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Reésumeé

Les mécanismes centraux du codage thermique sont tres complexes et impliquent
principalement le thalamus, le cortex somatosensoriel, le cortex insulaire, le cortex
cingulaire et I'hypothalamus. L'objectif de ce travail de these était d'étudier le réle des
circuits supra-spinaux dans le codage thermique chez les rongeurs, grace a I'imagerie
fonctionnelle ultrasonore (fUS). L'imagerie fUS est basée sur le couplage
neurovasculaire, phénomeéne physiologique qui lie l'activité neuronale et les

changements du volume sanguin cérébral (CBV).

Notre premiere étude visait a cartographier la matrice des zones activées par des
stimulations thermiques cutanées nociceptives ou non chez le rat anesthésié. Le
résultat de cette étude a malheureusement été essentiellement négatif. Nous avons
conclu que les stimuli non douloureux n'induisaient aucun changement du CBV. A
I'inverse, les stimulations thermiques nociceptives induisaient une augmentation
locale du CBV, mais de maniere non reproductible, en raison de facteurs
physiologiques tels que 1'augmentation de la pression artérielle qui entraine de fortes
fluctuations du CBV.

La deuxiéme étude visait a déchiffrer I'interaction entre les régions somato-motrices,
cingulaires et hypothalamus dans le traitement de la sensation thermique. Nous avons
choisi d'aborder cette question en utilisant I'imagerie fUS sur des souris éveillées et
libres de leurs mouvements. L'imagerie fUS transcranienne fut réalisée pendant que
les souris étaient exposées a une température fixe (neutre 25°C, chaude 35°C et froide
15°C) ou a une température variable a un rythme rapide et lent. L'étude de la
connectivité fonctionnelle, une mesure indirecte de la fonction et de la force des
réseaux cérébraux, a révélé une dichotomie de fonction entre le réseau somato-moteur
(SM)-cingulaire et le réseau SM-hypothalamique dans la détection du froid. L'étude
des états dynamiques du cerveau a révélé i) des modes spécifiques pour cette
dichotomie, ii) un mode dans lequel, pendant 1'exposition statique a une température
froide (15°C), ou le cortex cingulaire était connecté différemment aux autres réseaux et
enfin iii) un mode "état de repos", qui est le plus fréquent de tous et est

significativement plus présent a la température de repos.

Ces résultats apportent des informations clef sur la dynamique des réseaux impliqués

dans la sensibilité au froid.
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Summary

The underlying central mechanisms of thermal coding are very complex and involves
mainly the thalamus, somatosensory cortex, insular cortex, cingulate cortex and
hypothalamus. The functional dependency of these brain regions in thermal sensation,
thermal perception and thermal regulation has been of interest for researchers for
decades. The aim of the thesis was to investigate the role of supraspinal circuitry in
thermal coding in rodents using a new imaging modality named, functional ultrasound
(fUS) imaging. fUS imaging is based on neurovascular coupling i.e., the phenomenon

that links neural activity and changes in cerebral blood volume (CBV).

Our first study aimed at mapping the matrix of areas activated by innocuous and
noxious thermal skin stimulations in anesthetized rats. The outcome of this study was
mostly negative. We concluded that innocuous stimuli did not induce any change of
CBV. On the contrary, noxious thermal stimulations induced local increase of CBV, but
in a non-reproducible manner, due to the physiological factors such as increased

arterial blood pressure that leads to high fluctuations in CBV.

The second study aimed at deciphering the interplay between the somato-motor,
cingulate and hypothalamus regions in thermal processing. We chose to address this
question, using fUS imaging on awake and freely moving mice, which allows recording
of natural and innate brain responses without the bias of anesthesia. Transcranial fUS
imaging was performed while the mice were exposed to either a fixed temperature
(neutral 25°C, warm 35°Cand cold 15°C) or varying temperature at a fast and slow pace.
Study of the functional connectivity, an indirect measure of brain network’s function
and strength, revealed a dichotomy of function between the somato-motor (SM)-
cingulate network and the SM-hypothalamic network in cold sensing. Study of the
dynamic brain states revealed: i) specific modes for this dichotomy, ii) a mode in
which, during static exposure to cold temperature (15°C) the cingulate cortices is
differently connected to the other networks studies and finally iii) a ‘resting state’
mode, which is the most frequent of all as is more frequently present at the resting
temperature. These results provide key information on the dynamic of networks in cold

sensing.
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CHAPTER 1:
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1.

Thermosensation: An evolutionary perspective

The four-billion-year-old planet Earth encountered its hottest thermal
environment in its early forming years. Scott Wing and Brian Huber, a paleo
botanist and paleontologist, respectively have described this temperature roller
coaster in their studies (VOOSEN, 2019). It took tens of millions of years for Earth
to cool down, but even then the thermal environment would have been impossible
to survive. Evidence also suggests of an ice age after the scorching heat, hundreds
of millions of years. Figure 1 illustrates the global temperature curve of the planet
from 500 million years ago until now and it suggests that temperature in our plant
is ever-changing. Since the beginning of life on Earth, the omnipresent thermal

cues have shaped the evolutionary thermal responses of all the species.
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Figure 1: Global temperature curve showing the variation in temperature in the last 500
million years. (1) Heat before plants absorbed CO2, (2) formation of polar ice caps, (3) volcanic eruptions
increases temperature, (4) evolution of mammals in the warm temperature, (5) climate change and
increasing temperature as of today. Graphic: Smithsonian institution national museum of natural history,
adapted by n. Desai/science. (VOOSEN, 2019)

Environmental and core body temperature influence the biological mechanisms
required for survival such as physiology, growth, reproduction and even circannual
rhythms. Different species develop complex coping mechanisms to their ever-
changing thermal environment. The exposure to such fluctuations could be for

short or long durations. Nevertheless, it results in sudden metabolic adjustments
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such as breathing rate, sweating, shivering etc. While some of these adjustments

are common, some are species-specific.

The molecular strategies used of thermosensititivity in fish, amphibians, reptiles,
birds and mammals are diverse and has been well explained in (Gracheva and
Bagriantsev, 2015). To begin with, the remarkable ability of fish to survive in
extreme geographic and climate zones ranging from African deserts to Antarctic ice
caps, greatly depends on the fact that they do not have the cold activated TRPMS8
channels. Thermo-TRP channels are cationic channels that act as thermal sensors.
(Detailed explanation on TRP channels in 3.2 Neurophysiology of thermal
sensation). Despite their tolerance level for cold, they are highly sensitive to warm
and hot climates. Many fish species do not thrive well in temperatures above 32°C.
Amphibians tolerate extreme cold by hibernating, but they go onto estivation which
is a state of dormancy due to hot and dry weather. The South African clawed frog
(Figure 2) responds to cold sensations only at 15-10°C in contrast to mammalian
cold threshold of 26°C. On the other hand, molecular adaptions in amphibians did
not modify heat sensors extensively, keeping the TRPV1 activation threshold at
40°C and TRPA1 at 38°C. Reptiles can sense increasing temperature (warm and
heat) by the activation of TRPV1 synergistically with TRPA1 whereas its cold

receptors are still not known (Figure 2).

Birds are homeothermic creatures, with a high core body temperature between 40-
44°C. Thermal receptors of birds are adapted to fly for long duration and in
different climate zones ranging from tropical to polar, while maintaining the high
internal temperature. Heat sensors in chicken (Figure 2) are only activated at 46-
48°C, in strong contrast with the mammalian threshold of 42°C. Its cold receptors,
however, are activated at 29°C. The evolutionary adaptations in thermal sensing
strongly points in the direction of the irreplaceable link between somatosensory
system, the surrounding environment and the physiological and behavioral needs

of the organism.
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Mammals are complex homeothermic animals which keep their internal body
temperature in a very narrow range between 36-38°C. Some desert species such as
squirrels and camels have the ability to withstand up to 46°C and when the ambient
temperature is 32°C they can raise their core body temperature to 43°C. They show
great adaptability but the molecular components of these processes in the

thermosensory and thermoregulatory circuits are still a mystery.
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Figure 2: Temperature ranges for the thermo-TRP channels - TRPMS8, TRPA1, TRPV1 in
different species. (Hoffstaetter et al., 2018). a. TRPM8 (cold sensor) activation threshold for chicken (29.4
°C), rat (24 °C), and frogs (13.9 °C). Core body temperature of squirrel and hamster drops to 2-4°C and have
reduced TRPMS sensitivity. b. TRPA1 in mouse is activated at < 17 °C where as in insects and reptiles
between 24°C and 37°C and for chicken and frog at 39.4 °C and 39.7 °C respectively. The red arrow means
that TRPA1 is used as a special heat sensor in snake pit organs. c. TRPV1 is activated at 36°C and 38°C in
two different species of frogs, 38 °C), and for mouse and chicken at >42 °C and > 45 °C. Squirrels and camels
can tolerate higher temperatures as theirs TRPV1 is not sensitive to heat. The red arrow shows the use of
TRPV1 as a heat sensor by vampire bats.
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Mammals such as vampire bats rely on their thermal sensitivity to support their
feeding behavior. Vampire bats detect its preys using TRPV1 using it as a special
heat sensor (Figure 2). To avoid harsh temperatures, certain primates and rodents
hibernate. They follow a similar physiological phenotype- extreme cold tolerance,
lower metabolic rates and drastic drop in core body temperature. Some arctic (-
20°C) hibernators can lower their internal body temperature to unbelievable levels
in the order of -2.9°C. Despite the recent advancements, the molecular strategies

and adaptations in these extreme thermoregulatory pathways is still unresolved.

What lies ahead for researchers is a long quest to unravel evolutionary aspects of

thermal reception and perception in the wide array of species on Earth.
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2. Psychophysics of thermal sensation

The average skin temperature of humans spans from 20-40°C based on day-to-day
activities, but mostly stays at 30-36°C. Warming >42°C and cooling <15°C can
produce painful thermal sensations. (Gagge and Gonzalez, 1996; Gagge and Nishi,
1977) summarized how skin temperature can be associated with a sensory state

(Figure 3).

TABLE 1. General Relation of Skin Temperature
(T ) to Various Physiological and Sensory States

T State
Above 45° Rapid tissue damage
43°-41° Threshold of burning pain
41°-39° Threshold of transient pain
39°-35° Sense of hot
37°-35° Initial sense of warm
34°-33° Neutral temperature sense at rest; comfortable
33°-32° Neutral temperature sense at 2-4 mets exercise
32°-30° Neutral temperature sense at 3-8 mets exercise
36°-30° Range where Ty, ~ T, and is independent of M
31°-29° Uncomfortable cold while sedentary
25° (local) Numbing of skin sensation
20° (hand) Uncomfortable, cold
15° (hand) Extremely uncomfortable, cold

5° (hand) Painful, cold

Met, metabolic rate (for sedentary human beings 1 met = 58.2
W-m~%); M, rate of metabolic energy production; T,, operative
temperature.

Figure 3: Association of a skin temperature with a sensory state. Skin temperature (Tsk) drives
our judgement of thermal comfort and helps us differentiate between heat, cold and pain. It can be seen that
30-36°C is the comfortable range. As per (Gagge and Nishi, 1977), operative temperature (To) is a
temperature index of the physical heat stress caused by the environment on human beings and is
independent of the temperature of the skin surface and insulation of clothing worn.

(Filingeri, 2016; Jones and Berris, 2002) points out that the psychophysics
underlying thermal sensations mainly depends on: (i) absolute skin temperature;

(ii) rate of change of temperature; (iii) stimulus area; and (iv) region of stimulation.

17| Page



2.1. Absolute skin temperature

When the skin temperature is 30-34°C, it is said to be adapted and the subject feels
neither cold nor warm sensations. An increase or decrease of temperature from
these adaptive temperature results in warm and cold sensing, respectively. When
the skin adapts to a temperature outside the 30-34°C range, a much larger change
in skin temperature is required for the thermal sensation to be perceived. When the
initial skin temperature is less than ~30°C , for instance at 27°C, and adaptation
has not been reached, a cool sensation is experienced. Now if we increase the
temperature from 27°C, it will first reduce the strength of the cool sensation first,
and then followed by the subject experiencing warmth. Vice-versa, if the
temperature is initially above 34°C without adaptation (at 38°C, for instance),
warm sensation is felt. But decreasing the temperature will first reduce the intensity
of the warmth before the subject feels cold. See Figure 4 A showing the absolute
thresholds and
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Figure 4: Effect of absolute skin temperature and rate of change of temperature. A. Shows
change from adapting temperatures (absolute temperature threshold) required for thermosensation (solid
line and squares) according to different adapting temperatures. Broken lines and open squares indicate
noticeable difference threshold (Filingeri, 2016). B shows rates of changes in temperature and how much
change from normal skin temperature is required to produce warm or cool temperatures
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2.2, Rate of change of temperature
Rate of increase or decrease of temperature greatly influences the way we perceive
a temperature. Faster the rate of change from adapted temperature at 34°C, a
smaller change can induce a thermal sensation. On the other hand, slower the rate
of change of temperature much larger change is needed to induce a thermal
sensation.(Kenshalo et al., 1968) explained this in a study where the skin
temperature of forearm was increased or decreased at rates of change: 0.3, 0.1,
0.05, 0.02, and 0.01°C/s. The participants experienced different thresholds for cool
and warm depending of the rate of change. At slower rates, the thermal threshold

was higher Figure 4.

In our daily life, when we touch a cold or hot object, there is a sudden change in
temperature happens. This is due to the heat exchanges between the skin and the
object in contact. The magnitude of this exchange decides the intensity of the

sensation.

2.3. Area under stimulation
By exposing a larger area for thermal stimulation, the temperature threshold
needed to produce a thermal sensation is decreased. It also projects the importance
of the interaction of the stimulus area and spatial summation can significantly
increase the magnitude of the sensory stimuli experienced. The spatial summation
of thermal perception makes it different from other sensations such as visual and
audio. Thermal stimulation greatly depend on the quantity of stimulation, meaning
the more area stimulated spatially, there is a change in the intensity experienced.
Figure 5 shows the effect of area of thermal stimulation on temperature thresholds

(Filingeri, 2016; Jones and Berris, 2002; Kenshalo et al., 1967).
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Figure 5: Less area of thermal stimulation requires higher temperature threshold (200mmz2).
Decrease in threshold as the area of thermal stimulation increases (1200mmz2). (Filingeri, 2016; Jones and
Berris, 2002; Kenshalo et al., 1967)

2.4. Region of body stimulated
Finally, the regions in the body could decide how and with what intensity we sense
heat or cold. These regional differences were first studied by mapping warm and
cold spots in the body in (Donaldson, 1885; Norrsell et al., 1999) and it was found

that the overall density of cold spots is more than that of warm spots.

Head and face exhibit high sensitivity to warmth. On the contrary, cool sensitivity
is high in torso (abdomen) Figure 6 (C. Stevens Kenneth K. Choo, 1998; Gerrett et
al., 2014). Thermal sensitivity is seen to vary between hairy regions and glabrous

(palm) skin regions.

20| Page



(B) Thermal sensation Thermal scale

>1 +4 Warm
-1t0-15 +3
8 16t0-2 +2  slightly warm
i 21t0-25 +
3 —2610-3 0 Neutral
0
< 31t0-35 =4
-36t0—4 -2 Slightly cool
41t0-45 5
4 Cold
5
-6 Verycold

Figure 6: Regional differences in thermal sensations in response to skin cooling. (Filingeri,
2016). The same cold stimulation produces more intense sensations when applied to lower back and sides of
chest and abdomen.

In conclusion, the psychophysical aspects of thermosensation in humans largely
depends on the changes in skin temperature and other parameters such as area and
region of stimulation. Although this is an important principle in thermosensation,
it also makes us wonder how these changes are manifested at the molecular level

and how these peripheral mechanisms are transduced to higher levels in the

system.
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3.

3.

Neurobiology of thermal sensation

1. Primary Afferent Fibers

Environmental temperature is a highly dynamic stimuli that invokes both voluntary
and involuntary responses. They are constantly being detected and responded to.
The skin, being our primary sensory organ, is the first point of interface with the
immediate environment. In 1880s, it was discovered that human skin has warm
and cold spots that are sensitive to specific stimuli (Green, 2004; Norrsell et al.,
1999). Soon after, electrophysiological studies revealed that painful and non-
painful thermal sensations felt on skin are encoded and transmitted to the central
nervous system by primary afferents. Simply put, they are axons or nerve fibers in
the peripheral nervous system (Gebhart and Schmidt, 2013; Green, 2004; Schepers
and Ringkamp, 2010). The terminals of these afferent fibers acts as free nerve

endings on the skin.

Myelinated AP mechanoreceptors (Duclaux and Kenshalo, 1972a), thinly
myelinated AS fibers and unmyelinated polymodal C fibers (Bautista et al., 2007;
Campero et al., 2001a; Schepers and Ringkamp, 2010) are some of the main
primary afferents found at the periphery. Among them, non-myelinated polymodal
C fibres and thinly myelinated AS fibres are the main cutaneous sensory neurons
involved in the molecular transmission of thermal information. Since its discovery,
numerous research groups characterized A-fibers and C-fibers (Bessou and Perl,
1969; Brown and Iggo, 1967; Campero et al., 2009, 2001a, 2001b, 1996; Darian-
Smith et al., 1973; Duclaux and Kenshalo, 1972a, 1972b; Hensel and Boman, 1960;
Iggo, 1959; Kenshalo and Duclaux, 1977; Simone and Kajander, 1997). Figure 7,
an illustration from (Ma, 2010) summarized the findings of human studies
(Campero et al., 2009) focused on: AS-cold fibers (myelinated, activated by
innocuous cold temperature, inactivated by nociceptive cold) and thermosensitive
polymodal C-fibers (CH, C-fibers responding only to noxious heat; CMH, C-fibers
responding to noxious mechanical stimuli and heat; C2, C-fibers responding cold
and warmth/heat; CMHC, C-fibers responding to noxious mechanical stimuli, heat,

and noxious cold; Ad-cold, A-fibers responding to innocuous cold; C-warm, C-
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fibers responding to warm temperatures; A5-MH, A-type fibers responding to

mechanical stimuli and heat (Campero et al., 2009; Ma, 2010)).

Cold pain

Lé-cold (on then oft)
C2 (on)
CMHC (on)

Ad-cold (on)
C2 (innbited centrally by Ad-cold

Warm

C-warm (on)
Ao-cold (off)
C2 (off or a few on)

Synthetic heat (thermal grill)

C-warm (on)
Ad-COId (inhibited centrally by C-warm
C2 (on

Heat or buming pain (by heat stimuli)

Ad-MH (on, first pain
C-warm (on then off)
H (on)

CMH (on)
C2 (on
CMHC (on)

Figure 7: Specific thermal sensations and the fibers associated with them. CH, C-fibers
responding only to noxious heat; CMH, C-fibers responding to noxious mechanical stimuli and heat; C2, C-
fibers responding cold and warmth/heat; CMHC, C-fibers responding to noxious mechanical stimuli, heat,
and noxious cold; AS-cold, A-fibers responding to innocuous cold; C-warm, C-fibers responding to warm
temperatures; A5-MH, A-type fibers responding to mechanical stimuli and heat. Adapted from (Ma, 2010).
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Mammals take advantage of the afferent neurons of the somatosensory system to
form their thermal perception. Cell bodies of the sensory neurons which innervate
the head and face are located in the trigeminal ganglia (TG) whereas the ones that
innervate the rest of the body is are localized in the dorsal root ganglia (DRG)
(Gracheva and Bagriantsev, 2015; Ran and Chen, 2019; Vriens et al., 2014). They
are calibrated to convert specific thermal, mechanical, and chemical stimuli to
electrical signals, which are transmitted from the skin to the central nervous system
as action potentials. Figure 8 shows a representation of the transmission of
cutaneous thermal sensations to the cell bodies of afferent fibers in the DRG which

synapses with the dorsal horn neurons in the spinal cord.

Dorsal root ganglion (DRG

* Spinal cord

Figure 8: Transmission of cutaneous thermal sensations. Temperature is detected at the periphery
by the afferent fibers whose cell bodies are located in the dorsal root ganglia (DRG). They synapse on to the
dorsal horn neurons in the spinal cord for processing and further transmission to brain (Ran and Chen,
2019).

.2, TRP Channels

Specialized thermal sensors known as the transient receptor potential (TRP) ion
channels are expressed in the terminals of the aforementioned afferent fibers. They
are polymodal cation channels which respond to multiple sensory stimuli
(Hoffstaetter et al., 2018; Venkatachalam and Montell, 2007; Xiao and Xu, 2021;
Yue and Xu, 2021). For example, a TRP channel can be activated by temperature
changes and chemicals such as capsaicin (Julius, 2013; Patapoutian et al., 2003).
However, subsets of the TRP channels are designed to specifically detect particular
temperature ranges in heat and cold. The activation of these channels are closely

linked to their environmental temperature (Voets et al., 2004).

24| Page



(Clapham and Miller, 2011; Vriens et al., 2014)explains how can the temperature
sensitivity of channel opening be so high to be able to detect even the subtle changes
in thermal cues. According to the laws of thermodynamics, all biochemical
reactions have a thermal dependance. The degree of this this dependance can be
quantified using Q10. It denotes the relative change in the current when there is a

10 degree temperature rise (Hoffstaetter et al., 2018).
Q1o=a_(T+10)/a_T

where aT and aT + 10 are reaction rates at two temperatures 10 degrees apart.

Arrhenius plot
10

Q0 =10

log[Current]

26.7°C |

013533 34 35 36 37
1000/T (K

Figure 9: Finding Q10 of a thermo-TRP channel using Arrhenius plot. The x-axis is logarithm of
current and y axis inverse of temperature (Kelvin). The slope of the resulting curve is used to calculate Q10.
The intersection of the tangents corresponds to the approximate threshold for thermal sensing (Hoffstaetter
etal., 2018)

The Q10 value of most bio-enzymatic reactions and ion channel gating, which are
independent of temperature have a lower value in the range of 1-3 (Hille, 2001).
Remarkably, the thermo-sensitive ion channels exhibit a much increased Q10
value. Therefore it is safe to define thermo-TRP ion channels as highly sensitive
molecular ‘thermometers’ with Q10 value much greater than 3. Figure 9 shows the
calculation of activation threshold of a hypothetical thermo-TRP channel using

Arrhenius plot (Hoffstaetter et al., 2018). The intersection of the tangents of the
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curve (logarithm of current verses inverse of temperature (Kelvin), corresponds to

the approximate activation threshold (26.7°C).

3.2.1. TRP Subfamilies

The fundamental principle of thermosensation lies in the TRP family of channels.
Currently, 28 TRP channels from the TRP superfamily have been identified and
classified into 6 subfamilies namely, TRPC, TRPV, TRPM, TRPA, TRPML and
TRPP with respect to their functionalities (Caterina et al., 1997). Among these
TRPA, TRPV, TRPM and TRPC are the mammalian thermo-TRPs (Figure 10).

TRPM2 TRPM3 |
TRPMS TRPV4 ‘
TRPA1 | TRPV3 TRPV1 R
l TRPCS TRPV2
| |
I| I '
0 10 20 H 30 40 50 60°C
< B
< Innocuous Innocuous >

Noxious heat | 5
Extreme

noxious heat

Noxious cold cold warmth

Figure 10: Mammalian thermo TRPs in the range of 0-60°C . (As illustrated in (Hoffstaetter et al.,
2018)).

3.2.2.Innocuous and Noxious Heat Sensors
Numerous TRP channels have been identified for their role in warm and hot
temperature sensing (Figure 10). TRPV1is the most well characterized ion channel
that detects noxious heat >42°C (Figure 11). It is polymodal as it is activated by
capsaicin and heat (Caterina et al., 1997). Noticeably, 42-45°C is the threshold of
thermal pain in humans (Defrin et al., 2002; Yarnitsky et al., 1994)and it supports
the theory that TRPV1 is a multimodal sensor which mediates temperature
sensation and pain. Apart from TRPV1, TRPM3 and TRPA1 also take part in
redundant noxious heat sensing (Vandewauw et al., 2018). Although Trpvi KO
mice only exhibits slight deficits in temperature discrimination, surprisingly,
TRPV1-TRPM3-TRPA1 triple knockout mice completely lack motor reflex to

noxious heat. It can thus be acknowledged that, noxious heat presents itself as a
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dangerous stimuli and clearly multiple channels participate in protecting us from

any damage or injury.

