 

(Hougaard et al., 2007). I did not observe hyperpolarization of POALepR neurons when applying the 

activator, which is expected to have happened if it increased AHP. Nevertheless, to see whether CYPPA 

exerted its effect through SK-mediated AHP I should measure AHP amplitude specifically. 

Contrary to CYPPA, the application of general SK blocker apamin (Stocker et al., 1999) did not 

affect the firing frequency of POALepR neurons or any other measured parameter (Figure 2.14. E-G). This 

result might suggest that blocking SK channels, and by that mAHP, is not affecting the intrinsic firing of 

POALepR neurons. It could as well be that application of 300 nM apamin was too low a concentration to 

reach POA neurons in ex vivo slices to exert its action, and therefore I did not observe any effect on the AP 

firing. 

Moreover, as the mRNA sequencing has shown, the levels of Kcnn2 are higher in the non-

acclimated condition. That is why I would expect also a larger effect of both drugs, CYPPA, and apamin, in 

the non-acclimated cells. However, the effect of the CYPPA was seen only in POALepR neurons after 

acclimation (LTA condition), and the apamin effect was absent in both NA and LTA conditions. To disprove 

or prove that SK2 is playing a role in the increase of the POALepR neurons AP FF I should measure the 

currents mediated by this channel, or mAHP while applying as specific blockers as possible.  
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4.4.3. Kcnh2 (Kv11.1) 

The third ion channel gene found borderline significant in the RNA-seq of POALepR neurons was 

Kcnh2 coding for Kv11.1 (Potassium Voltage-Gated Channel Subfamily H Member 2; Ether à go-go-related 

gene; erg1) (Figure 2.11. C). In neurons, erg channels mediate a small persistent current near the resting 

potential. Interestingly, dependent on the cell type, blocking erg channels results in different outcomes; 

in some neurons, such as vomeronasal neurons, the antagonist decreases firing frequency, and in others, 

such as mitral cells, it depolarizes cells and increases firing frequency (Hirdes et al., 2009; Niculescu et al., 

2013). Consistent with the latter, the blocker of the Kv11.1 ion channel, E-4031, increased AP FF of POALepR 

neurons in LTA conditions, and it increased RMP of neurons in both NA and LTA conditions without 

affecting CV (ISI) (Figure 2.15.). This result suggests that the POALepR neurons express Kv11.1 on a protein 

level and that this ion channel might participate in shaping action potentials in the POALepR neurons 

potentially in a similar manner as the Kv7.2 ion channel by counteracting their hyperexcitability. It is 

however worth noting that although some papers present E-4031 as a Kv11.1 specific antagonist, others 

have found it equally potent in blocking the other members of its family as well (Kv11.2 and Kv11.3) (Shi et 

al., 1997) so the effect observed might be coming from this drug affecting other proteins as well. 

The interesting finding is that E-4031 increased the RMP in both NA and LTA neurons, but the AP 

FF increased by blocking this channel only in the LTA condition. The reason for this might be the expression 

of other ion channels that changes after heat acclimation. Therefore, it may be that, apart from the 

potassium channels, which I found differentially expressed after heat acclimation, other ion channels are 

contributing to the modulation of heat-acclimation-induced increase of AP FF in POALepR neurons together 

with Kv11.1 and Kv7.2.  

In addition, Kv11.1 activator NS-1643 did not affect AP FF, RMP, or CV (ISI) in POALepR neurons 

(Figure 2.15.). However, I could not find many papers that could serve as an example of applying this drug 

in acute brain slices or neurons in general as the majority of papers I found show application in 

heterologous expression systems (Dierich et al., 2018; Elmedyb et al., 2007, 2007). Therefore, it might be 

that the absence of the drug effect is technical and the concentration I used was too low to reach the cells 

in acute brain slices or that this drug is not suitable for this type of application. Besides that, it could be 

that activating Kv11.1 would not necessarily have the opposite effect as blocking it. Since it is a channel 

open almost constantly close to the resting membrane potential, perhaps augmenting its open state would 

be redundant for neuronal firing. 

To conclude, all three ion channel candidates code for potassium channels playing role in neuronal 

afterhyperpolarization (Kcnn2 and Kcnq2 (Greene & Hoshi, 2017; Pedarzani et al., 2005),) or neuronal 
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excitability (Kcnn2, Kcnq2, and Kcnh 2(Carver et al., 2020; Cui & Strowbridge, 2018; Pedarzani et al., 2005)) 

by slowing down or abolishing the evoked neuronal AP firing. Therefore, at the first glance, one would 

expect these genes and their proteins to be down-regulated in POALepR neurons after heat acclimation for 

their AP FF to be increased. Only, Kcnn2 (KCa2.2) has been found down-regulated by heat acclimation, 

whereas the other two ion channels Kcnq2, and Kcnh2 are found up-regulated (Figure 2.11). The up-

regulation of the other two is a bit surprising at first but on the other hand work of others has proven that 

in some contexts role of the potassium channels might be diverse and modulate neuronal firing in a 

manner opposite to the expected. For example, Kv7.2/7.3 channels increase sodium channel availability in 

the node of Ranvier and induce the amplitude of action potential (Battefeld et al., 2014). In addition, 

blocking the Kv11.1 channel in Purkinje cells reduces the RMP of a neuron and increases FF (Sacco et al., 

2003). Overall, it will be interesting to further test the physiology of these ion channels in POALepR neurons 

during heat acclimation and to see how exactly they contribute to the AP of these neurons. 

4.5. POA LepR NEURONS ARE A PART OF WARM-ACTIVATED POA NEURONS  

Among other interesting genes that I found in the POALepR RNA sequencing, brain-derived 

neurotrophic factor (Bdnf) and pituitary adenylate cyclase polypeptide (Adcyap1 or PACAP) genes were 

both significantly upregulated with the acclimation process (Figure 2.16).  

These two genes are widely accepted in the field of thermoregulation to be markers of POA 

neurons acutely activated by peripheral warmth - warm-activated neurons (WANs) (Siemens & Kamm, 

2018; Tan et al., 2016). Moreover, in situ hybridization combined with RNA sequencing has revealed 14 

different clusters of Adcyap1 and Bdnf neurons in POA, one of which was anatomically recapitulating the 

location of previously defined WANs and contains neurons expressing the LepR gene (Moffitt et al., 2018). 

Current literature suggests that Pacap and Bdnf are expressed more broadly in POA than the LepR and 

that POALepR is a subpopulation of WANs (Hrvatin et al., 2020; Moffitt et al., 2018; Upton et al., 2021). 

Moreover, Yu et al. showed that the number of POALepR neurons expressing cFos doubles upon peripheral 

warming (Yu et al., 2016).  

To verify if POALepR neurons express immediate early gene cFos upon peripheral warming, I did the 

IHC on the POA tissue of LeprCreHTB mice challenged with peripheral heat for 4h at 36˚C. Overlap of GFP 

neurons and cFos expressing neurons in the POA tissue doubled from room temperature treated mice to 

peripherally warm (36˚C) -stimulated ones(Figure 2.16. B; right panel). Thus, POALepR neurons seem to 

receive input from the periphery and to be part of WANs labeled by genetic markers such as PACAP and 

Bdnf. It would be interesting to see how many POALepR which are activated by acute warmth (WANs) 
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increase their AP FF during heat acclimation and estimate if these physiological properties belong to the 

identical LepR neuronal population. 

4.6. LIMITATIONS OF THIS STUDY 

Together with FACS sorting and RNA sequencing I was able to explore the transcriptome of POALepR 

neurons and the transcriptomic differences they might exhibit during the heat acclimation process. Even 

though the crossing of the HTB reporter mouse line with the LeprCre line two mouse lines made it possible 

to visualize LepR cells in POA, we should not ignore the fact that labeling of Lepr cells in this way is not 

neuronal-specific. Cre recombinase is inserted into the 3’UTR region of the Leprb exon, and HTB in the 

Rosa26 locus (Leshan et al., 2006; Y. Li et al., 2013). The IHC staining in the POA tissue of LeprCre/GFP cells 

where I quantified GFP/NeuN overlap showed that on average 18% of cells did not express neuronal 

marker. In addition, it could be that the bulk of cells sorted for sequencing contained RNA from other cell 

types. On the other hand, in Ephys recordings of POALepR neurons in acute brain slices of LeprCre line, a 

large majority of the cells (exact proportion not calculated) fired action potentials showing that these 

indeed are neuronal cells. Furthermore, cell trituration from the native tissue and FACS sorting can cause 

changes in the transcriptome levels which then might cause confounding effects in the sequencing (van 

den Brink et al., 2017). On the contrary, other studies have shown that certain technical aspects of FACS 

machines, such as nozzle size and sample pressure, UV exposure, and instrument type, have minor effects 

on downstream applications such as RNA sequencing (Box et al., 2020). However, it is important to note 

that these studies have not tested their parameters on neurons and that it is very likely that these have 

different effects on different cell types. Nevertheless, the results obtained by differential gene expression 

analysis of POALepR neurons transcriptome in different acclimation conditions revealed specific changes in 

these cells due to the acclimation process. In addition, not only the transcriptome of POALepR neurons was 

obtained, but with this data set, we can further explore global changes that acclimation has on the POA of 

mice since we FACS sorted and sequenced bulks of GFP- cells from the region which represent a mixture 

of neurons, glia, and other cell types in the POA. 

Testing the role of ion channels in the POALepR neurons employing pharmacology can have 

disadvantages. Technically, constant drug’ perfusion onto the brain slice containing POA should ensure 

that the drug reaches the neurons I record from and that it exerts its effect. However, the fairest way of 

recording neurons would be recording a neuron before and after a drug application. This is, in most cases, 

difficult as some of the drugs cannot be washed out of the slice, or these would accumulate over time. 

Therefore, paired recordings would entail recording from a very low number of cells in one brain slice, 
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which poses another layer of problems such as a larger number of animals needed in the experiment and 

a reduction of the throughput achieved. In addition, pharmacological agonists and antagonists sometimes 

affect other targets as well, therefore are not specific enough. For example, SK2 antagonist apamin blocks 

the other two channels in the family, its agonist CYPPA affects the SK3 channel as well, and Kv11.1 blocker 

E-4031 affects as well other members of its family (Kv11.2 and Kv11.3) (Grunnet et al., 2001; Hougaard et 

al., 2007; Shi et al., 1997). In addition, the experiments in which I tested the pharmacology of candidate 

ion channels cannot exclude the possibility that the observed effects on AP firing might be a consequence 

of drugs affecting local circuitry in the POA and not only POALepR neurons, as I did not use synaptic blockers 

in the ACSF while recording action potentials. Nevertheless, my colleagues in the lab have measured AP 

FF in the POALepR neurons after acclimation with synaptic blockers (Figure 2.4. E) and have found that the 

firing persists showing that the firing of these neurons, at least after the long-term acclimation, is 

autonomous and not driven by synaptic inputs. 

In addition, some of the drugs did exhibit an effect on AP firing, RMP, and CV (ISI) of POALepR 

neurons, and that provides enough motivation to continue testing the role of these ion channels in heat 

acclimation via other means such as cell-specific knock-down or gene silencing.  

In this study, I used mice approximately 11 weeks old and of both sexes. In this way, I used adult 

animals and I did not bias toward sex differences. However, the influence of heat acclimation, although 

not observed in our laboratory (no data shown), might have different effects on transcriptional changes in 

female and male mice. It has been shown that female mice have a different ambient temperature 

preference than male mice, and female mice were better at withstanding chronic heat exposure (Bridges 

et al., 2012; Kaikaew et al., 2017). In my work, however, I have looked specifically for heat acclimation-

induced changes on the ion channel level, which might cause an increase in AP firing frequency. These 

ionic changes might not be sex-specific, nevertheless, due to the study design, these differences would 

not be captured since I pooled brain tissue from both sexes for obtaining cells for FACS sorting. 

Additionally, an environmental temperature of 36˚C is considered to be a warm environment for 

a mouse (Škop et al., 2020; Tan et al., 2016). Although some places on Earth reach a daily temperature of 

36˚C, it is unusual for the temperatures to stay that high over the whole day and night. Constant 36˚C 

environmental temperatures might present an unnatural environment for a mouse and could cause 

changes in circadian rhythm and metabolism (Eckel-Mahan & Sassone-Corsi, 2013). Therefore, in our 

future experiments, we should consider adopting the protocol of heat acclimation to include day-to-night 

temperature changes to achieve a more natural environment. 
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4.7. STUDY IMPLEMENTATION AND FUTURE RESEARCH 

Isolating neurons from heat acclimated mice and performing RNA sequencing of these cells 

presents a way to detect molecules that change during heat acclimation in POALepR neurons and evaluate 

the role of those molecules in developing acclimation phenotype – the increased heat endurance. In the 

analysis of the RNA-seq data set, I primarily searched for changes happening on the level of POALepR 

neurons and genes coding for ion channel proteins. Further investigation should start by looking at 

differentially expressed genes coding for other types of proteins that might mediate the change happening 

in AP firing in these cells. These might reveal additional roles and mechanisms by which LepR neurons in 

POA play a role in heat acclimation. Moreover, looking into global transcriptomic changes that happen in 

heat-acclimated mice in comparison to short-term acclimated and non-acclimated mice could reveal 

modulations that happen in the POA, the thermoregulatory center, during the acclimation process.  