In the case of innocuous warm sensors, several thermo-TRP channels have shown
to be activated in the warm range in-vitro. But, physiological basis of warm
sensation presents itself differently. Although TRPV3 and TRPV4 responds to
warm temperature ranges of 32—39°C and 26-34°C respectively, TRPV3 and
TRPV4 double KO mice did not exhibit any serious thermal detection deficits

(Huang et al., 2011).

a Noxious heat sensor b Innocuous warmth sensor

Warmth (>35°C)

Heat (>42°C)

\ Proton

Capsaicin

TRPV1

Figure 11: Noxious and innocuous heat sensors (Xiao and Xu, 2021).

TRPM2 channel activates at approximately at 35°C (Figure 11) by sensing
environmental temperatures (Song et al., 2016; Tan and McNaughton, 2018).
TRPM2 is also expressed in DRG neuron subsets whereas the other TRP channels
such as TRPV 1-4 and TRPM3 are not. TRPM2 KO mice exhibit no avoidance at
38°C during the thermal preference test indicating that TRPM2 is a key component
in sensing warm temperatures. There are promising studies pointing in the
direction of the presence of other warm sensors as TRPM2 KO mice showed some

DRG neurons responded to warming.

While TRPM2 is clearly a warm sensor, its role in sensing noxious heat is open to
discussion (Vilar et al., 2020). Deletion of TRPM2 affects the warm sensing but it

still can detect the noxious temperature higher than 42°C (Haraguchi et al., 2012;
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Tan and McNaughton, 2018, 2016) (Haraguchi et al., 2012). While the TRPV1-
TRPM3-TRPA1 triple KO mice (Vandewauw et al., 2018) eliminates the ability to
sense noxious heat, TRPM2 KO responds to 30°C to 40°C range in-vivo. Until
recently, TRPM2 was not in the spotlight unlike many of its TRP counterparts, but
its role in not only thermosensation, but also in immune system, insulin secretion,
neuropathic and inflammatory pain is becoming more and more evident (Tan and

McNaughton, 2018).

See Figure 12 for a list of known heat sensors identified in the mouse thermal

system and their corresponding activation temperature.

Table 1 Summary of molecular heat sensors in different model systems

Heat sensors Species 7 B Q1o Remarks
TRPV1 Mouse ~42°C >15 Mediate noxious heat sensation and
pain and warmth sensation
TRPM3 Mouse ~40°C ~7 Mediate noxious heat sensation and
pain
TRPAI Mouse variable ~10 Mediate noxious heat sensation and
pain
ANOI Mouse ~44°C 20 May play a redundant role in noxious
heat sensation
TRPV2 Mouse ~52°C ~100 Heat sensitive in vitro
No notable thermal phenotype in KO
mice
TRPM2 Mouse ~35°C ~15.6 Mediate warmth sensation, also a
redox sensor
STIM1 Mouse ~35°C 6.8 Act in skin keradnocytes to mediate
warmth sensation
TRPV3 Mouse ~32°C 33 Heat sensitive in vitro
No notable thermal phenotype in KO
mice
TRPV4 Mouse ~27°C ~10 Heat sensitive in vitro
No notable thermal phenotype in KO
mice
TRPM4 Mouse ~15°C ~8 Heat sensitive in vitro
TRPM3S Mouse ~15°C ~10 Contribute to the temperature effect

on pcrccivcd SWeet tasee

Figure 12: List of heat sensors identified in mice with their corresponding Q10 values and activation
temperatures (Xiao and Xu, 2021).

3.2.3.Innocuous and Noxious Cold Sensors
There is one TRP channel best-known as an innocuous cold sensor- the TRPMS. It is
also known as a menthol receptor (McKemy et al.,, 2002; Peier et al., 2002).
Heterologous expression of TRPM8 showed that it is activated between 23-27°C.
TRPMS8 KO mice present significant deficiencies with respect to cold detection. But

they are sensitive enough to avoid surfaces below 10 °C proving that TRPMS is the
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essentially a cool sensor (Bautista et al., 2007). However (Dhaka et al., 2007), discusses
that TRPMS8 deficient mice respond normally to a cold plate at -1°C whereas when
acetone is applied to the surface of the paw, the TRPMS8 deficient mice exhibit
significantly reduced response of paw withdrawal and licking. Wet-dog shakes after an
injection of icilin, is almost absent in TRPMS8 deficient mice. Taken together, TRPMS8
might be involved in sensing unpleasant or noxious cold but it also points to the

presence of other noxious cold receptors (Figure 13).

€ Innocuous cool sensor d Noxious cold sensor

Cool temperature (<27°C) Cold (<18°C)

1 4

G protein
signaling

TRPMS8 GLR-3/GluK2 (?)

Figure 13: Noxious and innocuous cold sensors (Xiao and Xu, 2021).

Efforts to identify noxious cold sensors is still ongoing. TRPA1 was one of the first
candidates proposed as a noxious cold sensor with an activation threshold of
approximately 17°C (Story et al., 2003). But TRPA1 KO mice do not exhibit deficits in
avoiding noxious cold temperatures (Bautista et al., 2006; Kwan et al., 2006).
Additionally, evidence emerged stating that TRPA1 is a major contributor in noxious
heat sensing (Vandewauw et al., 2018). Altogether, it is reasonable to conclude that

TRPA1 is not noxious cold detection in mammals.

Although candidate gene approaches have been fruitful in identifying heat sensors, it
has not been very helpful in identifying cold sensors. Hence, the cold sensors other
than TRP channels were undetected until recently. (Gong et al., 2019) conducted an
unbiased genetic screen to identify cold receptors in C. elegans. This led to the
discovery of GLR-3,a kainite-type glutamate receptor homolog, as a cold receptor.

GLR-3 present in the peripheral nervous system of C. elegans senses the cold
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temperatures and exhibits avoidance behavior. GLR-3 is mostly activated at noxious

cold rather than cool temperatures with an activation threshold well below 20°C.

Heterologous expression of vertebrate homologue of GLR-3, GluK2 from fish, mouse
and humans, strongly advocates for GLR-3 and GluK2 cold sensors, in vitro.
Interestingly mouse GLuK2 can function as a substitute for GLR-3 when expressed as
a transgene in ASER neuron (Gong et al., 2019) in vivo, indicating that GluK2 in mouse
can be a prospective cold receptor. Undisputedly, GLR-3 and GluK2 are promising
candidates, but further investigations are required to identify its functions in vitro and

in vivo (Xiao and Xu, 2021) (Figure 13).

See Figure 14 for a list of known cold sensors identified in the mouse thermal system

and their corresponding activation temperature.

Iable 2 Summary of molecular cold sensors in different model systems

Cold sensors Species T Q1o Remarks
TRPMS Mouse ~27°C 24 Cool sensor mediating cool sensation
TRPCS Mouse ~25°C ~10 Cool sensitive in vitro
No notable thermal phenotype in KO mice
GC-G Mouse Over ND Cool sensing in Grueneberg ganglion
30°C

TRPAI Mouse, Variable | ~10 Heat sensitive under physiological conditions, but cold

human sensitive under oxidative stress conditions
Gluk2 Mouse ~18°C ND Cold sensitive in vitro

Knockdown of GluK2 suppresses noxious cold, but not
cool, sensation in DRG neurons

Figure 14: List of cold sensors identified in mice with their corresponding Q10 values and activation
temperatures (Xiao and Xu, 2021).

3.2.4.TRP channel activation mechanisms
TRP channels are capable of detecting and transmit specific sensory stimuli through
molecular mechanisms of ion channels and pumps. Figure 15 A illustrates the main
components in that process. When primary sensory neurons encounter a sensory
stimuli, they undergo graded depolarization. The volage-dependent sodium channels
(Nav1.7 and Nav1.8) generate an action potential due to the inward current. At the
same time, voltage-gated potassium channels (Kv’s) act to stop the depolarization,
thereby limiting the excitability. Excitation is only achieved, if the depolarization

reaches a specific threshold. Therefore, if the threshold is close to the resting
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membrane potential, it aids in firing a response to the sensory stimuli. This resting
potential can be regulated by Navi.9. Na+/K+-ATPase responsible for membrane
gradients and thermosensitive leak potassium channels (TREK-1, TREK-2, and
TRAAK) which limits the excitation, also regulate resting potential (Hoffstaetter et al.,

2018). Figure 15 B shows the main components of an action potential.

A Primary sensors Action potential

TRPME TRPA1 TRPVL omer Navl? Navisg Kv's
thermo-TRP's
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! extracellular
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TREK-1 TREK-2 TRAAK Navl.$ ATPase
Resting potential
B
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Navi9 — 20°C
Na*/K* ATPase HCN -= 10°C

Figure 15: TRP channel excitation and components of action potential.. A. Navi.7 and Navi1.8 are
voltage gated sodium channels that generate an action potential (inward flux of Na+)Il. Kv’s counter act to limit
this excitability(outward flux of K+). Resting potential is regulated by Navi.9, Na+/K+-ATPase and
thermosensitive leak potassium channels (TREK-1, TREK-2, and TRAAK) (Hoffstaetter et al., 2018). B. Typical
shape of an action potential. Colored region represents channel activity. K2P’s, Navi.9, and Na+/K+-ATPase
maintain the resting potential and Nav1.7 is responsible for initial depolarization (upstroke) whereas Navi.8
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contributes to the rapid upstroke. Kv’s repolarizes the cell (falling phase). HCN channels regulate the
hyperpolarization back to resting potential. Curve at cold temperature is broader because. Voltage-gated sodium
channels (Navi.7 and Navi.8), Voltage gated potassium channels (Kv’s) Hyperpolarization-activated, cyclic
nucleotide-gated (HCN).

Temperature has been found to activate TRPV, TRPC, TRPM and TRPA channels with
high Q10 values (Refer 3.2 TRP Channels). Fundamentally, temperature induces
conformational changes in TRP channel proteins contributing to activation and de-
activation. However (Voets et al., 2004) suggested that temperature changes induces a
voltage-dependent gating process. (Matta and Ahern, 2007) later show that voltage,
temperature and ligands take part in the thermal sensitivity of TRP channels. Certain
chemicals such as capsaicin can activate the heat sensor TRPV1 (Caterina et al., 1997)
and recently pungent compounds including cinnamaldehyde and mustard oil were
found to activate TRPA1 (Bandell et al., 2004). The complex bio-physical aspect of how
temperature activates TRP channels is a vast arena. Experiments by mutagenesis and
chimeric protein analysis, have shed light into how these channels respond to cold and

heat.
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4.

Thermosensory circuits
After activation, thermo-TRP channels convert the thermal information into
electrical signals, which is transmitted from the periphery to central nervous
system. The thermosensory circuit can be divided into 2: primary afferents to spinal
cord and supraspinal circuitry consisting of spino-thalamic or thalamo-cortical

pathways.

Figure 16 illustrates the pathways in thermal processing (Vriens et al., 2014). To
summarize what was explained in the aforementioned section (See Primary Afferent
Fibers 3.1), sensory neurons in the skin, myelinated AS§ fibres and non-myelinated
C fibers (green, yellow), have their cell bodies are in the dorsal root ganglia (DRGs).
Their axons have 2 branches: one extending towards the skin with free nerve
endings; the other synapses in the layers of dorsal horn. Thermal information in
encoded as action potential at the periphery and transmitted to the dorsal horn.
This gives rise to 3 possible outcomes: a) rapid withdrawal or motor reflex as a
result of noxious temperatures/pain; b) the thermal information is transmitted
across the spinothalamic tract to several thalamic regions and then to the
somatosensory cortex; c) initiation of thermoregulatory processes (Vriens et al.,

2014).

This section will describe the thermosensory pathways in two parts. Section 4.1 will
explain the thermal processing at the level of spinal cord. Furthermore, Section 4.2
will explain the supraspinal circuitry involving thalamic regions, somatosensory
cortex, insular cortex and hypothalamus and their respective roles in integrating

the thermal information to form a thermal perception or initiate thermoregulation.
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Figure 16: Thermosensory pathways. Sensory neurons in the skin, myelinated A fibres and non-
myelinated C fibers (green, yellow), whose cell bodies are in the dorsal root ganglia (DRGs). Their axons have
2 branches: one extending towards the skin with free nerve endings; the other synapses in the layers of dorsal
horn. Thermal information in encoded as action potential at the periphery and transmitted to the dorsal horn.
This gives rise to 3 possible outcomes: a) rapid withdrawal or motor reflex as a result of noxious
temperatures; b) the thermal information is transmitted across the spinothalamic tract to several thalamic

regions and then to the somatosensory cortex; c) initiation of thermoregulatory processes. (Vriens et al.,
2014).

4.1. Spinal Integration and Transmission
The dorsal horn of spinal cord receives somatosensory signals from the body and is
critical in processing them. Out of the six layers (or Laminae), Lamina I/II, the most
superficial layers of the dorsal horn has incoming AS and C primary afferent fibers
(Figure 16). It is also the source of the main outgoing projections from spinal cord

to brain stem and thalamus (Craig, 2002).

In an experiment conducted in rats exposed to scrotal skin temperature variations,
(Hellon and Misra, 1973) reports that neurons were excited by both cooling and
warming. Later on, (Andrew and Craig, 2001; Craig et al., 2001), thoroughly
evaluated the thermo-responsive spinothalamic tract neurons in cats and classified
them as: i) nociceptive-specific (NS), ii) innocuous thermo-receptive-specific
(COOL or WARM), and iii) polymodal nociceptive (HPC) sensitive to noxious heat,

pinch, and noxious cold (Andrew and Craig, 2001; Craig et al., 2001). Warm
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neurons have a threshold range of 35-37°C. Cool neurons respond for temperatures
going down from 34°C to 15°C. The nociceptive specific and HPC neurons
responded to between 45 and 53°C. HPC neurons also exhibit accelerating response

to cold below 24°C and until 9°C (Andrew and Craig, 2001; Craig et al., 2001).

In summary, first order neurons which are responsive to temperature changes,
projecting to the dorsal horn of spinal cord, synapse with second-order neurons in
lamina I/II. These neurons then projects to thalamic regions via anterolateral
column of spinal cord. Thus the spino-thalamic tract is the first hub of the central

integration of thermal processing.

4.2. Supraspinal Circuitry
The supraspinal pathway for thermal processing mainly consists of thalamic nuclei
such as Ventral posterolateral (VPL), posterior medial (POm), and the caudally
positioned triangular posterior thalamic (PoT) nuclei projecting to somatosensory
cortex (primary and secondary somatosensory cortex (S1 and S2), Insular Cortex

(IC) Figure 17 (Bokiniec et al., 2018).

(@ (b) 4

N

Current Opinion in Neurobiology

Figure 17: Thermal pathways of supraspinal circuitry in the mouse thermal system. (Bokiniec
et al., 2018) 1-afferent to spinal cord, 2-spino-thalamic tract to thalamic nuclei (PoT, Pom, VPL), 3-thalamo-
cortical pathway to S1, S2, IC, 4-cortical processing. Ventral posterolateral (VPL), posterior medial (POm),
and the caudally positioned triangular posterior thalamic (PoT) nuclei, primary somatosensory cortex and
secondary somatosensory cortex (St and S2), Insular Cortex (IC) (Bokiniec et al., 2018).
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4.2.1. Thalamic Nuclei

The spino-thalamic tract can be seen as a spinal route, as well as the primary
contact with the central nervous system and its mechanisms. It is the synergistic
integration that give rise to a thermal sensation and perception. Thalamus being
the second hub after spinal cord, it has been shown in several studies that the
second order neurons project to the contralateral ventral posterolateral (VPL),
posterior medial (POm), and the caudally positioned triangular posterior
thalamic (PoT) nuclei (Egan et al., 2005; Gauriau and Bernard, 2004; Hellon

and Misra, 1973; Schingnitz and Werner, 1980; Zhang, 2006).

The responsiveness of thalamic neurons to thermal stimuli have been
interrogated in humans, cats, and primates (Auen et al., 1980; Bushnell et al.,
1993; Craig et al., 1994a; Davis et al., 1999a; Duncan et al., 1993; Egan et al.,
2005; Landgren, 1960). Selective lesion studies of thalamic nuclei such as
ventral medial nucleus (Finger and Frommer, 1970; Norrsell and Craig, 1999)
only induced mild loss of thermosensory discrimination, suggesting a partial
role in discrimination of temperature. From the thalamic nuclei, the

thermosensory information is further transmitted to the somatosensory cortex.

4.2.2.Somatosensory Cortex

The cortical processing of temperature to form a sensation or a perception is
evident in the primary somatosensory cortex and secondary somatosensory
cortex (S1 and S2) via thalamo-cortical pathway (Becerra et al., 1999; Chatt and
Kenshalo, 1977; Egan et al., 2005; Hellon et al., 1973a; Landgren, 1957a;

Milenkovic et al., 2014; Moulton et al., 2012; Tsuboi et al., 1993).

At this point, all evidence points in the direction that the somatosensory cortex
is absolutely necessary to encode thermal cues. One of the first findings
(Landgren, 1957a) was that the somatosensory cortex of a cat responded to
thermal stimulations on the tongue. Cortical neurons in the rat somatosensory
cortex are also activated by the temperature changes in the scrotal skin and hind
paw (Hellon et al., 1973a). Rats with S1 and S2 lesions (Finger and Frommer,
1970) were reported to have failed temperature discrimination tasks. Similarly
cortex ablation in rats (Porter et al., 1993) proved to induce thermosensory

deficits. Much more recently, (Milenkovic et al., 2014) found that the cortical
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neurons in the mouse somatosensory cortex responded to cooling of glabrous
skin and interestingly also to touch. (Milenkovic et al., 2014) also showed that
the silencing of these multimodal cortical neurons resulted in significant
behavioral thermal discrimination. An early study (Chatt and Kenshalo, 1977)
in humans, suggested that somatosensory cortex is a key player in thermal
processing by measuring evoked potentials recorded from scalp. Neuroimaging
study (Becerra et al., 1999) in humans shed light on the involvement of frontal
gyri, anterior and posterior cingulate gyrus, thalamus, motor cortex,
somatosensory cortex (SI and SII), supplementary motor area, insula, and

cerebellum when the skin was stimulated by heat (46°C) stimuli.

4.2.3.Insular Cortex
Though it is tempting to conclude somatosensory cortex to be the most crucial
and exclusive contestant in thermal integration, an alternate theory proposes

posterior insular cortex to be equally important.

The insular cortex and its role in thermosensation has been studied by several
groups (Becerra et al., 2011; Birklein et al., 2005; Corradi-Dell’Acqua et al.,
2011; Craig et al., 2000; Gogolla et al., 2014; Nagashima et al., 2018; Peltz et al.,
2011; Penfield and Faulk, 1955; Rodgers et al., 2008; Wager et al., 2013).
Activity of insula has been correlated with perceived temperature in (Craig et
al.,, 2000; Hua et al.,, 2005; Olausson et al., 2005). In addition to the
discriminative component of thermal sensation, there is a hedonic component,
i.e., thermal comfort or the pleasantness/unpleasantness associated with any
particular temperature. (Nagashima et al., 2018) suggests that thermal comfort
or discomfort is determined by central mechanisms rather than peripheral
mechanisms and that insular cortex and cingulate cortex could be the brain

regions driving the behavioral responses that aid thermoregulation.

The response of insula to pain and temperature was studied in patients with
lesions in: anterior insula, posterior insula, retro insula, and parietal operculum
and found that anterior and posterior insular regions contribute significantly to
these responses (Greenspan et al., 1999). Parietal and insular cortical lesions
resulted in hypoesthesia in patients (Veldhuijzen et al., 2010a), reaffirming the

role of insula in thermosensory discrimination. All evidence at this point
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confirms that the insular cortex might be equally essential in thermal sensation

and perception.

4.2.4.Cingulate Cortex

The role of cingulate cortex in the mechanism of pain and emotion has been
known for a long time. Although it is not directly a part of the established
thermosensory circuit, the affective component of thermal stimulations always
pointed towards cingulate cortex (Becerra et al., 1999; Brooks et al., 2002; Craig
et al., 1996; Derbyshire et al., 2002; Gelnar et al., 1999). (Vogt, 2005) explained
that the midline and intralaminar nuclei (MITN) projects to limbic cortex,
amygdala and anterior cingulate cortex (ACC). Several studies have studies the
role of ACC in pain responses (Barthas et al., 2015; Gasquoine, 2013; Hutchison
et al., 1999; Iwata et al., 2005; Vogt et al., 1996, 1993; Xiao et al., 2021; Xiao and
Zhang, 2018). Interestingly, there are no nociceptive labelled lines that projects
from L1 neurons to cingulate cortex. Since thalamic projections to cingulate are
not focused on one specific region, there is no particular nociceptive region in
cingulate. The subgenual part of ACC is more involved in autonomic control and
emotion than the posterior cingulate (PCC). (Biichel et al., 2002) showed the
dorsal posterior ACC were part of sensory discrimination activations rathen
than pain processing. (Vogt et al., 1996) reported cerebral blood flow increases
associated with application of noxious stimulation on human hands in posterior
ACC and mid cingulate. This could be due to the dense projection of nociceptive
inputs from MITN to the anterior mid cingulate than ACC and posterior mid
cingulate as proposed by (Vogt, 2005). Cingulate lesions studies have found to
impair pain and avoidance behavior (Donahue et al., 2001, 2001; Fuchs et al.,

2014).

In summary, cingulate cortex and its subparts play a major in processing
nociceptive stimuli and can guide autonomic responses arising from thermal

comfort or discomfort.
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4.2.5. Hypothalamus

Hypothalamus is known to be the thermo-regulative center of the brain. The
preoptic anterior hypothalamus (POAH) has been linked to thermoregulatory
behavior in numerous studies (Berk and Finkelstein, 1981; Blatteis and Banet,
1986; DiMicco and Zaretsky, 2007; Ishiwata et al., 2002; Rothhaas and Chung,

2021; Van Tienhoven et al., 1979; Wang et al., 2019a).

Interestingly, a recent study (Yahiro et al., 2017a) proposes another
thermosensory pathway from dorsal horn to the lateral parabrachial nucleus
(LPB) and then to the preoptic area (POA) of the hypothalamus. In this study,
lesions in ventral posteromedial and ventral posterolateral thalamic nuclei
(VPL/VPM) in the rats did not show impairment in their behavior. On the other
hand, lesions in the LPB eliminated the heat/cold avoidance behavior(Yahiro et
al., 2017a). It demonstrated that the heat/cold avoidance is not governed by the
thalamocortical pathway and it is the lateral parabrachial nucleus (LPB) that

mediates the thermosensory signals that drive behavioral thermoregulation.

Taken together, we can agree that there are integrated peripheral and central
mechanisms that encode thermal sensations. Probing the interplay between the
brain regions involved would strengthen our overall understanding of cortical

and thalamic integration of thermal cues.

39| Page



5. Principles of thermal coding
Even with big leaps in understanding thermosensation, we still lack a finite answers
to several fundamental questions. In this section, we will discuss how temperature
is encoded at the afferent level, spinal and supraspinal level. There are several

concepts of thermal coding which can shed light on this matter.

5.1. Specificity and Pattern Theory
The integration of peripheral thermal information in the brain has given rise to two

major theories: Specificity theory and Pattern theory. Specificity theory arises from

the point of view that dedicated channels encode heat and cold (Ma, 2010). This
means that the thermosensory information follows a specific and dedicated neural
circuit or pathway from skin to brain (Ma, 2010). For instance, (Mishra and Hoon,
2010) concluded that by using RTX -a TrpV1 agonist that can destroy cells that
express TRPV1, heat sensation is affected, but cold sensation remains intact. Their
model claims that TRPV1 mediates heat processing and mechanical nociception.
Similarly, (Knowlton et al., 2013) explains how TRPMS is necessary to encode cool
and noxious cold. By ablating TRPM8-expressing neurons in adult mice, (Knowlton
et al., 2013) showed that the cold sensitivity is severely compromised but heat
sensitivity is untouched. Also the polymodality of the afferent fibres mean that a
particular stimuli can activate multiple labelled lines and that a labelled line might

receive different somatosensory stimuli (Ma, 2010).