However, on a more pressing note, I suggest several additional experiments that might improve 

the work presented in this thesis and address above discussed limitations. Our choice for gene candidates 

which might mediate action potential firing is based on differential expression analysis of RNA-seq data 

that, as discussed above, might be biased towards high expressing molecules shunting therefore detection 

of mRNA from low-expressing genes (Sims et al., 2014). In addition, the RNA-seq performed here was done 

by looking at all polyadenylated mRNA molecules by using oligodT primers (Picelli et al., 2014). It would be 

prudent to verify these RNA-seq data by using a more biased approach such as quantitative polymerase 

chain reaction (qPCR) with specific primers for each of the above-suggested potassium channel genes 

(Kcnq2, Kcnn2, and Kcnh2) and to see whether changes observed with RNA-seq hold in acclimation 

conditions.  

Equally important would be to verify the observations made by Ephys recordings in POALepR 

neurons before and after acclimation:  

 1st to isolate currents mediated by each of the ion channels and see whether these are increased 

or decreased in POALepR neurons and at the same time apply channel agonists and agonists to see 

whether corresponding ionic currents can be modulated in POALepR neurons.  

 2nd to repeat some of the pharmacology experiments with the application of synaptic blockers. 

More specifically, to apply blockers of GABAergic and glutamatergic signaling to confirm that the 

effect of the drug on AP firing was due to a specific and direct effect on recorded POALepR neurons. 

 3rd to investigate the effect that genetic knockdown of most reliable channel candidates has in AP 

firing of POALepR neurons, heat acclimation process, and heat endurance.  
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Moreover, although we have evidence that POALepR neurons receive thermal input from the 

periphery (cFos induction during warmth challenge (Figure 2.16.)) it would be interesting to know how the 

POALepR neurons act on the thermoregulatory circuit level to exert their role in heat acclimation. It would 

be interesting to see if warm-activated POALepR neurons are the same population as the ones increasing AP 

FF during heat acclimation and necessary for heat endurance. Additionally, neuronal tracing of POALepr 

neuron projections and investigations of their post-synaptic relays might help us learn more about the 

thermoregulatory circuit behind heat acclimation in mice.   
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5. MATERIALS AND METHODS  

5.1. ANIMALS 

The following mouse lines were used in this study: LepR-cre (B6.129-Leprtm3(cre)Mgmj/J; The 

Jackson Laboratory, 032457), Rosa26Lox-stop-LoxHTB (The Salk Institute for Biological Studies), Vglut2-cre 

(Slc17a6tm2(cre)Lowl/J; The Jackson Laboratory, 016963). All animal experiments were under the local 

ethics committee and governing body (Regierungspräsidium Karlsruhe, Germany) and were approved 

under protocol numbers: T-05/21, G-169/18, G-223/18, and G-181/21. Mice were housed at room 

temperature (23 ± 1°C; unless specified otherwise) with a standard 12-h light/dark cycle and with ad 

libitum access to food and water. All genetically modified mice in this part of the thesis were back-crossed 

onto the C57Bl/6N background. All studies employed a mixture of male and female mice. 

5.2. HEAT ACCLIMATION PROTOCOL  

Heat acclimation protocol consisted of continuous exposure of LeprCreHTB animals to 36 ± 0.5°C, 

35 for 5 days (LTA), minimum 4 to maximum 5 weeks (LTA) at the climate chamber (Binder, KB720), with 

ad libitum access to food and water. All mice were kept at the standard 12-h light/dark cycle. Humidity 

(≈40%) and temperature in the climate chamber were monitored daily, cages were cleaned 1 time per 

week at random times in the day. Non-acclimated (NA) controls were similar as possible in age 

(approximately 11 weeks old) to the experimental animals on the day of processing for experiments 

(Ephys, cell isolation for FACS sorting, or IHC). 

5.3. HEAT ENDURANCE ASSAY  

At the end of the acclimation period, animals were evaluated in a heat endurance assay (Figure 

2.4., and Figure 2.5.). The heat endurance assay took place in the same climate chamber as used for 

acclimation. The heat challenge was conducted for up to a maximum of 24 h and the mouse's body 

temperature was constantly monitored for the entire period. A body temperature of 41.5 °C was used as 

the cut-off criterion (Leon et al., 2005). At the end of the heat endurance test, animals were shortly placed 

back to 36 °C to avoid prolonged hypothermia and monitored until the sacrifice. 

5.3.1. TETANUS TOXIN AND Gi-DREADDs SILENCING OF LEPR CELLS  

For these experiments (Figure 2.5), stereotactic surgeries were performed in adult LepRCre mice as 

follows: The skin was sutured with sterile absorbable-needled sutures (Marlin 17241041; Catgut, 
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Germany) and mice were injected subcutaneously with Carprofen at 5 mg/Kg (Rimadyl; Zoetis, USA). 

Finally, anesthesia was antagonized using a subcutaneous injection of Atipamezole 2.5 mg/kg, Flumazenil 

0.5 mg/kg, and Naloxone 1.2 mg/kg, and mice were transferred to their home cages. For postoperative 

care, the second dose of Carprofen was injected after 24 hours and mice cages were kept on a veterinary 

heating pad at 37°C for 12 hours and monitored closely. A minimum of 3 weeks of viral expression was 

allowed before any experiments were conducted. 

Viruses used for the injection were 250 nl of rAAV encoding the Cre-dependent tetanus toxin light 

chain (TeTxLC) (ssAAV-5/2-hSyn1-chI-dlox-EGFP_2A_FLAG_TeTxLC(rev)-dlox-WPRE-SV40p(A)) or the 

inhibitory Gi-DREADDs (ssAAV-1/2-hEF1α-dlox-hM4D(Gi)_mCherry(rev)-dlox-WPRE-hGHp(A)) was 

injected bilaterally in MnPOA. AAVs encoding a Cre-dependent mCherry/EGFP were used as controls. 

Acute chemogenetic silencing of LepR cells was performed by injecting CNO (or saline) 0.3 mg/kg i.p. (Enzo, 

diluted in saline) 10 min before transferring the animals to the heat endurance assay. Body temperature 

was constantly monitored as mentioned above. To validate CNO effects on the firing frequency of 

acclimated LepR cells, a group of chemogenetically silenced animals was used for in vitro 

electrophysiological recordings. Slice preparation and electrophysiological recording procedure are 

described below. 

5.4. IMMUNOHISTOCHEMISTRY 

5.4.1. Anatomical position of LepR neurons within the POA 

For the analysis number of POALepR neurons, I performed IHC on the free-floating brain sections of 

the LeprCreHTB animals. In brief, non-acclimated (NA) and long-term acclimated (LTA) animals were 

anesthetized with isoflurane and transcardially perfused with 1xPBS followed by 4% PFA. brains were 

dissected out and left overnight (O/N) in 4% PFA at 4 ˚C. On the following days, brains were kept in a 

sucrose gradient (24h in 10% followed by 30% sucrose solution (in 1xPBS), until completely sank). Brains 

were sectioned with microtome at 30 μm thickness and sections were further kept in cryo-protectant 

solution (250 ml glycerol, 250 ml ethylene glycol, 500 ml 1xPBS) at 4 ˚C until the immunohistochemistry. 

For the staining, sections were washed 1time in 1xPBS and left overnight at 4 ˚C in 0,2% TritonX-100 

(PBX0.2). On the following day, sections were blocked with 5% goat serum in PBS containing 0,1% TritonX-

100 (PBX0.1) for 2h at room temperature (RT). Sections were then incubated with chicken α-GFP (1:500; 

Novus Biotechne, NB100-1614) and rabbit α-NeuN (1:1000; D4G4O, Cell Signaling), diluted in 1% goat 

serum in PBS containing 0,1% TritonX-100 (PBX0.1) for 3 days at 4 ˚C. On the fifth day, sections were 

washed extensively with PBX0.2 and were then incubated with secondary antibodies and DAPI (Alexa488 
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α-chicken 1:750, Alexa555 α-rabbit 1:750) for 4 hours at RT. Finally, tissue was washed extensively with 

PBSX0.2 and 1 time with 1x PBS after which it was mounted using Immu-Mount (FisherScientific, UK). 

5.4.2. c-Fos expression in POALepR neurons. 

I investigated whether POALepR neurons are stimulated by acute warm (36 ˚C exposure. To do this, 

Lepr-CreHTB mice were placed to get accustomed to the refrigerated chamber at RT (25˚C) for 24 hours. 

On the 2nd-day, control animals were taken out of the chamber, anesthetized with isoflurane, and 

transcardially perfused with 1xPBS followed by 4% PFA. The binder temperature was switched to 36˚C and 

the experimental animals were kept at this temperature for 4h from the moment 36˚C was reached in the 

chamber. After that, the animals were removed from the chamber, anesthetized with isoflurane, and 

transcardially perfused with 1xPBS followed by 4% PFA. After the perfusion with 4 % PFA, brains were 

dissected out and left overnight (O/N) in 4% PFA at 4 ˚C. On the following days, brains were kept in a 

sucrose gradient (24h in 10% followed by 30% sucrose solution (in 1xPBS), until completely sank). Brains 

were sectioned with microtome at 30 μm thickness and sections were further kept in cryo-protectant 

solution (250 ml glycerol, 250 ml ethylene glycol, 500 ml 1xPBS) at 4 ˚C until the immunohistochemistry. 

For the staining, sections were washed 1time in 1xPBS and left overnight at 4 ˚C in 0,2% TritonX-100 

(PBX0.2). On the following day, sections were blocked with 5% goat serum in PBS containing 0,1% TritonX-

100 (PBX0.1) for 2h at room temperature (RT). Sections were then incubated with chicken α-GFP (1:500; 

Novus Biotechne, NB100-1614) and rabbit α-cFos (1:1000; SynapticSystems 226 003), diluted in 1% goat 

serum in PBS containing 0,1% TritonX-100 (PBX0.1) for 3 days at 4 ˚C. On the fifth day, sections were 

washed extensively with PBX0.2 and were then incubated with secondary antibodies and DAPI (Alexa488 

α-chicken 1:750, Alexa555 α-rabbit 1:750) for 4 hours at RT. Finally, tissue was washed extensively with 

PBSX0.2 and 1 time with 1x PBS after which it was mounted using Immu-Mount (FisherScientific, UK).  

Cell counting was done in NIS-Elements software (Nikon Instruments, Inc). Images were processed 

with Fiji(Schindelin et al., 2012). Statistical analysis was performed in GraphPad Prism (7.00), and plots 

were produced in R studio with R package ggplot2 (ggplot2: Elegant Graphics for Data Analysis. Springer-

Verlag New York. ISBN 978-3-319-24277-4). 

5.5. RNA SEQUENCING OF POALEPR NEURONS 

5.5.1. Cell isolation for FACS sorting 

Individual adult mice LeprCreHTB, acclimated and non-acclimated, (P77 ± 5) were anesthetized 

with isoflurane and decapitated, the brain was immediately removed and submerged in ice-cold artificial 
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cerebrospinal fluid (ACSF). 3 brains were sectioned at the same time on a vibratome (Leica VT1200S) in a 

slicing chamber containing ice-cold ACSF (in Mm; 1.2 NaH2PO4xH2O, 2.5 KCl, 20HEPES, 25 glucose; 30 

NaHCO3, 93 NMDG (n-methyl-glucamine), 5 Na-Ascorbate, 3 Na-pyruvate, 12 N-acetylcysteine, 10 

MgSO4x7H2O, 0.5 CaCl2), constantly bubbled with carbogen. Brain slices of 250 μm thickness, containing 

the OVLT and MnPOA, were transferred to a Petri dish containing ACSF. We implemented the neuron 

isolation protocol described in Moffit et al. 2018. The regions of interest were micro dissected under a 

dissecting microscope and transferred to a small Petri dish containing 3ml of Papain mix consisting of 

Hibernate mix (Hibernate A medium (Invitrogen A1247501), 1xGlutamax (Gibco 35050-038), 0.8mM 

Kynurenic acid (Sigma K3375-5G), 0.05 mM AP-V (HelloBio HB0225), 0.01 mM Rock inhibitor Y-27632 

(HelloBio HB2297), 1 mM B27 (Invitrogen 17504001), 5% Trehalose (Sigma T9531-10G)) and 8U/ml papain 

(Sigma P4762), 100U/ml DNAseI (Worthington über Cell-Systems LK003172), 0.005U/ml Chondroitinase 

ABC (Sigma C3667-5UN), 0.07% Hyaluronidase (Sigma, H2126), 0.001 mM NaOH where the tissue was cut 

in smaller pieces. The dissected tissue pieces were transferred together with the Papain mix into a 2ml 

tube at 37˚C to incubate while gently shaking (700 rpm) for 2h. After incubation, with the tissue pieces 

sitting at the bottom of the tube, the papain solution was pipetted out of the tube and exchanged with 

the hibernate mix containing 0.1mg/ml ovalbumin and centrifuged for 1 min at 300 g. Supernatant was 

removed, and hibernate mix was added to the tissue pieces which were further dissociated into single cells 

by gentle trituration through Pasteur pipettes with fire-polished tip openings of 600-μm, 300-μm, and 150-

μm diameter. The cell suspension was centrifuged at RT at 300 g, for 10 minutes, and the supernatant was 

removed and exchanged with 500mul of Hibernate A medium. 