As opposed to the specificity theory, pattern theory claims that the final perception
of sensory stimuli is the culmination of inputs from multiple sensory afferents and
that their interplay or cross-talk at different stages of thermal transmission leads to
the final perception. A popular example of pattern theory is when simultaneous

heat and cold is misinterpreted as a burning pain (Figure 18).
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Figure 18: Pattern theory and thermal grill illusion. When humas touched interlaced bars of
innocuous warm (40°C) and cold (20°C) temperatures, they reported a burning hot pain. A cold labelled line
or innocuous cold-sensitive AS-fibers are necessary for cold sensation. This activation normally masks the
cold-sensitive C-fibers which is labeled line for heat or pain. The simultaneous activation of warm fibers on
adjacent spots on skin will result in the blocking of cold-sensitive AS-fibers and thereby activating the cold-
sensitive C-fibers (Craig, 2002; Xiao and Xu, 2021).

This phenomenon was first discovered by Thunberg and Alrutz (Craig, 2002; Craig
and Bushnell, 1994). When humas touched interlaced bars of innocuous warm
(40°C) and cold (20°C) temperatures, they reported a burning hot pain, even
though the temperatures were well within the non-noxious limit. A cold labelled
line or innocuous cold-sensitive AS-fibers are necessary for cold sensation. This
activation normally masks the cold-sensitive C-fibers which is labeled line for heat
or pain. The simultaneous activation of warm fibers on adjacent spots on skin will
result in the blocking of cold-sensitive A8-fibers and thereby activating the cold-
sensitive C-fibers (Figure 18). This is a ‘nociceptive’ pain-labeled line and create

paradoxical burning sensation (Ma, 2010).

5.2. Graded and Combinatory Coding
DRG neurons are the primary afferent neurons that encode thermal sensations at
the peripheral level. In a recent study, (Wang et al., 2018), performed Ca2+imaging
of DRG neurons and showed that neurons that encode heat and cold use very
different strategies. Earlier, (Prescott et al., 2014; Prescott and Ratté, 2012) showed
that it is possible to have one stimuli to activate a specific pathway and the sensation
depends on the pathway activated. At the same time, each sensory stimuli could
activate more than one neuron. The distinct combinations could form a particular

sensation.
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(Wang et al., 2018) explored how various somatosensory (mechanical and thermal
(noxious and innocuous) inputs are encoded by population of mouse DRG neurons
(Figure 19 A) using Ca2+ imaging. Interestingly, there were two main findings: a)
half of the neurons in the study were polymodal and b) different strategies were

used to encode heat and cold.

Figure 19 B-D shows the polymodal nature of the sensory neurons. (Wang et al.,
2018) looked into the overlap between mechano-sensitive and thermosensitive
neurons. 21% of 522 neurons are sensitive to both [pinch and heating] and [pinch
and 50°C] (Figure 19 B,C marked in yellow). Majority of cooling sensitive neurons
responded to pinching (Figure 19 D marked in yellow). Depending on the size of
the neurons, the medium and large neurons responded to mechanic stimuli
whereas most of the small neurons exhibited polymodality and were seen to

respond to both mechanic and thermal stimuli.

brush
B C
heating pinch 50°C pinch cooling
% of total 522 neurons % of total 513 neurons % of total 456 neurons

Figure 19: In-Vivo two photon imaging of DRG neurons. A. Ca2+ imaging field showing how DRG
neurons respond to noxious and innocuous thermal and mechanical stimuli. B-D shows the polymodal nature
of the sensory neurons by looking at the overlap between mechano-sensitive and thermosensitive neurons
using Euler diagram. 21% of 522 neurons are sensitive to both [pinch and heating] and [pinch and 50°C].
Majority of cooling sensitive neurons responded to pinching. Image adapted from (Wang et al., 2018).
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The second major finding was the encoding in the heating and cooling range. Among
the thermoceptive neurons, (Wang et al., 2018) studied the responses for cool/cold
(6°C, 15°C, or20°C) and warm/heat (38°C, 43°C, and 50°C). Figure 20 A and B shows
the overlap in the response for warm or heat and cool or cold. 8% of 548 neurons
responded to all warm/when heat temperatures and 28% of 183 neurons responded to
all cool/cold temperatures. Notably, only 3% is activated only by 38°C and 4% by 43°C
and quite drastically, 63% of the neurons respond to 50°C (Figure 20 A). At the same
time, 16%, 17% and 20% of the cold-sensitive neurons respond to 20°C, 15°C and 6°C
respectively (Figure 20 B). This proves that as the temperature increases from 38 to
50°C, more number of neurons are activated, indicating a graded coding in the
warm/heat range. On the contrary this is not true for the cool/cold temperatures and

suggests combinatorial coding.

(Wang et al., 2018) studied the response of neurons that responded to all heating
stimuli and cooling stimuli (white part in the Euler diagrams). The Ca2+ responses
from different neurons prove that, as temperature goes up, more neurons are activated
and each neuron’s response gets stronger with the temperature (Figure 20 C). Unlike
the heat sensitive neurons, the Ca2+ traces does not support a graded coding strategy
in the cold sensitive neurons. Decreasing temperature does not recruit more neurons
or exhibit higher response, reaffirming a combinatory coding strategy in the cooling

range (Figure 20 D).
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Figure 20: Overlapping thermoceptive neurons and their coding strategies. A). 8% of 548 neurons
responded to all warm/when heat temperatures. Notably, only 3% is activated only by 38°C and 4% by 43°C and
quite drastically, 63% of the neurons respond to 50°C. B). In the cooling range, 28% of 183 neurons responded to
all cool/cold temperatures. 16%, 17% and 20% of the cold-sensitive neurons respond to 20°C, 15°C and 6°C
respectively. C). The Ca2+ responses from different neurons prove that, as temperature goes up, more neurons
are activated and each neuron’s response gets stronger with the temperature. D) Ca2+ traces suggests that
decreasing temperature does not recruit more neurons or exhibit higher response, reaffirming a combinatory
coding strategy in the cooling range. Image adapted from (Wang et al., 2018)
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5.3. Encoding of absolute temperature and temperature changes
(Ran et al., 2016) examined how thermal information is characterized in the spinal
cord of mouse and how this characterization is different for heat and cold using
two-photon calcium imaging of spinal cord. By stimulating hind paw of
anesthetized mice using a stimulation chamber superfused with water at different

(Figure 21 A) temperatures (5-50°C)

A 10°C cooling from 32-22°C showed maximum response during the cooling
process than the stable stage when the temperature is maintained (Figure 21 B, left
top and bottom). Interestingly, it was observed that cooling rate has no noticeable
effect on the responsiveness of cold sensitive neurons (Figure 21 C). Taken
together, the results concluded that cold-sensitive neurons are more sensitive
temperature changes (AT) and they quickly adapt to a constant cold temperature
(Ran et al., 2016).

In the same study, (Ran et al., 2016) observed drastic differences in the encoding of
heat in the spinal cord neurons. Heating the skin to higher temperature activated
more neurons. When heated from 32°C to 45°C, heat-responsive neurons did not
display adaptation and the response was constantly high during the stable
temperature (Figure 21 B, right top and bottom). Similarly to the cooling rate,
heating rate did not affect the percentage or peak response amplitudes of neurons
that respond to heat (Figure 21 C). It was concluded that heat sensitive neurons
code absolute temperature and therefore, higher the heat : stronger the neuronal

response (Ran et al., 2016).
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Figure 21: Spinal Encoding of Absolute Temperature and Temperature Changes. A) Caz2+
imaging of LI/LII of spinal cord during stimulation of hind paw of anesthetized mice using a stimulation
chamber superfused with water at different temperatures (5-50°C). B). Top: In-vivo images of responsive
neurons (green and red), Bottom: Ca2+ response during cooling and heating. The cold-sensitive neurons are
more sensitive temperature changes (AT) and they quickly adapt to a constant cold temperature. The heat
sensitive neurons code absolute temperature and therefore, stronger the neuronal response when the
temperature is high. C). Top: stimulation temperature during cooling and heating. Bottom: Ca2+ responses
for different cooling and heating rates. Cooling and heating rate has no noticeable effect on the
responsiveness of neurons (Ran et al., 2016). Image adapted from (Bokiniec et al., 2018).
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6. Functional Ultrasound Imaging
Ultrasound imaging is a widely used imaging modality, acclaimed for its portability,
real-time imaging, sensitivity and cost effectiveness. Although it was not already
widely used in clinical neuroimaging, it was applied in neonatal neuroimaging or a
as a neurosurgical tool, where in both cases skull was not an obstacle. Transcranial
Color Doppler Ultrasound (TSSD) used to measure blood flow velocities was
another very popular early application of ultrasound (Aaslid et al., 1982). However,
at that point, ultrasound lacked sensitivity factor and was used mainly to image
large vessels. It was not until the introduction of ultrafast imaging in the last two
decades (Tanter and Fink, 2014) that the ultrasound neuroimaging technique
gained momentum. As of now, ultrafast Doppler imaging is one of the most sought
after imaging technique in virtue of its sensitivity, spatial (~100 um) and temporal

resolution (tens of milliseconds) and portability (Deffieux et al., 2021).
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Figure 22: Comparison between different functional neuroimaging techniques (Deffieux et al.,
2018). FMRI has limitations in terms of temporal resolution, huge operational and maintenance cost and has
limited portability. PET imaging uses radioactive tracers to image the uptake of glucose in the brain. It is a
highly sensitive imaging technique but has poor spatial resolution has to be combined with MRI or CT. EEG
and MEG measures brain’s electrical and magnetic fields respectively and has higher temporal resolution.
Localized brain imaging techniques or optical imaging has the highest spatial and temporal resolution so far,
but mostly used in animal studies and are usually limited to the surface of the cortex (Pais-Roldan et al., 2021)
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In today’s scientific world of functional neuroimaging, currently used non-invasive
techniques include electroencephalography (EEG), magnetoencephalography
(MEG), functional magnetic resonance imaging (fMRI), or positron emission
tomography (PET) (Deffieux et al., 2018). However, all these techniques have their
own limiting factors with respect to spatial and temporal resolution, possibility to
image whole brain and specificity (Figure 22). Although fMRI is considered the
benchmark of functional neuroimaging because of its clinical and preclinical use,
whole brain imaging, non-invasiveness, it is burdened by huge operational and
maintenance cost and has limited portability. PET imaging uses radioactive tracers
to image the uptake of glucose in the brain. It is a highly sensitive imaging technique
but has poor spatial resolution has to be combined with MRI or CT to get the desired
results. EEG and MEG measures brain’s electrical and magnetic fields respectively
and has higher temporal resolution. Localized brain imaging techniques or optical
imaging has the highest spatial and temporal resolution so far. But its use is mostly
confined to animal studies and are usually limited to the surface of the cortex (Pais-

Roldéan et al., 2021) (Figure 22).

Functional Ultrasound (fUS), on the other hand, has high spatial and temporal
resolution and sensitivity compared to the widely used fMRI and PET (Boido et al.,
2019; Macé et al., 2011; Tanter and Fink, 2014). It can definitely bridge the gap
between fMRI and optical imaging techniques. Unlike the other established
techniques, fUS imaging offers a wide range of possibilities in pre-clinical and
clinical research. It has a large field of view and can be used alongside behavioral
studies and super-resolution ultrasound localization microscopy. Although it is
primarily used to image animal models in awake and anesthetized states and to
study brain connectomics, fUS has been proven to be useful during intra-operative
procedures in awake patients (Imbault et al., 2017; Soloukey et al., 2020) and also

in neonatal neuroimaging (Baranger et al., 2021; Demene et al., 2017) (Figure 23).
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Figure 23: Wide range of possibilities in pre-clinical and clinical research offered by fUS. It can be
used alongside behavioral studies and super-resolution ultrasound localization microscopy. Although it is
primarily used to image animal models in awake and anesthetized states and to study brain connectomics, fUS
has been proven to be useful during intra-operative procedures in awake patients (Deffieux et al., 2018).

6.1. Physics behind fUS
The inception of ultrasound has played an important role in the medical diagnostics
history. In the 1970s, it was introduced as a way to image the abdomen and pelvis.
Fast forward to 2021, it has major applications in obstetrics, gynecology,
cardiology, abdominal imaging and even neuroimaging. Ultrasound imaging stands

out from other imaging techniques by its non-ionizing nature, portability and real-
time imaging capability.
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In terms of acoustic physics, ultrasound refers to high frequency sound waves that
are inaudible to the human acoustic range i.e., greater than 20 kHz. But the
frequency used in medical imaging is much greater and usually between typically 2
to 10 megahertz (MHz) (Powles et al., 2018). The body part to be imaged receives
pulsed ultrasound waves which in turn give rise to ultrasonic echoes that are
backscattered by tissues or fluids (Aldrich, 2007; Campbell, 2013; Jensen, 2007;
Macé et al., 2011). Traditional ultrasound uses focused beam to image line by line.
In other words, one focused beam permits acquisition of one image line. This
means, generally, in order to acquire a full image we may need a few imaging lines

in the order of 64-512(Figure 24) (Bercoff, 2011).
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Figure 24: Conventional US imaging. Traditional ultrasound uses focused beam to image line by line.
In other words, one_focused beam permits acquisition of one image line. This means, generally, in order to
acquire a full image we may need a _few imaging lines in the order of 64-512. (Bercoff, 2011)

For instance, following the conventional way, to obtain an image at 5cm depth and
256 lines width, the frame rate would be 60Hz. Scanning line by line can be slow to
acquire large images at kilohertz frame rate. Imaging blood dynamics using this

technique demands to split the large imaging field to smaller parts that are to be
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imaged one after the other. This limits the sensitivity of the technique as it has low

sampling rate (Mace et al., 2013; Macé et al., 2011).

fUS was envisioned as a better technique to measure changes in blood volume in
brain at a higher spatial-temporal resolution than the conventional technique
(Macé et al., 2011; Tanter and Fink, 2014). It employs plane wave transmission as
opposed to the focused beam to obtain a large field of view. The single plane wave
can acquire larger number of samples per pixel than a focused beam, which
improves the sensitivity. Furthermore, by using multiple tilted planar waves
(Montaldo et al., 2009; Tanter et al., 2002; Tiran et al., 2015), the resulting images
are summed to produce the final coherently compounded ultrasound image. This
technique not only maintained the high frame rate (thousands of frames per
second), but improved the quality of the image in terms of resolution and noise

(Bercoff et al., 2011).

To elucidate the fundamental principles of fUS imaging see Figure 25. (Macé et al.,
2011) illustrates the emission of tilted planar ultrasonic waves (17 waves tilted at
angles from -8° to 8° by steps of 1°) which forms 17 images with a field of view
2cmx2cm. These 17 images are summed together to produce a compounded image
obtained in 1ms. This process results in 200 compounded images in 200ms. The
hemodynamic signal can be extracted from the temporal changes in the amplitude
of backscattered ultrasound echoes for each pixel by implementing a high pass
filter. From the frequency spectrum of the blood signal, axial blood velocity and
intensity of power Doppler can be determined (Mace et al., 2013) and therefore we
can obtain an axial velocity image or a power Doppler image (Figure 25). The cut-
off frequency to avoid tissue motion, allows the detection of blood signals with
typical axial velocity >4mm/s. The power Doppler values are directly proportional
to cerebral blood volume and it is well suited for imaging vascular hemodynamics.
Using the phenomenon of neurovascular coupling (changes the local cerebral blood
volume due to transitory neural activity), fUS can be an indicator for brain activity

patterns.

(Mace et al., 2013) explained how the high pass filter can remove echoes from
tissues but it might lose the blood signal from capillaries where axial blood velocity
is low (2-4mm/s) depending on the cut-off frequency. The much advanced

spatiotemporal clutter filtering (Demene et al., 2015) was introduced to separate
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tissue and blood signals in a more efficient manner. Moving blood scatterers have
low covariance when compared to the static or slowly moving tissue scatterers with
high covariance. This method was successful in removing clutter signals by using
Singular Value Decomposition (SVD) and blood velocity as low as 0.5 mm/s could

be now detected and included in the filtered signal.
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Figure 25: Fundamental principles of fUS Imaging. a-b) Emission of tilted planar ultrasonic waves
(17 waves tilted at angles from -8° to 8° by steps of 1°) which forms 17 images with a field of view 2cmx2cm,
summed together to produce a compounded image obtained in 1ms. This process results in 200 compounded
images in 20oms. ¢) The hemodynamic signal sB(t) can be extracted from the temporal changes in the
amplitude of backscattered ultrasound echoes s(t) for each pixel by implementing a high pass filter. d) From
the frequency spectrum of the blood signal, axial blood velocity and intensity of power Doppler can be
determined and an axial velocity image or a power Doppler image can be obtained. The concept of fUS is
based on power doppler images (Macé et al., 2011).
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6.2. Functional Neuroimaging
The high spatial resolution offered by fUS imaging makes it a perfect candidate for
functional neuroimaging; also referred to as task based neuroimaging. In one of
first studies, (Macé et al., 2011), f{US was used to image brain activation evoked by
whisker stimulation. Using neurovascular coupling, fUS detects brain areas that are
activated based on localized increase in CBV. (Macé et al., 2011) captured activation

of the barrel cortex during whisker stimulation in anesthetized rats (Figure 26).
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Figure 26 : Activation of S1BF in response to whisker stimulation. a) The whisker stimulation was
performed in a total of 10 trials (7 trials shown in figure), each trial consisted of 32s ON and 64sec OFF. b)
Activation of right S1BF by stimulating left whiskers. S1BF: primary somatosensory barrel cortex; VPM:
ventral posterior medial nucleus (Macé et al., 2011).

Left whiskers were stimulated 10 times (only 7 shown in Figure 26) and each
stimulation consisted of a 32s ON and 64s OFF time. Power Doppler is represented
relative to the baseline. By computing the correlation co-efficient between the
power Doppler and stimulus pattern, the activation map was obtained (Figure 26
b), indicating activation in S1BF (primary somatosensory barrel cortex) and VPM,
ventral posterior medial nucleus of the thalamus. A strong increase in cerebral
blood volume (10-20%) can be observed in the S1BF during the stimuli (ON). The

activated pixels correspond to a correlation coefficient value (Macé et al., 2011).

Later on fUS, was shown to detect activation corresponding to visual stimulation
(Gesnik et al., 2017), electrical stimulation (Osmanski et al., 2014) and auditory

stimulation (Bimbard et al., 2018).

Even though a craniotomy was performed for acute imaging of the rat brain in

(Macé et al., 2011), a thinned skull method was later introduced in rats (Urban et
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al., 2014) which allowed for chronic functional neuroimaging and the acquisition of
high resolution doppler images. In (Sieu et al., 2015), fUS went a step further, by
combining electroencephalography (EEG) recordings of neuronal activity along
with the imaging in awake and mobile rats. After excising the skull bone in the
desired window, electrodes were implanted and a biopolymer polymethyl pentene
(PMP) film was sealed in place of the removed skull. The ultrasound probe used in
(Sieu et al., 2015) was miniaturized to be lightweight and the cable was made more
flexible for ease of movement, which did not interfere with its sensitivity. These
improvements enables researchers to perform fUS imaging in freely moving
animals for behavioral studies (Bergel et al., 2020). Moving forward, fUS was also
combined with optogenetics and two-photon microscopic imaging in (Rungta et al.,
2017) in anesthetized mice to study photo-activation and its effect on cerebral blood

flow.

Taken together, skull bone poses as an obstacle in fUS imaging. Direct imaging
through skull of rat’s brain is not possible as it induces attenuation and
irregularities of the ultrasonic waves. Other than the very invasive craniotomy
procedure, thinned skull could be a feasible choice for chronic imaging, but the
image quality deteriorates over time due to the natural revival of bone. In (Errico
et al., 2016), a non-invasive fUS imaging approach by using a contrast agent was
proposed. This method not only allowed imaging through the skull in rats, but also

facilitates chronic and longitudinal studies.

6.3. Awake fUS imaging
Imaging studies make use of anesthetics to prevent animal movements and motion
artefacts. Conducting behavioral or cognitive studies or perceptual tasks is not
possible under anesthesia and it can interfere with the metabolic activity of the
central nervous system and affect cerebral blood flow (Lahti et al., 1999). Due to
these reasons, there was a need to develop a transcranial and minimally invasive

technique to image awake and freely moving mice.

The first proof of concept of transcranial fUS imaging in awake and freely moving
mice were published in (Tiran et al., 2017). It was accomplished using an ultralight

ultrasound probe (Figure 27). Compared to the probe used awake and mobile rats
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(Sieu et al., 2015), the thickness and weight was reduced and the cable was made

even more flexible.

Probe holder Metal frame _ Ultrasonic

Figure 27: Experimental setup of transcranial imaging in frreely moving mice (Tiran et al., 2017).
Setup consists of a metal frame, probe holder and ultralight probe. Metal frame is surgically implanted to the
skull using dental cement and screws. Layer of Kwik-cast protects the skull. Four small magnets are attached
on the probe holder for easy magnetic clip-on attachment of the probe holder to the metal frame. (Tiran et
al., 2017).

Figure 27 illustrates the experimental setup used in the transcranial fUS imaging.
The metal frame (12x23 mm) is attached to the mouse skull using dental cement
and screws under anesthesia. Four small magnets are attached on the probe holder
for easy magnetic clip-on attachment of the probe holder to the metal frame. The
exposed skull is always protected by a Kwik-cast layer (in green color), which is
removed under light isoflurane anesthesia before imaging and then re-applied

afterwards.

(Tiran et al., 2017) also investigated task evoked activation of brain regions using
transcranial awake fUS imaging. It was accomplished by placing the mouse in an
empty cage and the whiskers were manually stimulated using a cotton swab. The
changes in the cerebral blood volume was correlated to the stimulus pattern and

resulted in the activation of S1BF (Figure 28).
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Figure 28: Transcranial fUS imaging of task evoked brain activity in freely moving mice.
Changes in cerebral blood flow in the S1 barrel cortex in response to whisker stimulation. The increase in
CBYV corresponds to the stimulus pattern (Tiran et al., 2017).

This was an important milestone in the advancement of non-invasive fUS imaging
technique and was reliable in reporting hemodynamic variations through the skull

without the requirement of thinning or contrast agents. It was further adopted in

pharmacological studies in (Rabut et al., 2020). This same technique has been
adapted to be used in Study 2 of this thesis.

Recently (Macé et al., 2018), put forward a whole brain fUS imaging approach using
the head fixed approach in awake mice, making it another choice to conduct awake

behavioral studies (Figure 29).
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Figure 29: Whole brain fUS imaging of head fixed awake mouse. A) Chronic craniotomy window.
Dental cement secures the head bar on to the skull and plastic window transparent to US. B) Positioning of
the US probe with respect to the window. (Macé et al., 2018).
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7. Functional Connectivity

7.1. Basis of functional connectivity
Human brain comprises of complex structural and functional connections between
regions and therefore mapping human brain function or studying brain
connectomics is essential to understand the nuances of the underlying mechanics
that allow us to think, feel and behave. Functional Connectivity (FC) fundamentally
refers to the functional relationship between anatomically or spatially separate

brain regions.

Although the existence of intrinsic brain activity can be traced back to when
German psychiatrist, Hans Berger introduced electroencephalography in 1929
(Gloor, 1969; Ince et al., 2021), the functional imagining perspective was only
discovered in 1995. The existence of coherent activity between distant brain regions
was first reported in (Biswal et al., 1995) using echo-planar MRI. The “noise” they
observed in the spontaneous fMRI blood oxygen level dependent (BOLD) signal
was coherent with the sensorimotor regions. Interestingly, the high correlation of
the low frequency (<0.1 Hz) fluctuations in the resting brain with the motor cortex,
could be considered as the first proof of resting-state (rs) functional connectivity
(FC) in brain. Numerous research groups replicated and probed into rs FC between
brain regions since then (Biswal et al., 2010, 1997; Cordes et al., 2000; Damoiseaux
et al.,, 2006; De Luca et al., 2005; Fox et al.,, 2005; Fox and Raichle, 2007;
Grandjean et al., 2020; Greicius et al., 2003; Margulies et al., 2007; Smith et al.,
2009).

In simple terms, functional connectivity between brain regions is thought to be
established when temporal signals from anatomically separate brain regions are
correlated. It could be defined as a measure of similarity between the temporal
activity in different brain regions (Figure 30). These patterns may occur at resting

state and vary among tasks or during different pathophysiological conditions.
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Low connectivity (r>0.1)

Figure 30: A representation of FC. Consider regions 1, 2 3, and 4. The temporal signals from 1 and
2 regions are coherent and indicates high functional connectivity (correlation coefficient >0.9) whereas the
temporal signals from 3 and 4 are incoherent and therefore shows low connectivity (correlation coefficient
>0.9) (Scheinost et al., 2017).