5.5.2. FACS sorting 

Resuspended cell material was passed through a 20um filter. The cell suspension was stained with 

propidium iodide (PI BD Pharmingen, Cat 51 66211E, 2ml - 50ug/ml) to exclude the dead cells before the 

FACS analysis. FACS sorting was performed on BD FACS Aria II Flow Cytometry Cell Sorter using the “purity” 

sorting mode. FACS populations were arbitrarily chosen to select cells with low PI and high GFP 

fluorescence but the criteria were kept the same for each sorting round. 

Cells were FACS sorted into bulks of GFP+ and GFP directly into the RLT buffer (QIAGEN RNeasy 

Micro Kit 74004), immediately frozen on the dry ice, and stored at -80˚C. Samples were further processed 

in a maximum of 1 month from the isolation day, by using the column purification method with QIAGEN 

RNeasy Micro Kit according to the manufacturer’s instructions. Samples were stored at -80 ˚C until further 

processing. 
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5.5.3. cDNA library preparation and RNA sequencing 

The same protocol was used as in section 5.4.1 (page 54) RNA integrity and concentration of each 

sample were assessed by Agilent Bioanalyzer Nano 6000 chip (Agilent technologies) and QUBIT2 

fluorometer measurement (Thermofisher Scientific) by manufacturer’s instruction. I used the Smart-Seq2 

protocol for the cDNA library preparation (all processing performed at Gene Core EMBL, Heidelberg). 1ul 

of each bulk sample RNA was processed for the reverse transcription (Superscript IV, ThermoFisher 

Scientific, cat. no. 18090010) followed by 18 cycles of PCR amplification, library tagmentation via Tn5 

transposase (Tn5 was produced in-house by Protein Expression and Purification Core Facility, EMBL 

Heidelberg), sample barcoding (Illumina primers) and final enrichment by 12 cycles of PCR. Samples were 

sequenced on Illumina NextSeq 500 High sequencer; single end with 75 base-pair long reads in two pools 

of 18 samples each (Genomic Core Facility EMBL, Heidelberg).  

5.6. STATISTICAL DATA ANALYSIS 

Statistical analysis of flow cytometry parameters was performed in GraphPad Prism (7.00), and 

plots were produced in R studio with R package ggplot2 (ggplot2: Elegant Graphics for Data Analysis. 

Springer-Verlag New York. ISBN 978-3-319-24277-4).  

The first steps of RNA sequencing data analysis were done by fastp (S. Chen et al., 2018), fastqc 

(Steven W. Wingett & Simon Andrews, 2018), and Salmon (Patro et al., 2017)tools (as described in 5.4.2 

(page 55)). Further count matrix was created with the tximport package (Soneson et al., 2016), and was 

analyzed in R and R studio (version 4.0.3. (2020-10-10)). Differential expression analysis was performed 

using DESeq2 (Love et al., 2014) package with Wald test for the significance testing of the p-value and 

Benjamini-Hochberg for calculating the false discovery rate (FDR, adjusted p-value). Comparisons modeled 

in the analysis were: NA:STA; NA:LTA, and STA:LTA extracting changes happening only in GFP+ samples 

among the conditions. Plots were made using R based ggplot2 package. Gene set enrichment analysis was 

done using the fgsea package (Korotkevich et al., 2016). Figures were assembled in Adobe Illustrator 

(2022). 
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5.7. ELECTROPHYSIOLOGY AND PHARMACOLOGY 

5.7.1. Acute brain slice preparation 

For electrophysiology, 8 to 12-week-old LepRCre;HTB mice were anesthetized using a 

Ketamine/Xylazine cocktail (ketamine: 220 mg/kg, Ketavet; Zoetis, USA and Xylazine 16 mg/kg, Rompun; 

Bayer, Germany). Under the deep anesthesia validated by the non-responsive movement of limbs to the 

pinching of the skin, mice were quickly decapitated, and brains were dissected out to the ice-cold 

oxygenated (95% O2, 5% CO2) slicing artificial cerebrospinal fluid slicing ACSF (in Mm; 1.2 NaH2PO4xH2O, 

2.5 KCl, 20HEPES, 25 glucose; 30 NaHCO3, 93 NMDG (n-methyl-glucamine), 5 Na-Ascorbate, 3 Na-pyruvate, 

12 N-acetylcysteine, 10 MgSO4x7H2O, 0.5 CaCl2). Coronal (250 μm thick) POA slices were sliced with a 

vibratome (Leica VT1200S, Germany) in the same slicing solution. Slices were then transferred to and 

incubated at 32 °C in a bath containing oxygenated holding ACSF (in mM; 118 NaCl, 2.5KCl, 7 glucose, 1.2 

NaH2PO4xH2O, 24 NaHCO3, 5 HEPES, 7 Glucose, 4 Ascorbic acids (sodium-L-ascorbate), 2.4 Na-pyruvate, 2 

N-acetylcysteine (NAC), 1 MgSo4*7H2O; 2 CaCl2). After a recovery period of 30 minutes, individual slices 

were transferred to the recording chamber where they were continuously superfused with oxygenated 

recording ACSF (in mM; 125 NaCl, 2.5 KCl, 7 glucose, 1.2 NaH2PO4xH2O, 24NaHCO3, 5 HEPES, 8 Glucose, 1 

MgSO4*7H2O, 2 CaCl2) at ≈2 ml/min. 

5.7.2. Ephys recordings in POALepR neurons 

Electrophysiological recordings of POALepR cells were acquired using a MultiClamp 700B 

amplifier (Molecular Devices, USA), Axon Digidata 1550B digitizer (Molecular Devices, USA), and Clampex 

11.0.3 software (Molecular Devices, USA). Cells were visualized using a SliceScope upright microscope 

(Scientifica, UK) equipped with a 40X water immersion objective (U-TV1X-2, Olympus, Japan). Images 

were acquired by a digital CCD camera (ORCA-R2 C10600-10B, Hamamatsu Photonics K.K., Japan) using 

MicroManager 1.4 software (Vale’s lab, UCSF, USA). Borosilicate glass micropipettes (O.D. 1.5 mm, I.D. 

0.86 mm, Sutter Instrument, BF150-86-7.5) were pulled with the micropipette puller (P-97, Sutter 

Instrument, USA). The open pipette resistance was between 4-8 MΩ.  