Later on the Marcus E. Raichle, American neurologist, observed that the brain is
constantly active even when the subject is not engaged in a task. He put forward the
term “default mode network” (DMN) (Raichle, 2015, 2011, 2010; Raichle et al.,
2001; Raichle and Snyder, 2007) referring to the brain’s networks at rest. The idea
that, DMN activity increases when the subject is in resting state or non-task state,
became an important branch of neuroscience as it varies in health and disease
(Baliki et al., 2008; Bathelt and Geurts, 2021; Buckner et al., 2008a; Dennis and
Thompson, 2014a; Garrity et al., 2007; Gonen et al., 2020; Greicius et al., 2003,
2004; Jenkins, 2019; Li et al., 2021; Mohan et al., n.d.; Parsons et al., 2020; Satpute

and Lindquist, 2019; Scheinost et al., 2017; Zhao et al., 2007).
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7.2,

Stationary and Dynamic FC Approaches

7.2.1. Stationary FC

Classic resting state functional connectivity studies use averaged temporal
resting-state signals from regions of interest. They are usually assessed using

the following techniques:

a. Seed -Based connectivity analysis

A predefined seed region is defined by the user and the average time
course of the signal is extracted. This signal is then correlated to the
average temporal signals from other regions of interest. It summarizes
how coherent the ROIs are with the seed. An example of seed-based

correlation analysis is shown in Figure 31 (Rahal et al., 2020)
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Figure 31: Seed based correlation matrix analysis. A-D) shows a seed region (cyan) and
region of interest in black. Pearson correlation was then computed in the ROI (delineated in black).
E) Boxplots of the correlation coefficients between (SM = Somato Motor cortex, Cg = Cingulate
cortex, Hipp = Hippocampus, LO = Lateral orbital cortex) (Rahal et al., 2020).
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b. Correlation Matrix analysis

A more generalized version of seed-based connectivity analysis,
correlation matrix in which each ROI (defined based on an atlas), is
correlated to every other ROI. For instance, if we have ROIs 1-4, average
temporal signal of ROI 1 is compared to that of ROI 2, 3 and 4 and so on.
It is then possible to evaluate whether two regions are functionally

connected and how strongly so by computing a Pearson correlation co-
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efficient matrix. Figure 32 shows the correlation matrix analysis of FC

(Rahal et al., 2020).
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Figure 32: Correlation matrix analysis of the FC. A) Imaging plane from rat atlas. (b) Doppler
image of the plane indicating the region of interests (1-10). (c) Averaged Pearson correlation matrix
showing the correlation coefficient of one ROI with all the other ROIs resulting in a 10x10 matrix. StHL
(Primary sensory cortex, Hind Limb part), M1 (Primary motor cortex), M2 (Secondary motor cortex),
Cg1 (Primary cingulate cortex),Cg2 (Secondary cingulate cortex) (Rahal et al., 2020)

c¢. Independent Components Analysis (ICA)

ICA is a data-driven modelling technique that decomposes the resulting
imaging data into different spatial nodes or networks which can be

compared to study resting state-FC.

Taken together, stationary FC is definitely indicative of the overall strength of
connections between brain regions but the properties of static connectivity
matrices may vary among subjects and physiological conditions. Moreover, the

dynamic aspects of intrinsic brain activity cannot be overlooked.
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7.2.2. Dynamic FC

While stationary FC studies assume temporal stationarity and has been widely
used, recent findings suggested that resting-state activity is more dynamic and
can change in a matter of seconds. Later on dynamic functional connectivity
(dFC) expanded as a separate body of research (See Reviews (Cohen, 2018;
Hutchison et al., 2013; Park and Friston, 2013; Preti et al., 2017)). dFC is found
to be altered in autism (Li et al., 2021), schizophrenia (Zou and Yang, 2019),
Alzheimer’s disease (Gu et al., 2020), aging (Tian et al., 2018) and in task related
approaches (Gonzalez-Castillo and Bandettini, 2018; Kieliba et al., 2019).
Although the brain is structurally defined like any other organ in our body, its

functional versatility is perplexing and challenging at the same time.

To understand the dynamic characteristics of brain networks, an unsupervised
data grouping technique, such as k-means clustering can be used. When we set
k=3, the input data is grouped into 3 clusters. Figure 33 is a schematic showing
unclustered and clustered data using k-means. First of all, 3 centroids are
randomly assigned. Distance of each input data point to the clusters is
calculated and the one with minimal distance between them are grouped
together. In the next step, 3 new centroids (mean of each group) are calculated.
This iterative process is continued until it converges and data are grouped into

3 and the data points are distributed around its centroid.

Original unclustered data Clustered data

Figure 33: Schematic of K-means Clustering technique for K=3 clusters. The input data (blue)
is grouped into 3 (green, blue and red). First of all, 3 centroids are randomly assigned. Distance of each
input data point to the clusters is calculated and the one with minimal distance between them are
grouped together. In the next step, 3 new centroids (mean of each group) are calculated. This iterative
process is continued until it converges and data are grouped into 3 and the data points are distributed
around it’s centroid (Viswarupan, 2017).
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fMRI studies in monkeys (Barttfeld et al., 2015) and humans (Demertzi et al.,
2019a) have revealed brain state patterns that can be indicative of
consciousness, using clustering techniques. An example of using clustering of
brain states is shown in (Figure 34) from (Barttfeld et al., 2015). They observed
the dynamics of rs networks to study its vigilance level. The clustering revealed
7 brain state matrices, sorted by their similarity to the structural matrix. States
1-4 have strong coupling with the presence of correlations (red) and
anticorrelations (blue) which can be a characteristic of a conscious brain or
wakefulness. On the other hand, weakly coupled, low correlation states are
similar to an unconscious brain state pattern commonly seen in sedative states

(Barttfeld et al., 2015).
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Figure 34: Brain states clustering of resting state networks. (A) Seven brain states, obtained
by unsupervised clustering, sorted according to their similarity to the structural connectivity matrix.
(B) Structural matrix derived from the CoCoMac atlas of anatomical macaque.(Barttfeld et al., 2015).
The states with positive and negative correlations (1-5) are indicative of conscious state. The weakly
coupled low correlation state (6-7), is a characteristic of unconsciousness. (Barttfeld et al., 2015).

7.3. Study of FC using fUS imaging
Compared to popular techniques such as fMRI and PET, fUS offers a larger field of
view of the brain and has better spatial and temporal characteristics. It can also be
done in awake or head-fixed rodents which facilitates behavioral studies coupled
with fUS imaging. In recent developments, it has been shown numerous times that
fUS is capable of identifying intrinsic activity and that it is a powerful tool to study

brain connectomics.

The first functional connectivity study using fUS was done in (Osmanski et al.,
2014) in anesthetized rats through thinned skull. It was able to identify
spontaneous low frequency fluctuations in cerebral blood flow which were highly

correlated in the sensorimotor networks (Figure 35).
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Figure 35: fUS imaging of FC. a-b) Atlas of imaging plane and regions blue and red denoting StHL+M1
and green denoting ipsilateral secondary cingular cortex. ¢) Power Doppler signal from S1tHL and M1 on
contralateral sides (red and blue outline) are highly correlated, indicative of functional connectivity. d) It
also shows the weak correlation of StHL+M1 with the secondary cingulate cortex Cg2 on the ipsilateral side
(red and green) (Osmanski et al., 2014).

To further advance the technique, functional connectivity studies in awake rodents
has been done using fUS in pharmacological studies. Using the transcranial
imaging approach in mice, first introduced in (Tiran et al., 2017), time and dose
dependent changes in functional connectivity were studied after the injection of a
psychoactive drug called scopolamine in (Rabut et al., 2020). The modulations in
functional connectivity due to the drug was identified and thus can be a promising
way to study the effects of drugs in brain connectivity. Similarly, (Rahal et al., 2020)
shows that arthritic pain alters FC in anesthetized rats in the somato-motor
network. Nevertheless, using fUS to study connectomics could enhance our

understanding of pathologies in preclinical models.

Recently, (Ferrier et al., 2020) developed a protocol for activation and functional
connectivity studies by introducing a light sedation protocol to avoid locomotion

induced artefacts in FC. Figure 36 shows discrete FC patterns in awake and lightly
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sedated mice. They also reported the task related default mode network

deactivation in mouse brain.
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Figure 36: Correlation Matrices at different level of sedation. Light sedation protocol to avoid
movement induced artefacts in FC. Low-dose medetomidine sedation fully preserving the FC patterns
observed in awake resting mice (Ferrier et al., 2020).

The transient properties of functional connectivity was first studied using fUS in
(Rahal et al., 2020). Dynamical FC analysis was performed using unsupervised k-
means clustering algorithm. Seven brain states were extracted and their occurrence
probability in healthy and arthritic rats were calculated (Figure 37). It was found
that three out of seven states were more prominent in arthritic rats. Notable
difference was that (Rahal et al., 2020) used a phase -difference matric rather than
the usual correlation matric. The result of dynamic connectivity analysis is very

promising even in anesthetized conditions.
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Figure 37: Dynamic FC Analysis in control and arthritic by fUS imaging in anesthetized rats.
A-B) Time course of the L1 norm of the phase-locked matrix of a control and an arthritic rat, indicating brain
state patterns at particular points. C) Decomposition into brain states 5, 6 and 7 obtained by unsupervised k-
means clustering of the phase matrices., show significant alterations in 4 states (1,2,3,7) D) Box plots
presenting the occurrence rate of each of the four different states for control and arthritic groups (Rahal et

al., 2020).

Brain dynamics were linked to consciousness signatures using fMRI (Demertzi et

al.,, 2019a). Very recently, (Baranger et al., 2021) used fUS imaging to study

dynamic resting state connectivity patterns in sleeping preterm neonates and term

neonates (Figure 38). By monitoring intrinsic functional connectivity using fUS

imaging, the goal was to identify markers of cerebral activity to compare term and

preterm neonates.
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Figure 38: Neonatal fUS imaging. A) EEG and fUS recorded simultaneously in incubated neonates. B)
Coronal and sagittal scan of neonatal brain scans generates anatomic B-mode image and vascular doppler
image for each plane (Baranger et al., 2021)

Dynamic FC analysis of neonatal brain proves that there are markers of brain
impairments and developments that are intertwined with transient FC patterns and

fUS is a promising new tool in this aspect (Figure 39).
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Figure 39: Dynamic FC in sleeping neonatal brain. rsFC connectivity patterns are different in
sleeping preterm neonates and term neonates. fUS can be used to detect markers of impairment by dynamic
FC analysis (Baranger et al., 2021)

In conclusion, fUS can be used to measure FC in anesthetized (Osmanski et al.,
2014; Rahal et al., 2020) and awake animals (Ferrier et al., 2020; Rabut et al.,
2020; Tiran et al., 2017) and in neonates (Baranger et al., 2021). Stationary and
dynamic analysis of FC can be performed to extract the characteristics of intrinsic

brain activity.
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CHAPTER 2:

OBJECTIVES
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Decrypting thermal sensory coding at the level of the brain networks using Functional
Ultrasound Imaging was the goal of the thesis. The specific advantages offered by fUS
imaging such as its excellent spatial and temporal resolutions, possibility to image in
awake and anesthetized conditions in a large field of view and portability, makes it a
frontrunner for sensory studies in rodents. fUS can also be used to image intrinsic brain
activity and thereby facilitate functional connectivity studies to understand how

different brain regions interact during thermal sensing process.

In the first study, we wanted to start by imaging the brain regions that are known to be
key players in thermal sensation and perception in anesthetized rats. The second study
was designed to investigate the interplay between brain regions during

thermosensation in awake mouse brain.

1. Study 1: fUS imaging of brain areas involved in thermal

processing in anesthetized rats

The current knowledge of the thermosensory organization elucidate the mechanism of
supraspinal integration of thermal sensory inputs. The main regions that are
commonly associated and studied are thalamus, somatosensory cortex, insular cortex
and cingulate cortex. Keeping this in mind, this study was conducted in anesthetized
rats using innocuous and noxious thermal stimulations imaging 2 different sagittal
planes that contains the aforementioned brain regions. As fUS imaging allows
functional activation mapping by capturing changes in cerebral blood volume, we
postulated that when thermal stimulations are applied to the glabrous skin of hind
paw, there will be an increase in neuronal activity thereby inducing CBV changes in

these brain regions that take part in thermal sensing.
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2. Study 2: Awake fUS imaging of thermal coding in mouse

brain

Study 2 was designed to overcome the challenges and bias due to anesthesia in Study
1. To record the most natural brain responses to thermal input, it was decided that
awake transcranial fUS imaging in mice posed as a better technique. It was minimally
invasive and allowed longitudinal studies. We wanted to answer the questions: How
do different brain regions interact during thermosensation? Are their activities
temporally correlated or anti-correlated with each other? What is the strength of their
correlation? We set out to answer this by looking at the inter-regional functional
connectivity (static and dynamic) between somato-motor, cingulate and
hypothalamic brain regions in awake mice. fUS imaging of awake mouse brain was

performed during the application of thermal stimuli.

70| Page



CHAPTER 3:

fUS IMAGING OF BRAIN AREAS
INVOLVED IN THERMAL
PROCESSING IN ANESTHETIZED
RATS
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1. INTRODUCTION

Alarge number of studies have been conducted to understand thermosensation at the
molecular, spinal and supraspinal level in rodents. The goal of this study was to
understand how thermosensation is processed in the rat brain and which areas are
involved in the process, using fUS imaging. Compared to contemporary imaging
techniques, such as fMRI and PET, fUS offers various advantages. It has high spatial-
temporal resolution and is highly sensitive to brain activity thereby making fUS, an

effective tool to study functional activation of brain areas.

By using the capability of functional activation mapping in fUS imaging, we postulated
that thermally activated brain areas could be identified in the thalamo-cortical circuits.
As established earlier, fUS imaging uses plane wave imaging. This means, we can image
a 2-dimensional plane at a time. These planes of imaging can be either coronal and
sagittal planes (or any other non-orthogonal plane) by changing its orientation using
3-dimensional motors. In this study we leveraged this property to do sagittal plane

imaging.

It has been shown in humans and animals that the ventral posterolateral and
posteromedial thalamic nuclei (VPL-VPM) are responsive to thermal stimuli
(Bowsher, 1961; Burton et al., 1970; Bushnell et al., 1993; Craig et al., 1994b; Davis et
al., 1999b; Duncan et al., 1993; Egan et al., 2005; Norrsell and Craig, 1999; Poulos and
Benjamin, 1968). From the thalamus, thermal information is passed on to the next
processing centers the somatosensory cortex: primary and secondary somatosensory
cortex (S1, S2), insular cortex (Birklein et al., 2005; Downer and Zubek, 1954; Egan et
al., 2005; Finger et al.,, 1970; Finger and Frommer, 1970; Gogolla et al., 2014;
Greenspan et al., 1999; Hellon et al., 1973b; Landgren, 1957b; Peltz et al., 2011; Penfield
and Faulk, 1955; Porter et al., 1993; Rodgers et al., 2008; Singh et al., 2020; Tsuboi et
al., 1993; Veldhuijzen et al., 2010b, 2010a). The cingulate cortex consisting of anterior,
medial and posterior parts plays a major role in the emotional aspect of nociception
and can be associated to thermal discomfort (Derbyshire et al., 1997; Devinsky et al.,
1995; Fuchs et al., 2014; Hutchison et al., 1999; Kwan et al., 2000a; Vogt et al., 1993;

Xiao et al., 2021; Xiao and Zhang, 2018).
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In virtue of these regions of interest, we chose 2 sagittal planes : i) lateral at 3 mm
(somatosensory cortex, thalamic nuclei, insular cortex) ii) lateral at 0.5 mm (anterior,
medial, posterior cingulate cortex). We anticipated that when thermal stimulations are
applied to the hind paw of an anesthetized rat, there will be an increase in neuronal
activation and a corresponding CBV change in these aforementioned brain regions. To
test this hypothesis, we performed fUS imaging in anesthetized rats using a thinned

skull window.

2. MATERIAL AND METHODS
2.1. ANIMALS

This study was conducted using male Sprague Dawley rats: N = 24 (Janvier Labs).
They weighed 250—-350g at the beginning of the experiments. All experiments were
performed in agreement with the European Community Council Directive of 22nd
September 2010 (010/63/UE) and the local ethics committee (Comité d’éthique en
matiere d’expérimentation animale n°59, C2EA —59, ‘Paris Centre et Sud’, project
agreement # 2014-14). Rats were pre-ordered to arrive one week prior to the
experiments and two were housed in one cage. They were given utmost care and
were housed at a constant temperature of 22°C with an alternating 12-hour

light/dark cycle. They received food and water ad libitum.

2.2. SURGICAL PREPARATION OF THINNED SKULL WINDOWS
The rat skull bone attenuates acoustic waves which can deteriorate the quality of
the fUS images. Therefore, f{US imaging in rats requires a full craniotomy or
preparation of a thinned skull window. In our study, we chose to image via a
thinned skull window as it is comparatively less invasive. This procedure was done

3 days before the experiments.

A mixture of Ketamine (40mg/kg) and Domitor (0.3mg/kg), used to induce the
anesthesia was injected intraperitonially. After making sure that paw withdrawal
reflex was absent, the head of the rat was placed on the stereotaxic frame. The
cranial window from 5mm anterior to Bregma until Lambda was prepared as shown
in Figure 40. Using a micro drill steel burr (Fine Science Tools, cat. no. 19007-07),

three layers of skull bone was removed by slow drilling. To avoid the heating effect
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of drilling, the skull was often cooled using saline. At the end of the procedure, skin
was sutured back using 5.0 non-absorbable Ethicon thread. A subcutaneous
injection of atipamezole (Antisedan®), 1 mg/kg) was used to reverse the anesthesia

along with an analgesic for post-surgical pain (Metacam®), 0.2 mg/kg).

» Bregma

» Lambda

Figure 40: Thinned skull window preparation in rats. Window begins at 5mm anterior to Bregma
until Lambda, prepared by slow drilling and removing three layers of skull bone. Skin is sutured back at the
end of the procedure.

2.3. CHOICE OF IMAGING PLANES
fUS is capable of measuring cerebral blood volume with high sensitivity and spatial-
temporal resolution using multiple plane wave insonification. fUS also allows us to
image coronal or sagittal planes by placing the ultrasound probes in the desired
manner with respect to the brain. We chose to perform fUS imaging in 2D sagittal

planes with our regions of interest.

The planes chosen for this study with their corresponding regions of interests are
listed below:

i. Sagittal Plane 1: lateral +3.0 mm

In this plane we aimed at imaging mainly the somatosensory cortex of hind
limb, fore limb, trunk, motor cortex (S1HL, S1FL, S1Tr, M1). This plane also
contained insular cortex, lateral parietal association cortex- secondary visual
cortex mediolateral area (LPtA-V2ML), ventral posterolateral thalamic
nucleus-ventral posteromedial nucleus (VPM-VPL), Globus Pallidus (GP),
Caudate Putamen (CPu) (Figure 41 A-B).
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Figure 174
A B

Sagittal Plane 2: lateral +0.5 mm
This plane was chosen primarily to visualize the cingulate cortex consisting

of anterior, medial and posterior parts. It also contains secondary motor
cortex (M2), retrosplenial dysgranular cortex-retrosplenial granular cortex
(RSD-RSG), Hippocampus, ventral posterolateral thalamic nucleus (VPL) -
ventral posteromedial thalamic nucleus (VPM ) (Figure 41 C-D).

Figure 164

mm

Figure 41: Planes chosen for fUS imaging. A-B) Doppler image of the sagittal plane lateral at
3mm of rat brain with the corresponding mask of regions of interest delineated and the schematic
of the same plane based on Paxinos atlas (Paxinos and Watson, 1997) respectively. C-D) Doppler
image of the sagittal plane lateral at 0.5mm of rat brain with the corresponding mask of regions of
interest delineated and the schematic of the same plane based on Paxinos atlas (Paxinos and Watson,
1997) respectively. The artery in both planes is also marked.

S1HL: Primary Somatosensory Cortex, Hind Limb part, S1FL: Primary Somatosensory Cortex Fore
Limb part, S1Tr: Primary Somatosensory Cortex, Trunk part, M1: Primary Motor Cortex, IC:
Insular Cortex, LPtA-V2M: Lateral parietal association cortex- Secondary visual cortex,
mediolateral area, VPM-VPL: Ventral Posterolateral Thalamic Nucleus-Ventral Posteromedial
Nucleus, GP: Globus Pallidus , CPu: Caudate Putamen . Cg A: Anterior Cingulate cortex, Cg M:
Medial Cingulate cortex, Cg P: Posterior Cingulate cortex, M2 : Secondary Motor Cortex, RSD-RSG:
Retrosplenial Dysgranular Cortex- Retrosplenial Granular Cortex, Hippocampus, (Ventral
Posterolateral thalamic Nucleus (VPL) - Ventral Posteromedial thalamic Nucleus (VPM )).
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2.4. fUS IMAGING

To perform fUS imaging, the rats were anesthetized using a bolus of intraperitoneal
injection of Ketamine (40 mg/kg) - Domitor (0.3 mg/kg), at first. The anesthesia
was later maintained by subcutaneous perfusion of medetomidine (0.1 mg/kg/h)
and ketamine (12.5 mg/kg/h). Due to challenges encountered in the experiment, we
also performed the imaging under isoflurane anesthesia. Isoflurane was used at
concentrations of 2—-4% for induction and 1-1.5% for maintenance, while
maintaining an air-oxygen ratio of 1:2. Rat are placed on to the stereotaxic frame,
when they were under stable level of anesthesia. The body temperature was
maintained using a heating blanket and heart rate and respiration rates were
measured (STARR Life Science, Oakmont, USA).

The thinned skull window is was exposed by opening the sutured skin, followed by
gentle cleaning using saline solution. Centrifuged echographic gel was applied on
the window before imaging. A linear ultrasound probe (128 elements, 15 MHz
central frequency, 100um spatial pitch and 8 mm elevation focus, Vermon, Tours,
France) was used for imaging. Multiple tilted plane waves angled from —10° to +10°
which are 2° apart were used for insonification of the rat brain (Macé et al., 2011)
at a pulse repetition frequency of 5.5 kHz. By coherently compounding the sum of
these11 tilted plane waves, we obtained a Doppler image in every 2ms. Repeating
this sequence 200 times at a sampling rate of 500 Hz, meant that 200 coherently
compounded doppler images were acquired in 400ms. Tissue signal was isolated
from the cerebral blood volume (CBV) signal by using a SVD clutter filter (Demené
et al., 2015) and by averaging the CBV in each pixel every 400ms, we obtained a

Power Doppler image.

2.5. EXPERIMENTAL SETUP
To accomplish the goal of this study i.e., to better understand the brain regions
involved in thermal coding in rats, we performed mechanical brush stimulation as
a positive control and then used 3 different approaches to induce the thermal

stimulations as explained below.
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2.5.1. Mechanical Brush Stimulation

fUS imaging of mechanical brush stimulation was performed at the beginning
of each imaging session. It serves as a positive control to make sure we are at
the optimal level of anesthesia and right conditions and have a good
hemodynamic response, specific to the brush stimulation. Under the right
condition, stimulating the hind paw specifically activates the somatosensory
cortex of hind limb (S1HL). Absence of activation can happen due to several
biological reasons, such as deep level of anesthesia, or any physiological reasons
for a low neurovascular coupling. Therefore, in the case of absence of specific

hemodynamic response in this test, the animal was excluded.

Four successive brush stimulations were applied on the glabrous skin of the
hind paw, as shown in Figure 42. Each stimulation consisted of 60s baseline
followed by 20 seconds brush stimulation (ON) and 60s without stimulation

(OFF). The total duration of the fUS imaging session was 380s.

Baseline No Stim No Stim No Stim No Stim

=
-

Figure 42: Mechanical Brush Stimulation in rats. Four successive brush stimulations were
applied to the hind paw. Each stimulation consisted of 60s OFF without any stimulations followed by 20
seconds brush stimulation (ON).