All the POALepR cell AP firing rate recordings were performed at 33 (±1) °C where the temperature 

was controlled using a gravity-operated perfusion system including an in-line heater (CL-100, Warner 

Instruments, USA) combined with a temperature-controlled microscope stage (Badcontroller V, Luigs & 

Neumann, Germany). External ACSF in which APs were recorded in the recording ACSF. The recording 
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pipette was filled with an internal solution containing (in mM; 138 K-gluconate, 2 KCl; 5 NaCl, 10 HEPES, 

10 EGTA, 1 CaCl2, 1 Mg-ATP. Signals were sampled at 10 kHz and low pass filtered at 2 kHz. 

5.7.3. Pharmacology agents 

For all 3 ion channels tested blockers or the activators were diluted in recording ACSF:  

a) Kv7.2 (Kcnq2) blocker ML252 ((S)-2-Phenyl-N-(2-(pyrrolidine-1-yl)phenyl) butanamide), 10 μM 

b)  KCa2.2 activator CYPPA (N-Cyclohexyl-N-[2-(3,5-dimethyl-pyrazole-1-yl)-6-methyl-4-

pyrimidinamine), 10 μM 

c) SK2 blocker-apamin, 300 nM 

d) E4031 blocker of KV11.1, 10 μM 

e) NS-1643 (N,N'-Bis[2-hydroxy-5-(trifluoromethyl)phenyl]urea), a Kv11.1 opener, 10 μM. 

5.7.4. Data and Statistical analysis of electrophysiological data 

For AP frequency quantification, the first 1 minute of recordings was omitted. Basic cell membrane 

properties such as capacitance and input resistance were calculated based on a membrane test protocol 

(a brief step of -10 mV from a holding potential of -65 mV). Series resistance (Rs) was typically 10–25 MΩ 

across experiments. AP firing frequency (Hz) was counted in Clampfit 11.1 and divided by the duration (s) 

of the period in which APs were counted. The first minute of the recording was always ignored. AP traces 

were always recorded for a minimum of 3 minutes. The RMP was calculated in Clampfit 11.1 as an average 

membrane potential value during the same period from which AP FF was calculated. Interspike interval 

was calculated from the same period of recording as the FF and RMP as the time between each spike. The 

coefficient of variation of ISI was calculated by dividing the standard deviation of ISI by the mean of ISI. 

Statistical tests were performed using R and R studio or GraphPad Prism (Version 7.00; GraphPad 

Software, USA). Results are presented as mean ± standard deviation of the mean (STD) unless indicated 

otherwise. The distribution of data was assayed using the Kolmogorov-Smirnov normality test, the 

D´agostino and Pearson omnibus normality test, and the Shapiro-Wilk normality test. Further statistical 

details are listed in the figure legends. Plots were produced in R studio using the ggplot2 package, Clampfit 

11.1 (example traces), and Microsoft Excel 2016 (pie chart in Figure 2.13.). Figures were assembled in 

Adobe Illustrator 2022. 
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5.8. GENOTYPING PCR PROTOCOLS 

Lepr Cre; Forward lepr TCCAAGAAGCCTCAAGGTTCCA; Reverse Cre LRC: 

ACGCACACCGGCCTTATTCC; Reverse Wild-type LRC: TCGTGTTGAAATTTCTTCTTTCCAG. PCR cycler 

procedure: 94 ˚C 3 min; 35x: 94˚C 30 sec, 60 ˚C 30 sec, 72 ˚C 1min; 72 ˚C 10min, 12 ˚C hold. PCR reaction 

per 1 sample: 2xbuffer 10 μl (36.4% sucrose, 3.5mM MgCl2, 11mM (NH4)2SO4, 0.005% cresole red, 1:1000 

β-mercaptoethanol), dNTPs 10mM, Fwd primer 10mM (1 μl), Rew primer Cre 10mM (1μl), Rew primer 

Wildtype 10mM (1μl), taq polymerase 5U/μl (0.125 μl), H2O (4.875 μl), DNA sample (1μl). 
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Appendix 

Table 1. POA neuron populations involved in thermoregulation 

Genetic 

marker 

Cell type POA nucleus In vivo stimulus used In vivo effect observed Source 

TRPM2 Vglut2 POA I. Chemogenetic 

activation(GqDREADD) 

II. Chemogenetic inhibition 

(GiDREADD) 

III. Knock out +PGE2 icv 

injection 

I. Hypothermia 

II. Hyperthermia  

III. Higher fever developed, 

out of control 

(Song et al., 

2016) 

Ptgds 

(PGD2) 

? POA I.Chemogenetic 

activation(GqDREADD) 

II.Chemogenetic inhibition 

(GiDREADD) 

III.Knock down 

I. Hypothermia early night 

time 

II. Hyperthermia early day 

time 

III. Circadian rhythm 

disrupted, lethal 

(T. A. Wang 

et al., 2019) 

Vglut2 VGLUT2 MnPO and 

OVLT 

I. Optogenetic (Chr2) 

activation  

I. Hypothermia 

II. Vasodilation 

III. Water consumption 

(Abbott & 

Saper, 2017) 

Adcyap1 

(PACAP) 

and Bdnf 

Gad2 VMPO 

(MnPO/MPO) 

I. Warm ambient exposure (37 

˚C) 

II. Optogenetic (Chr2) 

activation 

III.  Cold exposure + optogenetic 

(Chr2) activation 

I. cFos expression 

II. a) Hypothermia 

b) tail vasodilation, and 

BAT temperature 

decrease 

(thermogenesis 

inhibition) 

c) inhibition of warm 

seeking  

(Tan & 

Knight, 

2018) 

LepR Vglut2 MnPO I. Warm ambient exposure (30 

˚C) 

II. Chemogenetic 

activation(GqDREADD) 

I. cFos expression 

II. a) Hypothermia 

b) Energy expenditure 

decreased 

(Yu et al., 

2016) 
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c) BAT thermogesnesis 

inhibited 

GAD67 

(GAD1) 

GABA VLPO I. Warm ambient exposure 

(29-38 ˚C) 

II. Optogenetic activation 

(Chr2) 

I. cFos expression 

II. hypothermia 

(Zhao et al., 

2017) 

GAL GABA vLPO I. Optogenetic activation 

(Chr2) 

II. Chemogenetic 

activation(GqDREADD) 

I. NREM sleep 

II. NREM sleep and 

hypothermia 

(Kroeger et 

al., 2018) 

NOS1 Vglut2 MnPO and 

MPO 

I. Warm ambient exposure (32 

˚C) 

II. Chemogenetic 

activation(GqDREADD) 

I.  cFos expression 

II.  a)Hypothermia 

 b)Sleep 

(Harding et 

al., 2018) 

BRS3 Vglut 

and Vgat 

MnPO, 

VMPO, VLPO 

I. Optogenetic activation 

(Chr2) 

a) Hyperthermia 

b) Heart rate 

c) Blood pressure 

(Piñol et al., 

2021) 