2.5.2. Warm Water

A beaker of warm water (39°C) was used to apply innocuous thermal
stimulations by immersion of the hind paw. Two successive stimulations were
applied as shown in Figure 43. Paw temperature was at 30°C at the beginning
of the experiment during a 60s baseline. The hind paw was immersed in the
warm water at 39°C for a duration of 10s. During the 60s OFF time, stimulations

were not applied. The total duration of the fUS imaging session was 200s.
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Figure 43: Innocuous thermal stimulation using warm water. Paw temperature is at 30°C at
the beginning of each trial. Two successive stimulations in which the paw is immersed in the warm water
at 39°C for a duration of 10s.

2.5.3. Peltier Module

A custom-made Peltier device was developed by one of our research engineers
at the Physics for Medicine Laboratory (Figure 44). This Peltier device is a
thermoelectric module (Module Peltier 12 Vee TEC1-12706 40 X 40 mm - 51,4
W) that can be cooled or heated . By modulating the electric current through the
module, it is possible to change the temperature or maintain it at a target
temperature. The pace of change can also be modulated which allows for a fast

or slow rate.

Figure 44: Custom-made Peltier device used to apply thermal stimulations to the right hind paw
in the experimental setup. It consisted of a Peltier element and TEC controller that is the heart of the
device, regulating the current supplied. Heat sink below the Peltier element dissipated the heat to the
surrounding air.
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We applied both innocuous and noxious stimulations using the device. During
the noxious heat stimulations, the Peltier element was held at a baseline
temperature of 27°C for 105s and a noxious stimulation of 49°C was applied for
15s (Figure 45 A). Similarly, during the warm stimulations, the Peltier element
was held at a baseline temperature of 30°C for 240s and a warming stimulation

of 39°C was applied for 10s (Figure 45 B).
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Figure 45: Peltier device capable of delivering innocuous and noxious thermal stimuli. A)
Peltier element was held at a baseline temperature of 27 and 30°C for 105s and 240s respectively and
either noxious (49°C ) or innocuous (39°C ) stimulation of were applied for 15s or 10s, respectively.

2.5.4.Bioseb HC plate
The Bioseb HC plate can be used to apply thermal stimulations using its metallic
floor. It can be held at a particular temperature or can be programmed to go

from one temperature to another at a particular rate of change.

We used it to apply a slow ramp over 1380s at 1.6°C/min going from innocuous
to noxious temperature 32-46° after a baseline of 120s at 32°C (Figure 46 A). In
order to apply short term stimulation, we first pre-heated the metallic floor to
50°C. Paw was at a baseline temperature of 30°C for 60S after which the hind

paw was carefully placed on the floor for 30s (Figure 46 B).
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Figure 46: Application of innocuous to noxious ramp and short sustained noxious
stimulations using Bioseb HC plate. A) After a baseline of 120s at 32°C, a slow ramp over 1380s at
1.6°C/min was applied from innocuous to noxious temperatures (32-46°). B) Sustained noxious
stimulation at 50°C applied for 30s after a 60s baseline at 30°C.

2.6. DOPPLER SIGNAL ANALYSIS

Activation Maps were obtained by implementing a generalized linear model

(GLM) approach in which the stimulus is convolved with a default hemodynamic
response function (HRF). This is done because the response in the brain does not
follow a binary pattern like the stimulus. Z-score maps were computed between
temporal signal from each pixel and the stimulus pattern. Multiple comparison
correction was performed with the Bonferroni method by dividing the
conventional p value (0.05) by the total number of pixels, resulting in a stricter
final threshold for each individual pixel activation. The color-coded Z-score maps
with the significantly activated pixels are superimposed on the power Doppler
image, thus forming an activation map. By looking at the activation map, we can

find out which pixels or group of pixels from a brain region are activated.

ArCBV Maps are indicative of the changes in cerebral blood volume (CBV) relative
to the baseline (color coded and expressed as percentage change) in the

significantly activated pixels.

Time course of CBV variations (percentage change from baseline) were obtained

from the pre-defined mask of regions of interest (ROIs) delineated based on

Paxinos atlas (Paxinos and Watson, 1997).
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3.

RESULTS

In this study, we investigated the brain regions involved in thermal sensing in two

sagittal planes: lateral at 0.5 mm and 3 mm using fUS imaging in anesthetized rats.

Two types of anesthesia were used: low dose of Ketamine-Domitor (KD) and

Isoflurane.

3.1.

fUS IMAGING AT LOW DOSE OF KETAMINE DOMITOR
ANESTHESIA

3.1.1. Mechanical brush stimulation of hind paw

As fUS allows to measurement of localized changes in blood volume during a
sensory stimulation, we established a mechanical brush stimulation as a
positive control that made sure that we are at the optimal level of anesthesia to

perform the experiments.

The activation map over all trials show a statistically significant activation of
somatosensory cortex of hind paw (ROI1-S1HL) in response to the brush
stimulation and it’s corresponding CBV changes are shown in Figure 47 (A and
B). The activated pixels in the S1HL region showed up to 20% increase in CBV.
Analysis of the time course of the relative changes in CBV in S1HL and M1
respectively confirms a selective activation in the S1HL and lack of changes the

primary motor cortex M1 (Figure 47 C-D).
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Figure 47: Example of hemodynamic responses in the primary somatosensory cortex of hind
limb part (S1HL) induced by hind paw stimulations. (A) Activation map is showing significantly
activated pixels following mechanical stimulation of the right hind paw (20 s ON, 60 s OFF, 4 times) in an
anesthetized rat, using a sagittal plane of imaging at lateral 3 mm. Z-scores (color coded) is superimposed
on Doppler image. Activated pixels are well located inside the StHL cortex. B) ArCBV map is shown over
activated pixels during 4 stimulation trials. (C) Time course changes of CBV as a percentage of baseline in
the S1HL cortex during four stimulation trials (20 s ON - 60 s OFF). (D) Changes in CBV in the same
experiment, but from the primary motor cortex (M1) show a lack of change in correlation with the

stimulation pattern.
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3.1.2. Innocuous warm stimulation

Warm temperature at 39°C was applied twice to the hind paw held at a baseline
of 30°C using the 3 setups: Peltier, Bioseb HC plate and water for different
duration of stimulations from 10s to 30s while fUS imaging was performed on
sagittal plane at 3 mm. We observed a lack of activation in regions that are
associated to thermal processing. An example of the lack of activation obtained
using Peltier module is shown in Figure 48. Doppler image of the sagittal plane
with the corresponding mask of regions of interest delineated based on Paxinos
atlas (Paxinos and Watson, 1997) is shown in Figure 48 A. The regions of
interests and their corresponding changes in CBV are shown in Figure 48 B.
During the stimulation, the ROIs (1-11) did not show significant changes in CBV.
Taken together, warm stimulation applied using water, Peltier and Bioseb HC
plate did not induce a statistically significant change in CBV in regions

implicated in thermosensation.
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Figure 48: Representative example of lack of activation obtained during warm stimulation
using Peltier module. A) Doppler image of the sagittal plane lateral at 3mm with the corresponding mask
of regions of interest delineated based on Paxinos atlas (Paxinos and Watson, 1997). B) The regions of
interests and their corresponding changes in CBV. Blue window indicates the stimulation duration. S1HL:
Primary Somatosensory Cortex Hind Limb part, S1FL: Primary Somatosensory Cortex Fore Limb part, S1Tr:
Primary Somatosensory Cortex Trunk part, M1: Primary Motor Cortex, IC: Insular Cortex, LPtA-V2ML:
Lateral parietal association cortex- Secondary visual cortex, mediolateral area, VPM-VPL: Ventral
Posterolateral Thalamic Nucleus-Ventral Posteromedial Nucleus, GP: Globus Pallidus , CPu: Caudate
Putamen.
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3.1.3. Noxious heat stimulation

The puzzling absence of activation in the warm range led us to expand the
experiments to the noxious range. Noxious thermal stimulations at 49°C was
applied twice to the hind paw held at a baseline of 27°C using the Peltier setup
for a duration of 15s. fUS imaging of the sagittal plane at 3mm, revealed no
activation in our regions of interest. An example of our observation is illustrated
in Figure 49. Doppler image of the sagittal plane with the corresponding mask
of regions of interest delineated based on Paxinos atlas (Paxinos and Watson,
1997) is shown in Figure 49 A. The regions of interests and their corresponding
changes in CBV are shown in Figure 49 B. During the stimulation, the ROIs (1-
11) did not show significant changes in CBV. We also applied noxious
stimulation with water, but it did not induce any significant activation due to

changes in CBV.
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Figure 49: Absence of significant activation during noxious heat stimulation using Peltier
module. A) Doppler image of the sagittal plane lateral at 3mm with the corresponding mask of regions of interest
delineated based on Paxinos atlas (Paxinos and Watson, 1997). B) The regions of interests (1-11) and their
corresponding changes in CBV. Blue window indicates the stimulation duration. S1HL: Primary Somatosensory
Cortex Hind Limb part, S1FL: Primary Somatosensory Cortex Fore Limb part, S1Tr: Primary Somatosensory
Cortex Trunk part, M1: Primary Motor Cortex, IC: Insular Cortex, LPtA-V2ML: Lateral parietal association
cortex- Secondary visual cortex, mediolateral area, VPM-VPL: Ventral Posterolateral Thalamic Nucleus-Ventral
Posteromedial Nucleus, GP: Globus Pallidus, CPu: Caudate Putamen.
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3.1.4. Innocuous to noxious ramp using Bioseb HC plate

Using the Bioseb hot-cold plate, we designed a ramp stimulation that starts at
32°C and ends at 46°C at the rate of 1.6°C/minute after a 120s baseline. fUS
imaging was performed at the sagittal plane at 3mm. During the whole ramp
32°C-46°C, we observed strong activation in the cortical (motor, hind limb, fore
limb, trunk) regions (Figure 50 A) but ArCBV map only showed modest (5-10%)
increased CBV in the activated pixels (Figure 50 B). The activation maps
computed for signals taken between 32-40°C and 40-43°C, it was seen that
there was a decrease in activated pixels (Figure 50 D and G). ArCBV map did
not show changes in CBV in the activated pixels (Figure 50 E and H). The time
course of the changes in CBV during the ramp did not follow an increasing trend
with respect to an increasing ramp but it was observed that there is a slight
increasing trend in the beginning and decreasing trend towards the end (Figure
50C, F,I).

The experiment was conducted in several trials and at different rates but the
results were negative. It is complex to analyze a ramp stimulus using a square

stimulus pattern as the stimuli is not constant during the ON time.
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Figure 50: Innocuous to noxious ramp stimulation using Bioseb HC plate show
inconsistent CBV changes. A-C) The activation map and ArCBV map, corresponding to the whole
duration of the ramp i.e. from 32-46°C. D-F) The activation map and ArCBV map, corresponding to a
part of the ramp i.e. from 32-40°C. G-I) The activation map and ArCBV map, corresponding to a part
of the ramp i.e. from 40-43°C. Activation map show significant activation in the cortical regions during
the whole ramp (A) and it decreases when part of the ramp is chosen (D, G). ArCBV map (B, E, H) did
not show a n increase in CBV. The time course of CBV changes show a slight increase in the beginning
but a decreasing tendency towards the end. (C, F, I). SIHL: Primary Somatosensory Cortex Hind Limb
part, SIFL: Primary Somatosensory Cortex Fore Limb part, S1Tr: Primary Somatosensory Cortex Trunk
part, M1: Primary Motor Cortex, IC: Insular Cortex, LPtA-V2ML: Lateral parietal association cortex-
Secondary visual cortex, mediolateral area, VPM-VPL: Ventral Posterolateral Thalamic Nucleus-
Ventral Posteromedial Nucleus, GP: Globus Pallidus, CPu: Caudate Putamen.
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3.1.5. Short sustained noxious stimulation using Bioseb HC plate

To remove the complexity of ramp stimulations, noxious stimulations were
applied by manually placing the hind paw on the Bioseb floor at 50°C. fUS
imaging was conducted on the sagittal plane lateral at 3mm. Figure 51 A is the
Doppler image of this plane with the corresponding mask of regions of interest
delineated based on Paxinos atlas (Paxinos and Watson, 1997). Figure 51 B and
C show an example of activation in the somatosensory regions of hind limb,
trunk S1HL, S1Tr and LPtA-V2ML. ArCBV map show significantly activated
pixels, with mild CBV changes in (Figure 51 D).
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Figure 51: Short and sustained noxious stimulation applied using Bioseb HC plate induced
mild CBV changes. A) Doppler image of the sagittal plane lateral at 3 mm with the corresponding mask
of regions of interest delineated based on Paxinos atlas (Paxinos and Watson, 1997). B-C) Pixels that are
significantly activated and the changes in CBV in the activated pixels represented by activation map and
ArCBV map respectively. D) The regions of interests (1-11) and their corresponding changes in CBV. Blue
window indicates the duration of stimulation. StHL: Primary Somatosensory Cortex of the Hind Limb,
S1FL: Primary Somatosensory Cortex of the Fore Limb, S1Tr: Primary Somatosensory Cortex of the Trunk,
Maz: Primary Motor Cortex, IC: Insular Cortex, LPtA-V2ML: Lateral parietal association cortex- Secondary
visual cortex, mediolateral area, VPM-VPL: Ventral Posterolateral Thalamic Nucleus-Ventral
Posteromedial Nucleus, GP: Globus Pallidus, CPu: Caudate Putamen.
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Summary of results obtained using Ketamine-Domitor anesthesia

*Mechanical brush stimulation of hind paw )
eContralateral S1HL activation - positive control
eEstablished in all experimental sessions )
. . ° )
*Warm stimulation at 39°C
eTested with all 3 setups - water, peltier module, Bioseb HC plate
*NO activation )
*Noxious heat at 49°C
eTested with water and Peltier module
*NO activation
. . - o \
elnnocuous to noxious ramp using Bioseb HC plate (32-46°C)
*CBV shows an increasing tendency at the beginning and decresing tendency at
the end
J
~N
*Short and sustained noxious stimulation using Bioseb HC plate (50°C)
*Very mild increase in CBV in S1HL, S1Tr and LPtA-V2ML
J

By using Ketamine-Domitor anesthesia, we were unable to observe activation of brain
regions involved in thermal stimulation. Despite the low level of anesthesia, the
analgesic properties of ketamine (through its antagonism of the N-methyl-d-aspartate
(NMDA) receptors), is likely to have dampened the hemodynamics we wanted to
investigate. To avoid such interference, we switched to another anesthetic: isoflurane,

which does not have any analgesic properties.
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3.2. fUS IMAGING UNDER ISOFLURANE ANESTHESIA

Under isoflurane, only noxious heat stimulations were applied. fUS imaging was
conducted on 2 sagittal plates: lateral at 3 mm and lateral at 0.5 mm. Three types

of hemodynamic responses were observed, as described below.

3.2.1. Sharp and transient response

Imaging on sagittal plane that contains the S1HL (lateral at 3mm) and with
noxious thermal stimulations of 46°C was applied twice to the hind paw,
induced a sharp (rise time: 4.4 sec) and transient (duration: 23.2 sec)
hemodynamic response in the somatosensory regions with an increase in CBV
(Figure 52 A-C). Analysis of the time course of the CBV changes in the ROIs 1-
11 (Figure 52 D) shows a strong increase (35%) in M1, S1FL, S1HL, S1Tr and
LPtA-V2ML (ROIS 1-5), while a more modest increase (~15%) in the
hippocampus, thalamic nuclei: VPL and VPM and GP regions. Finally, changes

in the CPu, insula and artery regions were even weaker (~5%).
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Figure 52: Strong increase in CBV during noxious stimulation with Peltier. (A) Doppler image
of the sagittal plane lateral at 3mm with the corresponding mask of regions of interest delineated based on
Paxinos atlas (Paxinos and Watson, 1997). (B-C) Pixels that are significantly activated and the changes in
CBV in the activated pixels represented by activation map and ArCBV map respectively. (D) The regions of
interests (1-11) and their corresponding changes in CBV. Blue window indicates the duration of stimulation.
Somato-motor regions (ROIs 1-5) have ~35% CBYV increase in response to the stimulations. Hippocampus,
thalamic nuclei VPL and VPM and GP regions have~15% increase in CBV, whereas CPu, insula and artery
regions have ~5% increase in CBV. S1HL: Primary Somatosensory Cortex Hind Limb part, S1FL: Primary
Somatosensory Cortex of Fore Limb part, S1Tr: Primary Somatosensory Cortex of Trunk part, M1: Primary
Motor Cortex, IC: Insular Cortex, LPtA-V2ML: Lateral parietal association cortex- Secondary visual cortex,
mediolateral area, VPM-VPL: Ventral Posterolateral Thalamic Nucleus-Ventral Posteromedial Nucleus,
GP: Globus Pallidus, CPu: Caudate Putamen.
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3.2.2.Long-lasting non-specific CBV increase

In another trial using noxious thermal stimulations at 46°C for 10s using the
Peltier setup (with the hind paw held at a baseline of 30°C), we imaged the plane
that contains S1HL (lateral 3mm). This induced strong, but inconsistent CBV
increases, as shown in Figure 53 (A-C). The Z-score map indicates that the
regions with statistical changes are in the M1, S1HL, hippocampus, thalamus
and dorsal CPu.

However, close analysis of the variations of CBV over time (Figure 53 D) reveals
large and long-lasting (rise time: 8.4 sec and duration: 243.2 sec) variations of
hemodynamic response between trials (from 100% for first stimulation to 50%
for the subsequent stimulations in the S1HL in the example showed in Figure
53). In addition, these changes were observed in all ROI analyzed, but with
various amplitudes, suggesting a non-specific hemodynamic response induced
by noxious stimulations. Among all ROIs, the strongest effects were observed in
all cortical areas (M1, S1HL, S1FL, S1Tr and LPtA-V2ML).

Due to the relative strong increased CBV in the artery (>50%), it is likely that
the strong long-lasting CBV increased could be attributed to an increased
arterial pressure in this experiment; therefore, could not have been a direct

result from the noxious stimulations.
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Figure 53: Long-lasting high CBV changes in ROIs could be an indirect consequence of increased
arterial pressure induced by noxious stimulations. A) Doppler image of the sagittal plane lateral at 3
mm with the corresponding mask of regions of interest delineated based on Paxinos atlas (Paxinos and Watson,
1997). B-C) Pixels that are significantly activated and the changes in CBV in the activated pixels represented by
activation map and ArCBV map respectively. D) The regions of interests (1-11) and their correspondmg changes
in CBV. Blue window indicates the duration of stimulation. ROIs 1-5 have exceptionally high CBV increases
especially during the first stimulation but decreases during subsequent stimulations. In the artery just after the
first stimulation, there is a spike in CBV (>50%) and this could have contributed to the CBV changes in the other
ROIs. S1HL: Primary Somatosensory Cortex Hind Limb part, S1FL: Primary Somatosensory Cortex Fore Limb
part, S1Tr: Primary Somatosensory Cortex Trunk part, M1: Primary Motor Cortex, IC: Insular Cortex, LPtA-
Va2ML: Lateral parietal association cortex- Secondary visual cortex, mediolateral area, VPM-VPL: Ventral
Posterolateral Thalamic Nucleus-Ventral Posteromedial Nucleus, GP: Globus Pallidus, CPu: Caudate Putamen.
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3.2.3.Biphasic response observed in the cingulate cortex
By applying two stimulations of 45°C with a duration of 10s using the Peltier
while imaging on the sagittal plane lateral 0.5mm, mainly aiming to visualize

the cingulate cortex, we observed a dual temporal response:

A fast and sharp immediate response (onset time: 2.4 sec, duration: 11.2 sec),
but of high amplitude (50% CBV)

A secondary delayed, but long-lasting hemodynamic response (onset time:
62 sec, duration: 109.6 sec), of very high amplitude (between 50% and 100%
depending on the ROI)

The Z-sore map indicated that these changes are statistically significant in all
regions analyzed, including the artery (Figure 54 A-C). However, comparison
on the amplitude of CBV changes over time (Figure 54 D) indicates that the mid-
cingulate cortex has the strongest response (100%), while the response of all
other regions is approximately 40%. Because the response of these regions is of
the same amplitude as the artery, we conclude that, as observed previously, the
hemodynamic response is likely to be non-specific and is likely due to unspecific
increased arterial pressure. We can conclude however, that a part of the mid-
cingulate response is due to a specific hemodynamic response induced by

noxious stimulations.
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Figure 54: Dual response in cingulate cortex during noxious stimulation at 49°C using Peltier. A-
C) Doppler image of this plane with the corresponding mask of regions of interest delineated based on Paxinos
atlas (Paxinos and Watson, 1997) and significantly activated pixels and the changes in CBV in them represented
by activation map and ArCBV map respectively. It can be seen that there is a strong response and significantly
activated regions show 20% increase in CBV in the activation map and ArCBV map respectively. D) Temporal
CBYV changes in ROIs. The stimulation (blue window) induced in all the ROIS a biphasic hemodynamic response:
a sharp increase in the CBV at first, followed by another long-lasting peak. Medial cingulate has a much higher
response (90%), than the anterior and posterior cingulate cortices. The amplitude of CBV increase observed in the
artery is also observed in all other the ROIs, except mid cingulate. A: Anterior Cingulate, Cg M: Medial Cingulate,
Cg P: Posterior Cingulate, M2: Secondary Motor Cortex, RSD-RSG: Retrosplenial Dysgranular Cortex-
Retrosplenial Granular Cortex , Hippocampus , (Ventral Posterolateral thalamic Nucleus (VPL) - Ventral
Posteromedial thalamic Nucleus (VPM ).

97| Page



3.2.4.Noxious stimulation strongly activates S1HL and Cg

As a final step, we compared the promising results obtained under isoflurane
anesthesia in the 2 sagittal planes: lateral at 0.5mm and 3mm. From the results
of sagittal plane lateral at 3mm, we chose to compare 2 regions: S1HL (primary
somatosensory cortex of hind limb, which is a brain region involved in thermal
sensing) and CPu (caudate putamen, which is not known to be a part of thermal

sensory circuit and therefore considered as control region).

Two stimulations (42° or 46°C + 1°C) were compared at 2 different paw baseline

temperatures 28°C and 31°C.

In the plane lateral 3mm, 46+ 1°C produced a statistically significant higher
CBV response in the S1HL and the CPu than 42+ 1°C, indicating that the higher
the temperature, higher the response. This effect was of higher amplitude in the
S1HL than the CPu, substantiating that S1HL is more involved in thermal
processing than the CPu.

Using a 2-way Anova with Bonferroni multiple comparisons test (in which p-
values were adjusted as required), we tested the initial baseline paw
temperature as a possible confounding effect of the magnitude of the noxious
heat stimulation. For both S1HL and CPu, when the paw baseline temperature
was at 28°C, the increase in the CBV response at 46°C vs 42°C was stronger

than at 31°C (Figure 55 A-B).

Using the plane imaging the cingulate cortex, we compared the responses of its
three subdivisions: (anterior, medial and posterior) induced by stimulations at
42°C and 46°C, for baseline paw temperature at 31°C (Figure 55 C). To
understand the effect of stimulation temperatures and the differences of it
among three subdivisions of cingulate cortex, we performed a 2-way Anova with
Bonferroni multiple comparisons test (adjusted p-values), which concluded that
stimulation at 46°C elicit a stronger CBV response in all 3 parts: anterior,
posterior and medial cingulate cortex. The CBV responses between anterior,
medial and posterior parts did not reveal any statistically significant difference.
However, there is a tendency of a higher response in the mid cingulate during
46°C. This results strongly point in the direction of involvement of the cingulate

cortex in thermal circuitry.
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Figure 55: Quantification of the CBV changes induced by innocuous and noxious thermal
stimulations. A-B) Changes in the CBV in the StHL and CPu at 2 different baseline temperatures. Higher
CBYV response was observed at 46°C + 1°C than 42°C + 1°C in both S1HL and CPu. The baseline paw
temperature does not significantly modify the amplitude of evoked response (C) Changes in CBV in the
anterior, medial, posterior cingulate cortex in the sagittal plane lateral at 0.5 mm. Significant changes in
CBYV are observed in all three subdivisions during the 46°C + 1°C stimulation. 2-way Anova with Bonferroni
multiple comparisons test in which p-values are adjusted as required.
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4. DISCUSSION

The quest for decrypting the underlying processes in thermal sensing started decades
ago. Although there are a lot of studies explaining the role of supraspinal regions using
fMRI and PET imaging, using fUS offered many advantages. In virtue of its high spatial
and temporal resolution, functional activations could be precisely mapped. Its high

sensitivity gave us the opportunity to map even the slightest hemodynamic responses.