QRFP Vgat and 

Vglut2 

AVPe, MPA I. Chemogenetic 

activation(GqDREADD) 

a) Hypothermia 

b) Decreased O2 

consumption 

c) Decrease in BAT 

temperature 

d) Decrease in heart rate 

e) A week lasting 

quiessence 

(Takahashi 

et al., 2020) 

Adcyap1 

(PACAP) 

Vglut2 avMLPA I. Torpor (fasting induced) 

TRAPing 

II. Chemogenetic 

activation(GqDREADD)  

III. Tetanus toxin silencing 

I. cFos and TRAP signal 

(mCherry from GqDREADD 

virus) 

II. Torpor induction 

(hypothermia, reduced 

locomotor activity) 

III. Torpor disrupted 

(Hrvatin et 

al., 2020) 

PTGER3 Vglut2 MnPO, OVLT I. LPS injection 

II. Knock down in MnPO 

I. Fever 

II. Failure to induce LPS 

fever 

(Machado & 

Saper, 2022) 
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III. Knock down in Vglut2+ 

neurons 

IV. Hot (37˚ C) and cold (4˚C) 

stress in Vglut2 and Vgat 

ablated mice 

III. Failure to induce LPS 

fever 

IV. Failure to defend body 

temperature 

Opn5 Vglut2 MnPO, OVLT I. Chemogenetic 

activation(GqDREADD) 

II. Chemogenetic inhibition 

(GiDREADD) 

III. Opn5 null mice 

IV.Enucletion of mice  

V.Mouse growing in dark 

I. Decreased Tcore and BAT 

temperature 

II. Increased Tcore and and 

BAT temperature 

III. Elevated and BAT activity 

thermogenesis 

IV. BAT activity suppressed 

V. BAT activity enhanced 

(K. X. Zhang 

et al., 2020) 

ERα/Esr1 ? MPA I. Chemogenetic activation 

(GqDREADD) 

II. Fasting induced torpor 

III. Ablation  

 

I. a)Hypothermia, tail 

vasodilation 

b)Torpor-like state (lower 

energy expenditure and 

O2 consumption) 

II. Activation of neurons 

III. a)Body temperature 

increase (F mice) 

b)Failure to enter fasting 

induced torpor 

(Z. Zhang et 

al., 2020) 

Tacr3/NK3R ? Arcuate 

nucleus to 

POA 

projection 

(MnPO OVLT) 

I.  Optogenetic activation 

(Chr2) of fiber terminals in 

POA 

II. Antagonizing NK3R) 

I.a) increase cFos in POA  

b) Hypothermia 

c) Increased tail 

vasodilation 

d) Decrease in locomotor 

activity 

II.  All from I) prevented 

(Padilla et 

al., 2018) 
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Table 2. Top 50 differentially expressed genes (padj <0.1) from 3 comparisons in RNAseq analysis of POALepR 

neurons corresponding to heatmap in Figure 2.9. 

NHA vs. LTHA NHA vs. STHA STHA vs. LTHA 
Thbd Mfsd2a Vav1 
Mfsd2a Pkd2l1 Pkd2l1 
Anxa2 Vav1 Card11 
Gm10925 Scg2 Gm10925 
Scg2 Nptx1 Gm5931 
Gm13991 Mfge8 Thbd.2 
Prkcsh Apold1 Slc6a5 
Lat2 Lat2 Ifi47 
Sil1 Lrig3 Gm43948 
Apold1 Rcn2 Frem1 
Hbb.bs Prkcsh Hpn 
Mfge8 Thbd Lrig3 
Vgf Anxa2 Gm43066 
Creb3l2 Ptprn Arhgap28 
Cd68 Casp8 Gm8038 
Atf3 Gm37675 Serpina3g 
Creld2 Ifi47 Bbox1 
Nptx1 Ddost Gm36737 
Bbox1 Havcr2 Erbb2 
Hpcal1 Arhgap28 Gm26865 
Tmed3 Lgmn Rpl30.ps9 
Ctsa Saraf Tnfrsf11b 
Lgmn Eps8 Tgm6 
Eps8 Card11 A2m 
Havcr2 X2410004I01Rik Ripk3 
Pdia6 Vgf Gbp2 
Npy Gm26588 Gm37074 
Saraf Hbb.bs Epcam 
Rcn2 Cd68 Cxcr6 
Fmod Hmga1 Mab21l4 
Ptprn Tnfrsf11b Capn12 
Tspan13 Hpcal1 Nr0b1 
Ddost Rgs20 H3c14 
Gimap6 Nbl1 Gm5086 
Ahnak2 Rnf128 EGFP 
Ext2 Ackr2 X2610028E06Rik 
Frem1 Fam186a Smim5 
Cbln4 Hpn Pld2 
Nbl1 Slc3a2 Chrna10 
Ecm1 Gm19114 Fmod 
Asb4 Crhbp Irgm2 
Ctsb Ect2 Myh11 
Ect2 Cpe Grap 
Edem2 Gm3928 Gm8603 



 

[162] 
 

Adcyap1 Pltp Prelp 
Chst8 Mab21l4 Gm6565 
Golga7 Cxcr6 X2410004I01Rik 
Ctsd Slc2a10 Chat 
Erlec1 Pdia6 Hhip 
Fxyd5 Ahnak2 Mctp2 
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Table 3. Hallmark GSEA gene sets enriched in DEGs from NHA to STHA differential expression analysis 

  

 Gene set Padj value Genes from the gene set matching DEGs  
U

p
-r

eg
u

la
te

d
 

MTORC1 SIGNALING  5e-9 
Lgmn, Map2k, Calr, Coro1a, Cdkn1a, Elovl5, 
Rpn1, Pgk1, Itgb2, Atp2a2 

PROTEIN SECRETION  0.0000158 Tmed2, Arf1, Tmed10, Pam, Ppt1 

CHOLESTEROL 
HOMEOSTASIS 

0.0001683 
Lgmn, Plaur, Gusb, Atf3, Clu, Tnfrsf12a, Fdft1, 
Mvd, Srebf2, Ctnnb1, Idi1, Ldlr, Hsd17b7, 
Cpeb2, Cxcl16, Pcyt2, Fasn, Sc5d 

ALLOGRAFT REJECTION 0.0000021 Prkcb, Nlrp3, Cartpt 

PI3K AKT MTOR SIGNALING 0.0000247 
Map2k3, Calr, Cdkn1a, Akt1s1, Prkcb, Rptor, 
Arf1 