Therefore, this study aimed at looking into the brain regions that are known to be
involved in thermal processing (thalamic nuclei, S1, insula, cingulate) using fUS
imaging. We were able to visualize the sagittal plane at 3mm that contains thalamic

nuclei, S1 and insula and sagittal plane at 0.5mm that has the cingulate cortex.

4.1. Lack of activation induced by innocuous stimulation
Innocuous stimulation (39°C) did not induce hemodynamic response in all brain
regions studied. Human thermal psychophysical studies have shown that between 30-
34°C, neither cold nor warm sensations are felt. When temperature increases from the
adaptive temperature, one starts feeling the warmth (Filingeri, 2016; Jones and Berris,
2002). From the perspective of our study, even though 39°C met the activation
threshold for warm sensors (TRPM2, TRPV4, TRPV3), it did not elicit changes in the
CBV. (Ran et al., 2016; Wang et al., 2018) previously showed that warmth and heat are
coded in a graded strategy, implying, a much higher temperature produces a higher
neuronal activation leading to CBV changes. Taken together, we drew the inference
that, the neuronal activation induced by innocuous warm stimulations is not strong

enough to induce an increased CBV that was detectable using fUS.

This observation agrees with previous studies that showed the hemodynamic response
induced by either noxious or innocuous stimuli are much milder in the primary sensory

cortex than the spinal cord, the relay of these information (He et al., 2015).
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4.2. Effect of Ketamine-Domitor anesthesia

In our study, noxious heat stimulations (46°C) were shown to induce higher CBV
response under isoflurane anesthesia in SiHL and the cingulate cortex. But
interestingly we did not observe this effect under ketamine-domitor anesthesia. It has
been shown that ketamine has NMDA (N-methyl-d-aspartate) antagonist properties
and can have analgesic effects (Bennett, 2000; Franceschini et al., 2010; Franks and
Lieb, 1994; Masamoto and Kanno, 2012; Yamamoto and Yaksh, 1992; You et al., 2021).
The NMDA receptor is an ionotropic glutamate receptor that modulate most of the
excitatory transmission in the CNS and is responsible for central and peripheral
sensitization during pain states (Petrenko et al., 2003). Structures that are associated
to nociception such as supraspinal circuitry, dorsal horn of the spinal cord and primary
afferents have a strong presence of NM DA receptors and its subtypes: commonly called
GluN1, GluN2A, GluN2B, GluN2C, and GluN2D but also called NR1, NR2A, B, C, D
(Sleigh, 2014). Ketamine induces the blockade of the GluN2B/NR2B NMDA receptors
in the supraspinal circuitry could lead to the analgesic effects and could explain the

lack of activation observed during noxious stimulations.

It is also worthwhile to notice that glutamate receptor is a major neuronal contributor
in the neurovascular coupling. Indeed, cortical excitatory pyramidal neurons or
interneurons release vasodilator substances (such as prostaglandin (pyramidal
neurons) and Nitric Oxide — Vasoactive Intestinal Peptide (in the case of
interneurons)) in an NMDA-receptor dependent mechanism (Cauli, 2010). Blockade
of glutamate receptors by ketamine thereby implies a disruption of these mechanisms
and a reduction in the neurovascular coupling leading to diminished activations

patterns observed using fUS imaging.

4.3. Brain areas activated by noxious heat

The sharp and transient response in S1 during noxious stimulations reaffirms its role
in thermal sensing which has been widely studied in thermal processing. The primary
somatosensory cortex is crucial to form a thermal perception (Becerra et al., 1999;
Chatt and Kenshalo, 1977; Egan et al., 2005; Hellon et al., 1973b; Landgren, 1957b;
Milenkovic et al., 2014; Moulton et al., 2012; Tsuboi et al., 1993). Rats with S1 and S2
lesions (Finger and Frommer, 1970; Porter et al., 1993) were reported to have failed

temperature discrimination tasks. Si also processes nociceptive signals that are
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transmitted along ascending pathways. (Singh et al., 2020) recently suggested that
there could be a S1 > ACC projection to integrate the sensory and affective nociceptive

signal.

The cingulate cortex: anterior, mid, posterior parts are typically activated during
nociceptive processing and are responsible for affective responses (Devinsky et al.,
1995; Gasquoine, 2013; Hoffman et al., 2004; Hutchison et al., 1999; Iwata et al., 2005;
Nevian, 2017; Ploner et al., 2002; Vogt et al., 1993, 1996; Vogt, n.d.; Xiao et al., 2021;
Xiao and Zhang, 2018). Among the subparts, the anterior cingulate is widely studied
in regard to pain processing and emotion. The subgenual part of ACC is more
responsible for autonomic control and can be designated as the region that processes
emotions (Vogt, 2005).The posterior part of ACC has been shown to be activated due
to pain in a MEG study and is often associated to the ‘suffering’ component in
nociceptive experiences. (Craig et al., 1996) studied activation in brain using PET
under 5 conditions: cool (20°C), warm (40°C), noxious cold (5°C), and noxious hot
(47°C) stimuli and thermal grill. Anterior cingulate cortex and insular cortex are very
responsive to noxious heat and cold. (Vogt et al., 1996) observed that the cerebral
blood flow increased when noxious heat was applied to back of the hand of human
subjects especially in posterior ACC and mid cingulate cortex. It has been suggested
that these regions encode the intensity of nociceptive inputs(Coghill et al., 1999;
Derbyshire et al., 1997). Furthermore, (Vogt, 2005) reinstates that ACC (anterior
cingulate cortex) and MCC (mid cingulate cortex) are activated during acute noxious
stimulation and suggests that the highest density of nociceptive afferents is to the
aMCC (anterior midcingulate cortex). In our study, the increase in CBV in the mid

cingulate cortex during noxious stimulation is in agreement with previous studies.

A large body of studies have showed that insular cortex is crucial for thermal
discrimination, as well as pain perception (Becerra et al., 2011; Birklein et al., 2005;
Craig et al., 2000; Gogolla et al., 2014; Lu et al., 2016; Nagashima et al., 2018; Peltz et
al., 2011; Penfield and Faulk, 1955; Rodgers et al., 2008; Wager et al., 2013). While the
anterior IC has been commonly associated with emotional aspects, posterior IC is
associated with sensory discriminative aspects. In our study, we identified that there
were no significant CBV responses that were specific to the activation of insular cortex,

but there were non-specific CBV increase due to increase in blood pressure. The lack
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of activation contrasts with the observations with previous studies. One possible
explanation for such discrepancies, is the fact that we only imaged a part of the insula
and as the somatotopy of the insula has not been characterized in rodents, we may have

not imaged the part dedicated to the hind paw.

Anatomical and topographical integration of S1 and M1 has been of interest in
sensorimotor studies. (Nandakumar et al., 2021) recently investigated how the S1HL
plays a role in trunk stabilization using electrophysiological mapping and strongly
advocated that there are significant interactions and somatosensory integration
between trunk and hindlimb. They observed that the S1Tr and MiTr (primary
somatosensory and motor cortex of trunk) receives incoming information, especially
from hindlimb. This integration is often stronger between the hindlimb and trunk
rather than forelimb and trunk. In this study, we observed co-activation of STHL and
S1Tr during noxious stimulation of hind paw, which could be a consequence the
integration of the thermal input between these regions and the overlap between S1Tr
and S1HL (Figure 56).
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Figure 56: Summary of somatosensory overlap. Illustration shown by (Nandakumar et al., 2021)
indicates that the trunk has a greater overlap with hindlimb (violet) than forelimb (green).
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4.4. Blood Pressure Increase: A confounding factor in fUS

imaging of peripheral noxious challenges
During the noxious stimulations under isoflurane, in some recordings, we observed
large CBV increase in many brain areas. Interestingly, the team of Mathieu Piche
previously showed that while neurovascular induced by peripheral noxious stimulation
is tightly coupled in the spinal cord (Piché et al., 2017), it is not the case at the level of
the primary sensory cortex (Jeffrey-Gauthier et al., 2013; Paquette et al., 2019b,
2019a). Indeed, (Jeffrey-Gauthier et al., 2013) performed electrical stimulation of hind
paw of rats and measurement of cortical (S1) blood flow and local field potential (LFP)
recordings. They monitored simultaneously the mean arterial pressure (MAP) changes
using a cannula inserted into the right axillary artery and connected to a pressure
transducer. The CBF intensity progressively increased with the stimulation intensity,
although LFP recordings did not follow this pattern. MAP was significantly increased
by these stimulations (Figure 57). These findings suggest that noxious stimulations

and the evoked blood pressure changes may alter neurovascular coupling.
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Figure 57: MAP changes during electrical stimulation of hind paw of a rat using intensities

Jrom 3mA to 3om. (A) LFP recordings, (B) CBF changes, and (C) MAP changes. The line at o is the starting
of the stimulation(10s) (Jeffrey-Gauthier et al., 2013).

104 | Page



Following these observations, and due to the large changes of CBV induced by noxious
stimulations in our experiments, we wondered if a part of this response might be due
to the autonomous effect described by M. Piche’s team. We measured the variation of
CBV in an artery present on our imaging plane and observed a >50% increase,
suggesting an increase in the arterial blood pressure induced by the noxious
stimulation. This quantification was generalized to all our acquisitions and this helped
us to quantify the proportion of CBV changes that is only due to the increased MAP. In
the cingulate cortex, the stimulation specific CBV increase was limited to the mid
cingulate, whereas all the other regions have an unspecific CBV increase due to the
increased arterial blood pressure. On the other hand, in the primary somatosensory
and motor cortices, we observed that only 50% increase was contributed by the high

arterial blood pressure.

5. CONCLUSION

The investigation of thermal coding in rats concluded that the type of anesthesia used
in thermal experiments is critical. The first approach using ketamine-domitor
anesthesia posed significant challenges. The interference from blood pressure changes
in the artery during nociceptive stimulations also posed a problem. Under isoflurane
anesthesia, we were able to identify and quantify the specific activation of S1 and mid
cingulate in response to noxious heat stimulations. Although insular cortex is a crucial
part of thermosensation circuitry, due to the limitation in imaging the laterally situated
insular cortex, we imaged only a part of insula. Therefore, at this point, in our study, it

can be concluded that S1 and mid cingulate are major players in noxious heat sensing.

The above-mentioned findings inspired us to re-evaluate our goals which led us to

design a fUS imaging study in awake animals, as explained in the next chapter (Chapter

4).
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CHAPTER 4:

AWAKE {US IMAGING OF THERMAL
CODING IN MOUSE BRAIN
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1. INTRODUCTION

In order to overcome the limitations encountered in the investigation of thermal
coding in anesthetized rats (see Chapter 3), the goal was redirected to study thermal
coding in a refined experimental design. To avoid the adverse effect of anesthesia, it
was imperative to choose awake fUS imaging. However, conducting a longitudinal
study using rats has disadvantages. Preparing the rat skull for chronic imaging is an
invasive procedure and the image quality deteriorates over time due to bone
regeneration. Therefore, due to ethical and effectiveness reasons, choosing to
investigate the mouse thermal system was a reasonable choice. Furthermore, there has
been successful previous studies from our laboratory that showed the effectiveness
feasibility of transcranial fUS imaging in mice for several weeks (Rabut et al., 2020;
Tiran et al., 2017). Therefore, we decided to investigate non-noxious or innocuous
thermal coding in awake and freely moving mice, using minimally invasive transcranial

fUS imaging.

The overall goal, from a functional connectivity point of view, was to understand the
interplay between different brain regions during thermosensation using fUS imaging.
In simpler words, we set out to find which brain regions take part in the thermal

sensory process and how strongly they are connected or disconnected with each other.

As extensively discussed in chapter 1, the thermosensory circuit can be classified into
two: periphery to spinal cord and spinal cord to brain. From existing findings, we can
conclude that the spinal cord forms the primary contact with the thalamus via the
spino-thalamic tract which is then projected to the cortical regions via the thalamo-
cortical pathway (Figure 58). The symbiosis of both these pathways gives rise to
thermal perception. Additionally, there is another pathway for thermoregulation that
extends to the lateral parabrachial nucleus (LPB) and then to the preoptic area (POA)
of the hypothalamus.
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Figure 58: Supraspinal thermosensory circuit. Spinothalamic tract projects to thalamus, thalamocortical
projections to somatosensory and insular cortices. Thermoregulatory circuit involving lateral parabrachial
nucleus (LPB) and preoptic area (POA) (Vriens et al., 2014)

Our main focus was to study the supraspinal thermosensory regions. Here is a short

summary of our current knowledge on the brain regions involved in thermal sensory

processes:

i. The primary and

secondary somatosensory _cortex

is essential for

thermosensation and this has been shown in humans and other models. The

integration of the thermal signals take place at the cortical circuitry.

ii. Insular cortex and cingulate cortex have been found to drive the behavioral

response to thermal pleasantness/unpleasantness.

iii.  Lateral parabrachial nucleus (LPB) and preoptic area (POA) of the

hypothalamus plays a major role in thermoregulation.

Therefore, our choice of brain regions in this study included: primary somatosensory

cortex of hind limb (S1iHL), primary and secondary motor cortex (M1 and M2),

cingulate cortex (Cg) and hypothalamus (HyTh).
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The capability of fUS imaging in awake and freely moving mouse enabled us to image
the aforementioned brain regions in a single plane, while the mouse spends time on a
metal surface at warm, neutral or cold temperatures and temperature ramps. It allowed
the measurement of cerebral blood volume with unmatchable spatial (200um) and
temporal (20ms) resolution with high sensitivity. Thermal stimulations are bound to
increase neuronal activations in the region of interests and by the phenomenon of
neurovascular coupling, cerebral blood volume changes can be measured and forms
the fUS image. By measuring FC using fUS imaging, we investigated how somato-

motor, cingulate and hypothalamic regions are involved in thermal processing.

2. QUESTIONS TO BE ADDRESSED

Probing thermosensation in awake and freely moving mouse brain, using fUS imaging,
is expected to break new grounds. The first and basic question we wanted to address
was how FC is changing during sustained application of constant temperatures. We
then moved on to address if FC is different during temperature ramps in the heat and

cold. To go into more depth, we also wanted to find out:

e How does the rate of change of temperature influence thermal coding?
e How different is the coding of fast and slow ramps from the fixed temperature?
e How are the transient properties of dynamic FC varying during the thermal

conditions ?

109 | Page



3. MATERIAL AND METHODS

3.1. ANIMALS

The experiments were conducted in compliance with the European Community
Council Directive of 22 September 2010 (010/63/UE) and the local ethics committee
(Comité d'éthique en matiere d'expérimentation animale number 59, “Paris Centre et
Sud,” project 2018-05). C57Bl/6 male mice from Janvier Labs were used for all the

experiments.

The fixed temperature experiments and the temperature ramp experiments were
conducted in different sets of mice. Two batches of N=6 (total N=12) mice were used
in which, the first batch (N=6) was used to apply the fixed temperature and second set
was used for the fast or slow ramp experiments. Mice were 7 weeks old when they
arrived in the laboratory and the experiments typically lasted for 4-6 weeks. Animals
were given utmost care and were housed at a constant temperature of 22°C with an
alternating 12-hour light/dark cycle. They received food and water ad libitum. The
number of animals in this project was kept to the necessary minimum by reimaging
and reusing them. This was achieved the use of the minimally invasive transcranial fUS

imaging.

3.2. SURGICAL IMPLANTATION OF METAL PLATE

Approximately one week after their arrival ( Figure 59 A) the mice underwent surgery
for the implantation of the metal plate (Tiran et al., 2017). A mixture of ketamine (100
mg/kg) and medetomidine (1 mg/kg) was administered intraperitoneally and then the
mouse was placed on a stereotaxic frame. Importantly, paw withdrawal reflex was
checked to make sure of the anesthesia. The skull bone was then exposed after
removing the skin and periosteum. The metal plate was fixed on the skull using
Superbond C&B (Sun Medical, USA) and small screws, minimally drilled in the skull.

The field of interest was approximately 5mm between the Bregma and Lambda points.
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The surgery took 45 minutes to 1 hour to complete. Subcutaneous injection of
atipamezole (1 mg/kg, Antisedan) and Metacam (5 mg/kg/day) were administered to
reverse the anesthesia and prevent postsurgical pain, respectively. A protective cap
was mounted on the metal plate using the magnets to guard the skull and to keep the
field of imaging intact for 4-6 weeks (Bertolo et al., 2021). Altogether, the metal plate
and the cap did not interfere with the daily normal activity of the mice. After a recovery

period of 3 days, the mice proceeded towards the habituation phase.

3.3. HABITUATION

After recovering from the metal plate implantation, the mice were subjected to an
extensive handling and habituation protocol (Figure 59 A). To make sure that the mice
were not under any stress during the experiment, it was crucial that they are at ease
with the user and the setup. They were initially handled by the user and then exposed
to the Bioseb HC Plate. Their interaction time in the Bioseb apparatus was gradually
increased in the order of 15 minutes, 30 minutes, 1 hour, 1 hour 30 minutes up to 2
hours. Depending on the level of habituation of each mouse, the user practiced the
removal of protective cap, cleaning of skull using saline and application of echographic
gel without anesthesia by gently restricting the head movement. After each session,
they received a reward. The process lasted 10-12 days and depending upon the comfort

level of the mice, we then proceeded to the imaging phase.

11| Page



| | | | Weeks

I I I I
Reception — . . . Signal
[HabituatioJ [Surgery] [Handlmg Habltuatlon] ( Imaglng] [analysis

/B Ultrasound

probe ——

A ] 1 3 ?
I

Probe holder

Magnets =————

Metal plate

\

Warm ramps (Up/Down)

o

Cold ramps (Down/Up)

Fast Slow
1°C/min | 0.5°C/min
10 min 20 min

- N

: Post Treatment after
FUS Imaging Thresholding to remove Concatenation : Functional Connectivity
Doppler Signal motion artefacts Filtering, Smoothing, y Correlation Matrix

Normalization, SVD

] ! |

by M) \ A\ hd MM W T | I

Nl Mg ¥ b Lﬁ\\",‘ 'immN “‘«L-.‘h,w-.' [l {"\"" {w"h\ Ay I | I
" Ly a4l

- /

Figure 59: Experimental Timeline, Design and Analysis. (A) The total duration of the experiments lasted
5-6 weeks. One week after the arrival in the lab, mice underwent surgery to implant the metal plates. After
recovery, user followed an extensive handling and habituation protocol for 2 weeks. Imaging was then performed
for the next 2 weeks or more depending on the quality of the skull and well-being of the mice. (B) Schematic
showing the metal plate, probe holder and fUS probe. (C) Doppler image of the plane of interest Bregma -0.34
mm. (D) Paxinos atlas corresponding to the same plane (Paxinos and Franklin, 2011). (E. Experimental setup with
Bioseb and fUS Imaging (Iconeus). Mice were subjected to fixed and ramp temperatures in the warm and cold
range at fast and slow pace. (F) The doppler signal obtained from imaging underwent thresholding to remove
motion artefacts and was subjected to filtering, smoothing, normalization and SVD. The clean doppler was then
used for functional connectivity analysis.
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3.4. EXPERIMENTAL PARADIGM

The global aim was to understand the interplay between different regions in the mouse
brain during innocuous thermosensation using awake fUS imaging. As intrinsic
functional connectivity was shown to measure the activity and functionality of the
brain networks, we postulated that FC could differ during exposure to cold, warm and
neutral temperature range and during changes of temperature. Therefore, the
experimental design revolved around a few core ideas. We wanted to incorporate both
fixed and ramp temperature in the study. In the ramp temperatures, we wanted to

study a fast and slow rate of temperature change.

Subjecting the awake mice to thermal stimulations pose certain challenges. Motion
artifacts from free movement of mice can alter the quality of the ultrasound signals
and in the initial phase, we made efforts to prevent these artifacts. In preliminary
experiments, we established the range of temperatures in which did not cause
discomfort for the animals. Combining the observations of the animal’s natural
behavior (grooming, exploration, urination and freezing) and measurements of
naturally emitted ultrasound vocalizations, we observed that the range of temperature
15°C to 35°C was optimal. Even though the temperature is comfortable, motion
artefacts due to head movements, grooming, licking etc. have to be later removed

during the post processing (Detailed explanation in Section 4.1).

We used the Bioseb ‘Hot-Cold Plate’ to conduct the experiments (Figure 59 E). The
metal floor of the BioSeb equipment can be kept at a fixed temperature or the
temperature can be increased or decreased at different rates. The standard range of
temperature for the Hot-Cold plate is -2°C to 55°C. It has a transparent enclosure, a

real time temperature display and a timer.

i.  Fixed Temperature

A constant temperature of either 15°C or 25°C or 35°C was applied for 20
minutes. Experiments at these temperatures were performed on separate days
as shown below and was repeated once (Figure 60). At the beginning of every
session the floor is held at 25°C. The Bioseb can change to 15 or 35°C, from

25°C within seconds.
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ii.
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Figure 60: Fixed Temperatures in the cold, neutral and warm range. The mice are exposed
to one temperature per day and only repeated once.

Varyving Temperature at fast or slow pace

Varying Temperature at fast or slow pace — Temperature ramps were either
going in the warm (UP: 25°C to 35°C) and DOWN (35°C to 25°C); or in the cold
going: DOWN (25°C to 15 °C) and UP (15°C to 25°C) (Figure 59 E). In order to
determine the effect of speed of temperature change, these ramps were
performed at 2 different paces: either a slow rate of 0.5°C per minute (each
ramp lasted 20 minutes) and a fast ramp at the rate of 1°C per minute (10
minutes/ ramp) were chosen. The ramps were designed to start and end at
25°C. The mice were reimaged at least 3 times. In order to avoid any bias due
to the order of these ramps, the order of ramps was randomized (Figure 61).

The nomenclature chosen is the following:

114 | Page



Cold Ramps:
» FCD: Fast Cool Down: 25°C to 15 °C (- 1°C per minute)
» FCU: Fast Cool Up: 15°C to 25° (+ 1°C per minute)

=  SCD: Slow Cool Down: 25°C to 15 °C (+ 0.5°C per minute)
»  SCU: Slow Cool Up: 15°C to 25°C (- 0.5°C per minute)

Warm Ramps
» FWU: Fast Warm Up: 25°C to 35°C (+1°C per minute)
»  [WD: Fast Warm Down: 35°C to 25°C (-1°C per minute)

= SWU: Slow Warm Up: 25°C to 35°C ( +0.5°C per minute)
. : Slow Warm Down: 35°C to 25°C (- 0.5°C per minute)

Slow Cool Up (SCU)
Fast Warm Down (FWD)
Slow Warm Up (SWU) Slow Warm Down (SWD)
D1 D2 D3 D4 D5 D6

WU, WD, CD, CU | WU, WD, €D, €U | €0, CU, WU, WD | WU, WD, €D, CU | €D, CU, WU, WD |WU, WD, €D, CU

Figure 61: Cold and warm ramps at fast and slow pace. Each day one mouse underwent fUS
imaging during 4 ramps in the order [WU, WD, CD, CU] or [CD,CU,WU,WD] either in the fast or slow
pace. WU/WD: Warm Up/ Warm Down, CC/CU: Cool Down/ Cool Up
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3.5. TRANSCRANIAL AWAKE fUS IMAGING

Three days prior to the first imaging session, the mice were anesthetized with
isoflurane (1.5%). The respective probe holders were magnetically clipped to the metal
plate (Figure 59 B). Real time transcranial doppler images were acquired using
NeuroScan and the position of the probe was adjusted to select the Bregma -0.34 mm
plane. The skull is then thoroughly inspected and cleaned to avoid any infections. The
mice are put back in their cages and are imaged only after 3 days to avoid any

interference from the isoflurane anesthesia.

Unlike the previous awake imaging protocols explained in (Tiran et al., 2017), mice
were not anaesthetized to prepare the skull during the imaging phase (See Section
3.3). They were trained and habituated for detaching the protective cap, cleaning the
skill with saline and application of echographic gel with minimal force. They were then
gently introduced into the Bioseb apparatus and the probe holder was attached to the
implanted metal frame using the magnets on both pieces. Experiments began shortly

after.

Real time vascular images were obtained by ultrafast compound doppler imaging
technique (Mace E. et al., 2011; Deffieux et al., 2018). 11 successive tilted plane waves
(-10° to +10 °) which are 2° apart were used for insonification. Each image was
obtained from 200 compounded frames acquired at the rate of 500Hz frame rate at a
5.5 kHz pulse repetition frequency. Tissue signal was isolated from the cerebral blood
volume signal by using a SVD clutter filter (Demené et al., 2015) to obtain a Power

Doppler image.
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3.6. DOPPLER SIGNAL ANALYSIS

3.6.1. Removal of motion artefacts
Imaging in awake mice meant that it was necessary to remove motion artefacts
due to head movements and behavioral movements such as grooming. We
followed the same analysis as previously described in (Rabut et al., 2020) by
first using a singular value decomposition (SVD) clutter filter to separate blood
motion from tissue motion and then by thresholding tissue motion and doppler
signal to find the frames with motion artefacts. The thresholds are chosen by
carefully examining the tissue motion signal and the threshold that removes
most of the motion artefacts is chosen. An example of two different
thresholding values are shown in (Figure 62). While keeping the clean frames,

we made sure they are successive bits of at least 50 time points.

The concatenated clean frames were treated using a low pass filter at 0.1 Hz to
extract the resting state frequencies. A polynomial fit of order 3 was applied to
detrend the signal and finally a singular value decomposition of the data was

performed before connectivity analysis (Figure 59 F).
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Figure 62: Tissue motion thresholds to remove motion artefacts. An example of two different
thresholds:0.007 and 0.01 resulting in a different number of clean timepoints.

3.6.2.Stationary FC analysis

To understand the interaction between the brain regions during the
temperature coding, we first did the stationary FC analysis. The functional
connectivity of the following brain regions present in the imaging plane were
first studied: Primary Somatosensory Hind Limb part, Primary and Secondary
Motor, Cingulate and Hypothalamus (Figure 59 B). This plane of imaging was
chosen by the role of some of these regions in thermosensation and
thermoregulation. The ROIs were defined based on the Paxinos Atlas (Paxinos,

G and Franklin, 2012).
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In order to study static functional connectivity during the thermal conditions,
the post-treated time course of the CBV signal from the 10 ROIs (Fig 1B) were
extracted. In simpler words, from each region of interest the temporal signal
during the calm periods (without motion artefacts) is extracted. The Pearson
correlation was computed between each ROIs, resulting in a 10 x10 matrix with
the respective correlation coefficients. We then estimated the averaged

correlation matrix for each thermal condition.

To compare different thermal conditions, the correlation coefficients were
Fisher Transformed to normalize the distribution. In cases of normal
distribution, Welch’s test was performed; otherwise, the non-parametric
Wilcoxon rank-sum test was performed. Finally, Benjamini—Hochberg false
discovery rate correction for multiple comparisons was also done between the

groups with p <0.05.

3.6.3.Dynamic FC analysis

To understand the dynamic characteristics of brain networks as a response to
thermal input, we utilized an unsupervised data grouping technique: k-means
clustering algorithm using the Li distance function as implemented in
MATLAB. For instance, when we set k=4, the input data is grouped into 4
clusters. First of all, 4 centroids are randomly assigned. Distance of each input
data point to the clusters is calculated and the one with minimal distance
between them are grouped together. In the next step, 4 new centroids (mean of
each group) are calculated. This iterative process is continued until it converges
and data are grouped into 4 and the data points are distributed around its

centroid.

From 92 fUS imaging sessions, the post-treated doppler timeseries for each
ROIs (1-10) were extracted after the removal of artefacts, filtering, smoothing,
normalization and SVD. This comprised of N=8 for 15°C, N=8 for 25°C, N=8 for
35°C, N=10 for FCD, N=10 for FCU, N=8 for SCD, N=6 for SCU, N=9g for FWU,
N=9 for FWD, N=8 for SWU and N=8 for SWD. The time series data from all

the 92 acquisitions were concatenated together to form one single time series
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(10x 84499, where 10 is the number of ROIs and 84499 is the number of time
points). To obtain a time resolved correlation matrix, Pearson correlation was
computed at each timepoint between any two ROIs, yielding a 45 x 84499

matrix where 45 is the number of possible pairwise interactions.

The time resolved correlation matrix then undergoes an unsupervised learning
of brain states for k=5,6,7 clusters. The clustering algorithm was repeated 500
times to avoid local-minima, with random initialization of centroid positions.
Finally, each time point was assigned a cluster or a brain state resulting in a

dynamic characterization of connectivity patterns.

The occurrence rate of each brain state was calculated for all conditions and the
k=7, k=6 and k=5. Finally, in order to quantify the difference of occurrence rates
between conditions, we performed a one-way ANOVA along with Benjamini—

Hochberg false discovery rate correction for multiple comparisons with p <0.05.
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4. RESULTS

In order to decipher the FC alterations in brain networks, which is an indicator of
dynamic changes in the brain, we developed an experimental setup, based on
previously established protocol on awake and freely moving mice (Rabut et al., 2020).
We adapted the protocol to apply plantar temperatures using the BioSeb HC plate
during the imaging session (See Material and Methods, 3.4). From test experiments,
it was concluded that the range from 25 to 35°C was most suitable for awake imaging
and they did not cause any discomfort or aversive behavior. Therefore, the Bregma -
0.34 mm plane was imaged for 20 minutes at 15°C, 25°C and 35°C. The experiments
were designed in such a way that each mouse underwent only one of these temperature

on a particular day.

After the acquisition of doppler images, motion artefacts were removed as described in
Section 3.6.1 Removal Of Motion Artefacts. The clean doppler signal was then
concatenated and underwent post treatment (filtering, smoothing, normalization and
SVD). The time course of the final doppler signal is subjected to stationary FC analysis

which is time-averaged of all the imaging sessions.

4.1. STATIONARY FC ANALYSIS

4.1.1. Fixed Temperatures: Cold and Warm Vs Neutral
The warm (35°C) and cold (15°C) temperatures were compared to neutral
temperature (25°C) which also happens to be the mid-point of the temperature

range.

First, we compared the cold to neutral temperature i.e., 15°C to 25°C. Figure
63(A-C) shows the stationary functional connectivity comparison between 25°C
and 15°C and the significance matrix showing the ROI pairs that are
significantly different between the groups. Strong and statistically significant
changes in FC between these conditions were observed, with the largest number
of changes for the cold temperature, where the FC of 19 pairs of ROI were

statistically different (Figure 63D). Twelve of these couples of ROI concerned
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areas of the somato-motor network (SMN), which showed to have a stronger

connectivity at 15°C, than at 25°(Figure 63 D).

The six other couples of ROI are areas between one ROI of the SMN and the
hypothalamus (Figure 63D). Interestingly, in these couples, the FC was altered
in the opposite direction: the FC was significantly decreased. One ROI pair
shows the interaction between cingulate and hypothalamus: stronger

connectivity at 15°C than 25°C.

Next, we compared the warm to neutral temperature i.e., 35°C to 25°C as shown
in Figure 64(A-C). Even though there is a +/- 10°C difference in both warm and
cold conditions, warm induced only mild changes in functional connectivity. A
mere 6 ROI pairs showed statistically significant changes in FC. Two of these
were pairs of the SMN, which displayed an increased FC when the animals were
subjected to 35°C (Figure 64D). The five other pairs of ROI were areas between
the SMN and the hypothalamus. There ROI pairs, on the other hand, showed
the opposite effect: an increased FC when the animals experienced warm
temperature compared to neutral (Figure 64D). Interestingly, unlike in the

cold, there were no ROI pairs involving the cingulate region.

The stationary FC analysis of fixed temperatures led to the conclusion that cold
invokes more FC alterations than warm by a stronger connectivity among the
somato-motor and weakened connectivity between hypothalamus-somato-

motor.
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Figure 63: Functional connectivity comparison using correlation matrices between 15°C and 25°C
show striking differences in cold (15°C). (A) Averaged Pearson correlation matrix of N=8 imaging sessions
at 25 °C. (B) Averaged Pearson correlation matrix of N=8 imaging sessions at 15°C. (C) Matrix indicating the ROI
pairs with significant differences of 25°C with 15°C. The correlation coefficients of ROI pairs were Fisher
transformed. In case of a normal distribution, a parametric Welsh test was performed and otherwise Wilcoxon
rank-sum test was performed. Benjamini-Hochberg’s correction for multiple comparisons was applied with a
false discovery rate of 0.05. Pairs of ROIs with significant alterations between the two groups is indicated by the
white squares with its corresponding p-values. (D) Boxplot representation of each ROI pair with a significant FC
alteration between the groups 25°C (blue) Vs 15°C (green). *p < 0.05, **p < 0.01 and ***p < 0.001
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Figure 64: Functional connectivity comparison using correlation matrices between 35°C and 25°C
show modest differences in warm (35°C). (A) Averaged Pearson correlation matrix of N=8 imaging
sessions at 25 °C. (B) Averaged Pearson correlation matrix of N=8 imaging sessions at 35 °C. (C) Matrix indicating
the pairs of ROI with significant differences between 25°C and 35°C. The correlation coefficient of each pair of
ROI was Fisher transformed. In case of a normal distribution, a parametric Welsh test was performed and
otherwise Wilcoxon rank-sum test was performed. Benjamini-Hochberg'’s correction for multiple comparisons
was applied with a false discovery rate of 0.05. Pairs of ROIs with significant alterations between any two groups
is indicated by the white squares with its corresponding p-values. (D) Boxplot representation of each ROI pair
with a significant FC alteration between the groups 25°C (green) Vs 35°C (red). *p < 0.05, **p < 0.01 and ***p <
0.001
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4.1.2. Cold Ramps Vs Fixed Cold and Neutral Temperature

To decipher the neural mechanisms underlying thermal encoding of
temperature ramps, we compared each ramp to its corresponding fixed
temperature. For instance, temperature ramps cold ramps up and down (CU:
25°C to 15 °C and CD: 15°C to 25 °C) were compared to both 25°C and 15°C.
Stationary FC analysis was performed, as explained in Section 3.6.2 Stationary

FC analysis.

a. Alterations in FC during fast rate of change of temperature

We first compared the stationary FC in fast cold ramps with sessions, where the
animals were exposed to a Fast Cool Down (25°C to 15 °C decreasing 1°C per
minute) or Fast Cool Up (15°C to 25 °C increasing 1°C per minute) Figure 65 (A-
E).

The Fast Cold Down ramp showed the most noticeable difference when
compared to 25°C with 33 ROI pairs (Figure 65 F) that are significantly different
between the two groups. Out of the 33 ROI pairs, there were 10 pairs involving
cingulate and somato-motor, 11 pairs among somato-motor and 11 pairs
involving hypothalamus and somato-motor and just one pair involving

cingulate and hypothalamus.

There was an increase in FC in the cingulate-somato-motor and somato-motor-
somato-motor pairs during the ramps i.e., as the temperature is going down
from 25°C to 15 °C compared to the condition where temperature stays at 25°C.
At the same time, the ROI pairs involving hypothalamus which is already anti-
correlated at 25°C shows even stronger anti-correlation during 25°C to 15 °C

ramp.

When the Fast Cool Down ramp was compared to 15°C, 16 ROI duos with
significant FC alterations were revealed (Figure 65 G). The 8 motor-cingulate
and a single S1tHL-cingulate pairs show an increase in FC during the ramps, as
the temperature is getting colder. Interestingly, 3 ROI pairs (1 motor-motor and
2 motor-S1HL), displayed the opposite behavior i.e., slightly decreased FC
during the ramps. Finally, hypothalamus and cingulate regions, showed anti-

correlations during the ramp.
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Overall, these results suggest that a fast decrease in temperature is associated
with a strengthening in the correlation of the somato-motor network and a
weakening in the link between the hypothalamus and the somato-motor

network.
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Figure 65: Functional connectivity comparison using correlation matrices of Fast Cool Down
ramp (FCD) with 15°C and 25°C show strong differences, characterized by an increase in connectivity in
the somato-motor-cingulate ROI pairs and an anti-correlation in the hypothalamic ROI pairs during the FCD
ramps. (A-C) Averaged Pearson correlation matrix of N=8 imaging sessions at 25°C, N=10 imaging sessions
during FCD, and N=8 imaging sessions at 15°C respectively. (D, E) Matrix indicating the ROI pairs with
mgmﬁcant differences between FCD Vs 25°C and FCD Vs 15°C respectively. The correlation coefficients of ROI
pairs were Fisher transformed. In case of a normal distribution, a parametric Welsh test was performed and
otherwise Wilcoxon rank-sum test was performed. Benjamini-Hochberg'’s correction for multiple comparisons
was applied with a false discovery rate of 0.05. Pairs of ROIs with significant alterations between any two groups
is indicated by the white squares with its corresponding p-values. (F,G) Boxplot representation of each ROI pair
with a significant FC alteration between the groups between FCD (dark pink) Vs 25°C (green) and FCD Vs 15°C
(blue). *p < 0.05, **p < 0.01 and ***p < 0.001
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Fast Cool Up ramp was compared to 25°C and 15°C in the stationary FC analysis. The
average Pearson correlation matrices were compared to find the significant FC
alterations Figure 66 (A-E). The Fast Cool Up ramp showed similar pattern of results
as Fast Cool Down, but with fewer FC alterations. Fast Cool Up ramp compared to
25°C, revealed 20 ROI couples that are significantly different Figure 66(F). Among
them, 10 were with the somato-motor network and they showed an increase in FC
during the ramp than at 25°C. The other 10 ROI pairs comprising the hypothalamus

and somato-motor areas displayed a stronger anti-correlation during the ramps.

Comparison of Fast Cool Up ramps with 15°C uncovered only 6 pairs of regions that
are significantly different Figure 66(G). When the cingulate-motor ROI pair showed
an increase in FC during the ramp, the other ROI pairs showed a decrease in FC during

the ramp.

Within these two Fast cold ramps, the striking difference is the largest number of
subnetworks within the somato-motor-cingulate networks in which the functional
connectivity was reinforced. In both cases, the hypothalamus-somato-motor-cingulate
networks which are slightly anti-correlated in fixed temperature conditions, display a

much stronger anti-correlation during these ramps.

These results highlight the complex inter-regional functional connectivity between the
cingulate, somatosensory and motor cortices and hypothalamus when subjected to
cold temperature ramps. They suggest a dichotomy between the somato-motor-

cingulate and the hypothalamus-somato-motor networks.
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Figure 66: Functional connectivity comparison using correlation matrices of Fast Cool Up ramp
(FCU) with 15°C and 25°C show strong differences characterized by an increase in correlation in the
somato-motor-cingulate ROI pairs and an anti-correlation in the hypothalamic ROI pairs during the FCU ramps.
(A-C) Averaged Pearson correlation matrix of N=8 imaging sessions at 25°C, N=10 imaging sessions during FCD,
and N=8imaging sessions at 15°C respectively. (D, E) Matrix indicating the ROI pairs with significant differences
between FCU Vs 25°C and FCU Vs 15°C respectively. The correlation coefficients of ROI pairs were Fisher
transformed. In case of a normal distribution, a parametric Welsh test was performed and otherwise Wilcoxon
rank-sum test was performed. Benjamini-Hochberg’s correction for multiple comparisons was applied with a
false discovery rate of 0.05. Pairs of ROIs with significant alterations between any two groups is indicated by the
white squares with its corresponding p-values. (F,G) Boxplot representation of each ROI pair with a significant
FC alteration between the groups between FCU (purple) Vs 25°C (green) and FCD Vs 15°C (blue). *p < 0.05, **p
< 0.01 and ***p < 0.001
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b. Alterations in FC during slow rate of change of temperature

In order to investigate the effect of a slow pace of temperature change on FC,
we compared the slow cold ramps, Slow Cool Down (25°C to 15 °C decreasing
at 0.5°C per minute) and Slow Cool Up (15°C to 25 °C increasing at 0.5°C per
minute) to their corresponding counterparts 25°C and 15°C in the stationary
FC analysis. The average Pearson correlation matrices were compared to
find the significant FC alterations Figure 67 (A-E). As anticipated, they
revealed striking differences from the fast cold ramps. Much to our surprise,
both the Slow Cool Down and Slow Cool Up ramps had only statistically

significant FC alterations only when compared to 25°C and not with 15°C.

Slow Cool Down when compared to 25°C, disclosed 15 ROI pairs — 7 somato-
motor regions and 8 hypothalamus- somato-motor pair of regions Figure 67
(F). There is an increased FC in the somato-motor regions during the Slow
Cool Down ramp than at 25°C. Although the hypothalamus-somato-motor
regions are anti-correlated at 25°C, they are much more strongly anti-
correlated during the ramps. These results fall in the same pattern as the fast
cold ramps but with a much lesser number of ROI pairs. There are far more
significant hypothalamic regions in this comparison than the other

comparisons.

Slow Cool Up when compared to 25°C, showed 21 ROI pairs with significant
differences Figure 67 (G). Among them 12 were within the somato-motor
and 9 were among hypothalamus and somato-motor. Similar to the results
from Slow Cool Down, the FC was increasingly strengthened in the somato-
motor regions during the ramp. The anti-correlation among the

hypothalamus-somato-motor was also stronger during the ramp.

Taken together, rate of change of temperature is a key component that drives
central mechanisms. The lack of difference between 15°C and the slow cold
ramps suggests that interplay between brain regions during slow changes in
the temperature in the cold range is similar to that of a fixed cold
temperature. It is also safe to assume that this very interplay is different

during fast cold ramps.
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Figure 67: Functional connectivity comparison using correlation matrices of Slow Cool
Down and Slow Cool Up show strong differences only with 25°C characterized by an increase
in correlation in the somato-motor-cingulate ROI pairs and anti-correlation in the hypothalamic ROI
pairs during the SCD and SCU ramps. (A, B, C) Averaged Pearson correlation matrix of N=8 SCD ,
N=825°Cand N=6 SCU imaging sessions respectively. (D, E) Matrix indicating the ROI pairs with
significant differences between SCD Vs 25°C and SCU Vs 25°C respectively. The correlation coefficients
of ROI pairs were Fisher transformed. In case of a normal distribution, a parametric Welsh test was
performed and otherwise Wilcoxon rank-sum test was performed. Benjamini-Hochberg’s correction
for multiple comparisons was applied with a false discovery rate of 0.05. Pairs of ROIs with significant
alterations between any two groups is indicated by the white squares with its corresponding p-values.
(F, G) Boxplot representation of each ROI pair with a significant FC alteration between the groups
between SCD Vs 25°C and SCU Vs 25°C. *p < 0.05, **p < 0.01 and ***p < 0.001
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4.1.3. Warm Ramps Vs Fixed Warm And Neutral Temperature

Similar to the analysis of cold ramps, Warm Up and Warm Down ramps in the
fast and slow pace were compared to their corresponding counterparts 25°C and
35°C in the stationary FC analysis. The average Pearson Correlation matrices
were compared to find the ROI pairs with significant FC alterations Figure 68

(A-H).

The same experimental paradigms of fast and slow ramps in the warm range
did not produce as many significant results, as the cold. The Slow Warm Up and
Slow Warm Down showed minimal differences in FC, when compared to 25°C.
Noticeably they showed no significant difference in FC, when compared to 35°C,
suggesting that the interactions between brain regions during warm ramps are

not that different than at fixed temperature 35°C (Figure 68).

Even more strikingly, none of the comparisons among Fast Heat Up and Fast
Heat Down and 25°C and 35°C, produced significant results (Figure 69). This is
in contrast to the strong effects observed during the Fast Cool Down and Fast

Cool Up.

Slow WarmDown (SWD)

Slow Warm Up (SWU)

H

----No statistically significant

alterations in FC--- alterations in FC----

@
EE
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Figure 68: Functional connectivity comparison using correlation matrices of Slow Warm
Up and Slow Warm Down with 35°C and 25°C show very mild changes only when compared with
25°C. (A, B) Averaged Pearson correlation matrix of N=8 and N=8 imaging sessions during SWU and
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SWD. (C, E) Averaged Pearson correlation matrix of N=8 imaging sessions at 25°C. (D, F). Averaged
Pearson correlation matrix of N=8 imaging sessions at 35°C. (G, H) Matrix indicating the ROI pairs with
significant differences between SWU Vs 25°C and SWD Vs 25°C respectively. The correlation coefficients
of ROI pairs were Fisher transformed. In case of a normal distribution, a parametric Welsh test was
performed and otherwise Wilcoxon rank-sum test was performed. Benjamini-Hochberg’s correction for
multiple comparisons was applied with a false discovery rate of 0.05. Pairs of ROIs with significant
alterations between any two groups is indicated by the white squares with its corresponding p-values. *p
< 0.05, **p < 0.01 and ***p < 0.001
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Figure 69: Functional connectivity comparison using correlation matrices of Fast Warm
Up and Fast Warm Down with 35°C and 25°C show NO statistical changes of the FC
alterations. (A, B) Averaged Pearson correlation matrix of N=8 and N=8 imaging sessions during FWU
and FWD. (C, E). Averaged Pearson correlation matrix of N=8 imaging sessions at 25°C. (D, F). Averaged
Pearson correlation matrix of N=8 imaging sessions at 35°C. No statistically significant alterations
changes of FC was observed.
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4.2.

DYNAMIC FC ANALYSIS

4.2.1. K-means Clustering Analysis
While the classical averaged correlation analysis confirmed that there are FC
connectivity alterations that are specific to temperature, we predicted that the

intrinsic dynamic characteristics during thermal coding might be even stronger.

An unsupervised k-means clustering analysis of all the thermal conditions:
Fixed temperatures: 25°C, 15°C, 35°C, warm and cold ramps at fast and slow
pace was performed. The time series data from all the 92 acquisitions were
concatenated together to form one single time series (10x 84499, where 10 is
the number of ROIs and 84499 is the number of time points). To obtain a time
resolved correlation matrix, Pearson correlation was computed at each
timepoint between any two ROIs. The time resolved matrices was subjected to
k-means clustering. It was performed for k=, 5, 6, and 7 clusters and was proved
to be very robust and consistent. For instance, clustering for k=5 resulted in 5
brain state matrices. The probability of occurrence of each of the brain state

matrix was calculated for cold and warm conditions.

Decomposition into 7 brain states are shown in Figure 70. The brain state
matrices are ordered from highest correlation to lowest correlation and denoted
by a number (1-7) i.e., 1 being the strongly correlated and 7 being the weakly
correlated. The number of cooccurrences (n) and p-value (p) are also noted
below each brain state matrix. The probability of occurrence was calculated for
the 7 brain state matrices in the cold and warm conditions. In agreement with
the stationary FC analysis, the dynamic FC analysis only have significant results

in the cold conditions and not in the warm.

Noticeably, Brain states 1 and 7 showed significant differences in the occurrence
rate between the cold conditions. Brain State 1 was more frequent in the cold
ramps (FCD, FCU, SCU) than 25°C and 15°C (Figure 70). On the other hand,
brain state 7 was more frequent in 25°C than 15°C, FCD and SCU (Figure 70).
It can be concluded that the strongly correlated/decorrelated state (brain state
#1) is more common in the cold ramps and the weakly correlated state (brain
state #7) is mostly associated to the 25°C. It is also worthwhile to notice that the

weakly correlated brain state 7 has the highest number of occurrences (50% of
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total occurrences) and its probability to occur in all conditions are is higher than

any other states.
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Figure 70: Dynamic functional connectivity analysis of thermal coding using k-means clustering
Jor 7 states. The clustering resulted in 7 brain state matrices which are ordered from 1-7 in the order of
descending level of connectivity. The probability of occurrence was calculated for each brain state for all thermal
conditions and the cold and warm conditions were compared separately. The p-value at the bottom of the brain
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states show that the probability of occurrence is altered for Brain States #1, #2, #4,# 5, #6, #7 in the cold
conditions and not in the warm conditions. Brain State #1 is more frequent in the cold ramps rather than 25°C
and 15°C. Brain state #2 occurs more in FCD than 25°C and 15°C. Brain State 4 and 6 occurs more frequently at
15°C, than FCD. Brain State #5 appears more frequently in FCD, than 25°C. Brain State #7, the weakly connected
brain state, occurs more frequently at 25°C than 15°C, or FCD and SCU.