HEME METABOLISM 0.00000431 Map2k3, Osbp2, Ctsb, Bsg, Slc6a8 
COAGULATION 0.00041168 Thbd, Lgmn, Clu, Ctsb 
GLYCOLYSIS 0.0001804 Chpf, Ext2, Gusb, Tpst1, Pgk1, Pkm, Plod1, Tgfbi 
COMPLEMENT 0.00020564 Lgmn, Plaur, Clu, Ctsl, Ctsb 
APICAL SURFACE 0.01156334 Plaur  
APOPTOSIS 0.00041168 Casp8, Atf3, Cdkn1a, Clu, Tnfrsf12a, Erbb2 
UV RESPONSE UP 0.00127688 Atf3, Creg1, Rpn1, Bsg, Tacr3, Ago2, Slc6a8 
IL2 STAT5 SIGNALING 0.00189379 Ecm1, Syngr2, Snx14 

HYPOXIA 0.0026547 
Anxa2, Hexa, Plaur, Atf3, Cdkn1a, Prkca, Pgk1, 
Tgfbi 

UNFOLDED PROTEIN 
RESPONSE 

0.0071151 Pdia6, Calr, Atf3, Eef2 

ANGIOGENESIS 0.0483802 Thbd, Col5a2 

P53 PATHWAY 0.0057300 
Slc3a2, Atf3, Ralgds, Cdkn1a, Prmt2, Slc35d1, 
Procr, Tm7sf3, Tsc22d1, Pidd1, Gls2, Tcn2 

UV RESPONSE DN 0.0082261 Anxa2, Col5a2, Bdnf, Prkca, Erbb2, Slc7a1 
INFLAMMATORY RESPONSE 0.4317077 Plaur, Cdkn1a, Pvr, Tacr3, Atp2a2, Slc7a1 
TNF-α SIGNALING VIA NFκB 0.0082262 Plaur, Map2k3, Atf3, Cdkn1a, Tsc22d1 
MITOTIC SPINDLE 0.0079977 Ect2, Anln, Septin9 
ANDROGEN RESPONSE 0.0378120 Elovl5, Tsc22d1 
KRAS SIGNALING UP 0.0107735 Lat2, Cpe, Plaur, Tspan13, Ly96,Itgb2 
EPITHELIAL-MESENCHYMAL 
TRANSITION 

0.0115633 
Scg2, Plaur, Col5a2, Ecm1, Bdnf,Tpm4, Pvr, 
Tnfrsf12a, Plod1, Cthrc1, Cthrc1, Slc6a8,Tgfb 

MYOGENESIS 0.0082261 Cdkn1a, Clu, Syngr2, Slc6a8 
ESTROGEN RESPONSE 
EARLY 

0.0231010 Nbl1, Syngr1, Aldh3b1, Fdft1, Elovl5 

ESTROGEN RESPONSE LATE 0.0354157 Nbl1, Cpe, Aldh3b1, Chst8, Fdft, Tspan13, Elovl5 

D
o

w
n

-
re

gu
la

te
d

 

OXIDATIVE 
PHOSPHORYLATION 

0.0081160 NONE 
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Table 4. Hallmark GSEA gene sets enriched in DEGs from NHA to LTHA differential expression analysis 

 Gene set Padj value Genes from the gene set matching DEGs 
U

p
-r

eg
u

la
te

d
 

MITOTIC SPINDLE 0.000002 Ect2, Clip1, Bcr 
INFLAMMATORY RESPONSE 0.000005 Plaur, Pvr 
MTORC1 SIGNALING 0.000027 Lgmn, Map2k3, Calr, Coro1a, Cdkn1a, Elovl5, 

Rpn1, Hspa5, Hspa 
HEME METABOLISM 0.000034 Map2k3, Osbp2, Ctsb, Bsg, Picalm 
APICAL JUNCTION 0.000134 Itgb1, Cldn6, Cercam 
COMPLEMENT 0.000239 Lgmn, Plaur, Clu, Ctsl, Ctsb, CtsD, Hspa5, Cpq 
INTERFERON-γ RESPONSE 0.000239 Casp8, St3gal5 
PI3K AKT MTOR SIGNALING 0.000974 Map2k3, Calr, Akt1s1, Prkcb, Rptor, Arf1 
UNFOLDED PROTEIN 
RESPONSE 

0.001477 Pdia6, Calr, Atf3, Hspa5, Wipi1 

IL6 JAK STAT3 SIGNALING 0.002307 Stat3 
ALLOGRAFT REJECTION 0.000692 Prkcb, Cartpt, Nlrp3 
APOPTOSIS 0.001143 Casp8, Atf3, Clu, Ppt1, Cd14 
ANGIOGENESIS 0.021431 Thbd, Col5a2, Lrpap1 
IL2 STAT5 SIGNALING 0.001100 Ecm1, Ctsz 
P53 PATHWAY 0.001477 Slc3a2, Atf3, Ralgds, Prmt2, Procr, Tm7sf3, 

Tsc22d1, Tcn2, Ctsd, Plxnb2 
EPITHELIAL-MESENCHYMAL 
TRANSITION 

0.001604 Scg2, Plaur, Col5a2, Ecm1, Bdnf,Tpm4 , Pvr, 
Cthrc1, Qsox1, Vim, Itgb1, Fuca1 

INTERFERON-α RESPONSE 0.010471 Casp8, Procr, Tent5a 
COAGULATION 0.006120 Thbd, Lgmn, Clu, Ctsb, Sirt2, Cpq 
HYPOXIA 0.003188 Anxa2, Hexa, Plaur, Atf3, Hspa5, Prkca, Pam, 

Tgfbi 
TNF-α SIGNALING VIA NFκB 0.001719 Plaur, Map2k3, Atf3, Tsc22d1 
GLYCOLYSIS 0.004048 Chpf, Ext2, Hspa5, Pam, Qsox1 
CHOLESTEROL 
HOMEOSTASIS 

0.019905 Lgmn, Plaur, Gusb, Atf3, Clu 

APICAL SURFACE 0.033539 Plaur 
KRAS SIGNALING UP 0.006120 Lat2, Cpe, Plaur, Tspan13, Ly96,Fuca1 
UV RESPONSE UP 0.021400 Atf3, Rpn1, Bsg, Nptx2, Ppt1 
UV RESPONSE DN 0.024739 Anxa2, Col5a2, Bdnf, Prkca 
ESTROGEN RESPONSE 
EARLY 

0.030794 Nbl1 

D
o

w
n

-r
eg

u
la

te
d

 ADIPOGENESIS 0.025126 NONE 

FATTY ACID METABOLISM 0.014551 Bphl 

MYC TARGETS V1 0.006969 NONE 

DNA REPAIR 0.003108 Nme3 

OXIDATIVE 
PHOSPHORYLATION 

0.000000005 Timm17a 

 