The same analysis was done for k=6 and k=5 states. When decomposed into 6 states,
the states are reorganized from the previous analysis for 7 states (Figure 71). While
most of the brain states are retained from the k=7 analysis, states #4 and #6 are most
likely pooled together along with some others states (See the numbering on the left side
of each brain state). Notice that the number of occurrences is different and since the
number of states is reduced to 6 from 7. Even then, the results are consistent
considering the significant results in the cold and lack of changes in the warm
conditions. Brain states (BS) #1 and #7 follow the same pattern as previously observed.
The brain state that is highly correlated and anticorrelates: BS #1 has a high probability
of occurring in the cold condition, whereas the low connectivity BS #7 is more
occurrence at 25°C. Decomposition of the data into 5 clusters also yield the same

pattern of results, again proving the robustness of the analysis (Figure 72).

The dynamic functional connectivity patterns show that strong connectivity in the
somato-motor network and the strong decrease in connectivity of hypothalamus-
somato-motor network is more of a characteristic in the cold condition. On the
contrary, the weak connectivity between somato-motor-cingulate-hypothalamus is the

most frequently occurring pattern but is significantly more in the 25°C.
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Figure 71: Dynamic functional connectivity analysis of thermal coding using k-means clustering
Jor 6 states. Notice the number next to the brain state refers to the original numbering (1-7). It means that brain
states (BS) #1,# 2, #3, #5, #7 are retained with changes in the number of occurrences (n). BS #4 and #6 have
pooled together, but also redistributed in other groups. The clustering resulted in 6 brain state matrices ordered
from highest to lowest connectivity. The probability of occurrence was calculated for each brain state for all
thermal conditions and the cold and warm conditions were compared separately. The p-value at the bottom of
the brain states show that the probability of occurrence is altered for BS #1, #3, #4+6, #5, #71n the cold conditions.
BS #1 is more frequent in the cold ramps rather than 25°C and 15°C. BS #3 occurs more in 15°C than FCD. BS
#4+6 occurs more in 15°C than FCD and 25°C . BS #5 appear more frequently in FCD than 25°C. Finally, BS #7,
the weakly connected brain state, occurs frequently during 25°C than 15°C, FCD and SCU.
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Figure 72: Dynamic functional connectivity analysis of thermal coding using k-means clustering
Jor 5 states. Notice the number next to the brain state refers to the original numbering (1-7). It means that BS
#1, #2, #3, #7 are retained with changes in the number of occurrences (n). BS #4+6 and 5 have pooled together
but also redistributed in other groups. The clustering resulted in 5 brain state matrices ordered from highest to
lowest connectivity. The probability of occurrence was calculated for each brain state for all thermal conditions
and the cold and warm conditions were compared separately. The p-value at the bottom of the brain states show
that the probability of occurrence is altered for BS #1 and #7 in the cold conditions. Brain State 1 is more frequent
in the cold ramps rather than 25°C. BS #7, the weakly connected brain state, occurs frequently during 25°C than

15°C, FCD and SCU.
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5.

DISCUSSION

Researchers have always been curious about the peripheral and central
mechanisms that integrate the thermal information to form thermal perception.
Our early knowledge about thermosensation is deduced from psychophysical
studies, electrophysiological studies, thermal behavior experiments, molecular
characterizations and calcium imaging. With the advent of fMRI and PET studies

in humans, we were able to expand our knowledge of the supraspinal areas.

Our study aimed at discovering how different brain regions are involved in
innocuous thermal coding in mice, using a versatile neuroimaging technique:
functional ultrasound. fUS imaging in awake mice poses several challenges. The
habituation and handling procedure, minimizing stress and motion artefacts in the
ultrasound signal from the free movement are a few. Although insular cortex is an
unavoidable part of the thermosensory circuit, we are unable to image it due to
technical difficulties. Instead, we focused on imaging the somato-motor, cingulate
and hypothalamus regions. Keeping in mind, the transcranial imaging approach
and longitudinal nature of the study, the best way forward was to reimage a single
plane (Bregma -0.34mm) in multiple thermal conditions. The temperature range
in the study was limited to 15-35°C as it was the optimal range which caused

minimal discomfort and less motion-artefacts.

Although there are other imaging techniques such as intrinsic optical imaging,
calcium imaging, head-fixed imaging that has been used in rodent thermal studies
(Paricio-Montesinos et al., 2020; Ran et al., 2016; Wang et al., 2018), fUS imaging
is capable of recording the innate awake responses. Complete movement restriction
of the head is essential for techniques such as two-photon imaging and
electrophysiological recordings. Compared to this highly controlled approach,

awake fUS imaging measures brain activity in the most natural setting possible.

In this study, we put forward a thorough stationary and dynamic functional
connectivity study of the interplay between brain regions during innocuous thermal

sensation.
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5.1. FC-A Strong Marker Of Strength Of Interaction Between

Brain Regions

Studying the low frequency fluctuations in brain activity has given rise to findings
that revolutionized neuroscience research. The default mode network (DMN)
which is activated during rest is a major resting-state neuronal network and has
been widely studied (Fox et al., 2005; Fox and Raichle, 2007; Raichle, 2015, 2011,
2010). DMN is shown to have alterations in many neuro-psychiatric illnesses
(Buckner et al., 2008b; Dennis and Thompson, 2014b; Mohan et al., 2016).
However, task or behavior related functional connectivity studies using fMRI also
has been increasing in numbers in the recent years (Barch et al., 2013; Cole et al.,
2021, 2014; Di and Biswal, 2019; Kieliba et al., 2019). Recently (Ferrier et al., 2020)
showed resting state FC and task FC in mice using fUS imaging. It was also shown
that, using fUS imaging, FC can be measured anesthetized rats (Osmanski et al.,

2014) and in pharmacological studies (Rabut et al., 2020).

Unlike the conventional time averaged analysis of FC, there has been tremendous
advancements in studying the dynamic nature of FC (Hutchison et al., 2013; Preti
et al., 2017). The temporal evolution of FC can reveal how FC reshapes according to
the physiological or behavioral changes, at rest or task or in case of
neurodegenerative or neuro-psychiatric illnesses (Barttfeld et al., 2015; Demertzi
et al., 2019b; Gonzalez-Castillo and Bandettini, 2018; Gu et al., 2020; Tian et al.,

2018; Zou and Yang, 2019).

In this study, we used fUS imaging to study both stationary (time-averaged) and
dynamic functional connectivity (unsupervised k-means clustering) between
somato-motor, cingulate and hypothalamic regions during thermal stimulations.
Even though, the mice are not subjected to a task in our study, they are
physiologically and behaviorally responding to the thermal stimulation which is
either cold, warm or neutral. Our study shows that stationary and dynamic

functional connectivity vary significantly in cold, but not warm sensing.
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5.3. Absence Of Fc Alterations In Warm Temperatures

The stationary FC analysis between warm, cold and neutral fixed temperatures

revealed that FC during cold substantially varied from warm.

The intriguing absence of any impact in functional connectivity during fixed 35°C
and the Warm Up (25°C to 35°C) and Warm Down (35°C to 25°C) ramps in both
slow and fast pace can be primarily attributed to the molecular mechanisms
associated with heat sensing. Thermal psychophysics studies have shown that
when the skin is adapted to temperature values ranging from ~30 to ~34°C, neither
warm nor cool sensations are experienced (Filingeri, 2016). Therefore, 35°C could
not have evoked any response. Furthermore, the transition from ambient to warm
temperature between 32-39°C and 26-34°C activates TRPV3 and TRPV4 channels
respectively (Huang et al., 2011). TRPM2 channel is activated at approximately at
35°C by sensing environmental temperatures (Tan and McNaughton, 2016) (Song

et al., 2016).

The spinal cord is the first hub that integrates the thermal cues transmitted from
the periphery and it still lacks the depth of knowledge that we have at the afferent
level. (Ran et al., 2016) studied the response of dorsal horn neurons to heat and
shows only 15% of heat sensitive neurons are activated when heated from 32°C to
37°C. The percentage of heat responsive neurons increases with the increase in
temperature, reinstating that the stronger responses were evoked by higher
absolute temperatures and not higher heating rates. This is consistent with the
finding that, heat predominantly follows graded coding (Wang et al., 2018). Simply
put, as we increase the heat, more heat-sensitive neurons are recruited and the

individual neurons are much strongly activated.

However, this lack of changes in FC suggests that mice perceived the neutral and
warm in the same manner and corroborates the psychophysical studies and
molecular mechanisms. The central mechanism that drives the connectivity
patterns between the brain regions is still unclear, but it is certain that there are
multiple mechanisms that lead to the integration of warm or ambient thermal

information in the brain.
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5.3. Strong Fc Alterations in The Cold Temperatures

Cold, in clear contrast to the heat, exhibits strong alterations in functional
connectivity. At the molecular level, the cool mediating TRPMS8 sensor is activated
below 27°C (Peier et al., 2002), (McKemy et al., 2002). Interestingly, the cold
ramps in our study falls in the innocuous to beginning of noxious range for mice
and therefore could have activated both noxious and innocuous cold sensors on the

skin.

We know that in the spinal cord circuitry, lowering the temperature activated cool
sensitive neurons, but each responding neuron is turned on at a particular
temperature as illustrated in (Ran et al., 2016). They also show that the rate of
cooling did not significantly affect the percentage of responsive neurons. But a
majority of the neurons were found to be activated during temperature change and
not at stable temperatures, indicating that cold-sensitive neurons respond to

temperature changes (AT).

In our study, the cold ramps displayed noticeable alterations of the functional
connectivity, when compared to the fixed temperatures. It is safe to assume that, at
each point in the cold ramps there is a combination of cold-sensitive neurons that
detect the temperature changes and are activated. (Wang et al., 2018) ha d showed
that the encoding of cold temperatures is done in a combinatory fashion. The

combinations of individually activated cold-sensitive neurons enable this.

Psychophysical aspects of thermal sensing, mostly studied in humans, could also
be a driving factor in the strong effects in the cold temperature (Filingeri, 2016).
The ramps began at 25°C which is lower than the initial adaptive skin temperature:
30-34°C. The faster ramps have much more significant changes than the slow ramp.
This could be because, faster the rate of change, even a small change can induce a
thermal sensation. Interestingly in humans, face and head are more sensitive to
warmth, while torso is sensitive to cold (Filingeri, 2016). It is safe to assume that
the proximity of the torso to the metal floor of the Bioseb led to a much stronger
cold sensation. Unfortunately, this could not be verified because the primary
somatosensory cortex of the trunk region (S1Tr) is not available in our chosen

plane.
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The central nervous system integrates the physiological and psychophysical aspects
to form a thermal perception. Spinothalamic neurons are projecting to thalamic
nuclei such as the VPL, VPM and the PoT (Bokiniec et al., 2018) which is then sent
to the primary (S1) and secondary (S2) somatosensory and insular cortices. At the
supraspinal level, early fMRI studies in humans have found the involvement of
thalamic and cortical (insula, S2) activations to heat and cold stimuli (Davis et al.,
1998). In arecent study, (Milenkovic et al., 2014), it was found that primary sensory
cortical neurons play a major role in cool perception. Other fMRI studies has shown
the role of numerous brain regions such as cingulate, somatosensory, motor
cortices, thalamus, basal ganglia and insula during noxious heat and cold
stimulations (Tracey et al., 2000). (Craig et al., 2000) advocates that insular cortex
is as important, as S1 in forming thermal perception of cutaneous temperatures.
The hedonic component which decides the pleasantness or comfort is mainly
associated with the cingulate cortex, which is widely studied for its involvement in
the processing pain and emotion. (Aizawa et al., 2019; Hua et al., 2005; Kwan et al.,
2000b). The thermoregulatory role of hypothalamus, especially the preoptic area
(POA) (Berner and Heller, 1998; Wang et al., 2019b; Westerman et al., 2010) and
lateral parabrachial nucleus (LPB) (Yahiro et al., 2017b) in behavioral

thermoregulation also contributes to the global thermal perceptive process.

In our study, we imaged the somatosensory cortex of hind limb, primary and
secondary motor cortex, cingulate cortex and hypothalamus. By measuring the CBV
changes in these brain regions using fUS imaging in awake and freely moving mice,
we were able to measure the functional connectivity between these regions during
the thermal conditions. Our results show that fast cold ramps have higher somato-
motor connectivity and a stronger decrease in hypothalamic connectivity. As we
know somatosensory and motor regions are the crucial for thermosensation, the
high coherence between somato-motor regions was anticipated. The alterations in
FC in somato-motor-cingulate ROI pairs during the fast cold ramps may be due to
the unpleasantness or discomfort experienced. We postulate that this hub handles
the hedonic or emotional component of thermosensation. The anti-correlation of
hypothalamus with all the other regions lead us to the hypothesis that it is part of a
secondary thermoregulatory network. This anti-correlation could also mean that
there is a time lag between the temporal CBV signals from these regions. Taken

together, we identified that the somato-motor, somato-motor-cingulate, and
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somato-motor-hypothalamus networks have their own roles to play in
thermosensation. Unmasking the underlying phenomenon that unify these hubs

needs further investigations.

5.4. Dynamic Patterns Of Connectivity In Thermal Sensations

In majority of the classical functional connectivity studies, the temporal resting-
state signals from regions of interest are averaged and Pearson correlation is used
to measure the strength of their coherence or incoherence. In short, these studies
assume temporal stationarity. (Chang and Glover, 2010) suggested that resting-
state activity is more dynamic and can change in a matter of seconds. Later on
dynamic functional connectivity (dFC) expanded as separate body of research (See
Reviews Cohen, 2018; Hutchison et al., 2013; Park and Friston, 2013; Preti et al.,
2017). dFC is found to be altered in autism (Li et al., 2020), schizophrenia (Zou and
Yang, 2019), Alzheimer’s disease (Gu et al., 2020) aging (Tian et al., 2018) and in
task related approaches (Gonzalez-Castillo and Bandettini, 2018; Kieliba et al.,
2019). Although the brain is structurally defined like any other organ in our body,

its functional versatility is perplexing and challenging at the same time.

In our study, we did a dFC analysis to understand the intrinsic connectivity patterns
that occurs during different thermal conditions. By measuring the temporal
fluctuations in the time series, we obtained time-resolved correlation matrices. The
dFC states or brain states were then obtained by an unsupervised k-means

clustering approach.

Initially we performed the k-means clustering of time-resolved correlation matrices
for k=7. This revealed 7 patterns of varying connectivity strengths. Later this
analysis was done for 6 and 5 states. The results were very robust and the showed
statistically significant differences between the cold conditions, similar to the

stationary FC analysis.

Brain state #1 and #7 were particularly prominent. Brain state #1 was characterized
by high somato-motor-cingulate connectivity and strong decrease in connectivity

with hypothalamus. This essentially supports our hypothesis in stationary FC that
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these regions are hubs for thermal perception and thermal regulation. On the
contrary, Brain state #7 showed overall weak connectivity and was the most
frequent state in all conditions, occurring over 50% of the total occurrences. It is
particularly frequent during the neutral temperature 25°C. fMRI studies in
monkeys (Barttfeld et al., 2015) and humans (Demertzi et al., 2019b) have shown
that the low strength / low coupling of connections is a marker for lack of
consciousness. (Gu et al., 2020) shows that elderly people spent more time in a
weakly connected brain state. (Barttfeld et al., 2015) also points out that the weakly
connected state in their analysis resembles the structural matrix. We postulate that
temperature sensation and regulation in different thermosensory circuits takes
place in short bouts during the strongly connected-disconnected states, like Brain
state #1. As low connectivity brain states such as Brain state #7 is associated to low
cognitive functionality and the finding that it is more frequent in the neutral
temperature, it is safe to conclude that it is associated to minimal responsiveness
to temperature. In other words, it could be a characteristic of neutral or adaptive

state.

6. CONCLUSION

At the moment, we believe that our study is the first to investigate thermal coding
at the supraspinal level in awake animals. Limitations in imaging techniques such
as fMRI, PET etc. to image rodents in their awake state is always a challenge. Head-
fixed awake imaging might induce stress related to restrictive movements. fUS
imaging with awake mice, was not only minimally invasive but also recorded the
most innate thermal responses. Stationary and dynamic analysis of FC revealed
that cold temperature (fixed and ramps) elicited the most noticeable changes.
Dynamic analysis showed that repetitive patterns occur during different levels of

thermosensation ranging from a high connectivity state to a weakly connected state.

Due to technical limitations, we were unable to capture the insula which is crucial
in thermal processing. With the current probe, imaging the laterally positioned
insular cortex is challenging but with the development of new probes, this could be

possible.
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CONCLUSION AND PERSPECTIVES
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The long quest to decrypt thermal coding is still ongoing. In this thesis, we investigated
the regions that are involved in thermal processing and studied the interplay between
some of the brain regions in encoding thermal information. Functional ultrasound
imaging technique is an emerging neuroimaging modality that facilitated the execution
of this thesis at the Physics for Medicine Laboratory. Using this technique, we were
able to conduct innocuous and noxious thermal experiments in anesthetized and

awake conditions.

The first study aimed at functionally mapping the regions that are involved in thermal
processing in anesthetized rats. To this goal, we studied the localized CBV increases in
areas that are already been shown to be part of the thermosensory circuit such as
thalamus, somatosensory and motor cortex, insular cortex, cingulate cortex and
hypothalamus. It was concluded that isoflurane is better suited for thermal
experiments using fUS imaging. However, we also learnt that the arterial blood
pressure changes can influence the CBV responses and therefore we identified how
much of this response is due to the increased blood pressure. It was concluded that S1
and mid cingulate exhibited strong activation in response to noxious stimulation,

which is in line with previous studies.

The second study on awake mice aimed at studying the connectivity patterns between
the regions that are involved with thermal coding. The plane that we chose contained
somato-motor, cingulate and hypothalamus brain regions. Stationary and dynamic
connectivity analysis showed that cold temperature induced a strong contrast in the
connectivity patterns: strongly connected somato-motor regions and strongly
disconnected hypothalamic-somato-motor regions (Figure 73). A weakly connected

brain state was prominent during the neutral temperatures.

Inability to study noxious temperatures in awake condition is a limiting factor in the
awake study. During the initial phase, we observed that noxious temperature induced
discomfort and averseness and even escape behavior in some cases and the imaging
session ended up being excluded. For this reason, we had to use a more comfortable
but restricted temperature range (15-35°C). Another challenge was the technical
difficulty in imaging a major brain region implicated in thermal coding: insular cortex.
Placement of the probe in a lateral position in awake mice is an obstacle. With new

advancements in probe design, it could be possible to incorporate this idea.
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Figure 73: Graphical summary illustrating the connectivity alterations (red for correlation and
blue for anti-correlation) between somatomotor, cingulate and hypothalamus regions when
comparing cold conditions with neutral temperature 25°C. (A) Constant application of 15°C shows
increased somatomotor connectivity. Somatomotor and cingulate are anti-correlated with hypothalamus. (B)
Fast cold down shows highly correlated hub of somatomotor-cingulate and an anti-correlated hub of
somatomotor-cingulate with hypothalamus. (C) Fast cold up shows increased somatomotor and motor-cingulate
connectivity while somato-motor is anti-correlated with hypothalamus. (D) Slow cold down shows a highly
correlated hub of somatomotor-cingulate and an anti-correlated hub of somatomotor with hypothalamus similar
to fast cold down. (E) Slow cold up also shows highly correlated somato-motor and anti-correlated somato-
motor-hypothalamus.

The study of thermal psychophysics in humans reveal that absolute temperature, rate
of change of temperature, surface area of thermal contact and the region of the body
plays significant role in the perceptional variations. Humans are capable of complex
assessments of environmental thermal cues that will induce biophysical changes that
takes form of a thermal perception. In awake study in mice, there is no way of knowing
these psychophysical mechanisms. Moreover, there are a lot of studies that study
thermal behaviors such as paw withdrawal latencies, dwell times, and avoidance
behavior and associate the results to thermoception. Another aspect of the awake study
that could be explored further is coupling fUS and thermal behavioral experiments.
Behavioral experiments as a stand-alone technique might not be able to answer how
temperature is sensed and perceived. By combining it with fUS, we could study the
organization of thermal circuits and can image discriminative and affective

components of thermal sensation.
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Taken together, thermal information is perceived after complex integration of
peripheral and central mechanisms and extensive study is still required to understand
fully the mechanisms underlying thermosensation. By using fUS imaging (alone or in
combination with another techniques), we could now capture the most authentic brain
responses in behaving animals, with high sensitivity and resolution, to thermal

stimulations and this work is only a first step in that direction.
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List of Abbreviations

BOLD  Blood-Oxygen-Level Dependent
CBV Cerebral Blood Volume

DMN Default Mode Network

DRG Dorsal Root Ganglion

EEG Electroencephalography

fUS Functional Ultrasound
NMDA  N-methyl-D-aspartate

ROI Region of Interest

SVD Singular Value Decomposition

TRP Transient Receptor Potential

S1 Primary Somatosensory Cortex
HL Hind Limb

FL Fore Limb

Tr Trunk

S2 Secondary Somatosensory Cortex
M1 Primary Motor Cortex

Cg Cingulate Cortex

CPu Caudate Putamen

GP Globus Pallidus

ACC Anterior Cingulate Cortex

Mcc Mid Cingulate Cortex

PCC Posterior Cingulate Cortex

LPtA Lateral Parietal Association Cortex

V2ML  Secondary Visual Cortex Mediolateral Area
VPM Ventral Posteromedial Thalamic Nucleus
VPL Ventral Posterolateral Thalamic Nucleus
RSD Retrosplenial Dysgranular Cortex

RSG Retrosplenial Granular Cortex
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RESUME

Les mécanismes centraux du codage thermique sont trés complexes et impliquent
principalement le thalamus, le cortex somatosensoriel, le cortex insulaire, le cortex
cingulaire et I'nypothalamus. L'objectif de ce travail de these était d'étudier le rble des
circuits supra-spinaux dans le codage thermique chez les rongeurs, grace a l'imagerie
fonctionnelle ultrasonore (fUS). L'imagerie fUS est basée sur le couplage neurovasculaire,
phénomene physiologique qui lie l'activité neuronale et les changements du volume
sanguin cérébral (CBV).

Notre premiére étude visait a cartographier la matrice des zones activées par des
stimulations thermiques cutanées nociceptives ou non chez le rat anesthésié. Le résultat
de cette étude a malheureusement été essentiellement négatif. Nous avons conclu que les
stimuli non douloureux n'induisaient aucun changement du CBV. A linverse, les
stimulations thermiques nociceptives induisaient une augmentation locale du CBV, mais
de maniere non reproductible, en raison de facteurs physiologiques tels que I'augmentation
de la pression artérielle qui entraine de fortes fluctuations du CBV.

La deuxieme étude visait a déchiffrer l'interaction entre les régions somato-motrices,
cingulaires et hypothalamus dans le traitement de la sensation thermique. Nous avons
choisi d'aborder cette question en utilisant I'imagerie fUS sur des souris éveillées et libres
de leurs mouvements. L'imagerie fUS transcranienne fut réalisée pendant que les souris
étaient exposées a une température fixe (neutre 25°C, chaude 35°C et froide 15°C) ou a
une température variable a un rythme rapide et lent. L'étude de la connectivité
fonctionnelle, une mesure indirecte de la fonction et de la force des réseaux cérébraux, a
révélé une dichotomie de fonction entre le réseau somato-moteur (SM)-cingulaire et le
réseau SM-hypothalamique dans la détection du froid. L'étude des états dynamiques du
cerveau a révélé i) des modes spécifiques pour cette dichotomie, ii) un mode dans lequel,
pendant I'exposition statique a une température froide (15°C), ou le cortex cingulaire était
connecté differemment aux autres réseaux et enfin iii) un mode "état de repos"”, qui est le
plus fréquent de tous et est significativement plus présent a la température de repos.

Ces résultats apportent des informations clef sur la dynamique des réseaux impliqués dans
la sensibilité au froid.
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ABSTRACT

The underlying central mechanisms of thermal coding are very complex and involves
mainly the thalamus, somatosensory cortex, insular cortex, cingulate cortex and
hypothalamus. The functional dependency of these brain regions in thermal sensation,
thermal perception and thermal regulation has been of interest for researchers for decades.
The aim of the thesis was to investigate the role of supraspinal circuitry in thermal coding
in rodents using a new imaging modality named, functional ultrasound (fUS) imaging. fUS
imaging is based on neurovascular coupling i.e., the phenomenon that links neural activity
and changes in cerebral blood volume (CBV).

Ouir first study aimed at mapping the matrix of areas activated by innocuous and noxious
thermal skin stimulations in anesthetized rats. The outcome of this study was mostly
negative. We concluded that innocuous stimuli did not induce any change of CBV. On the
contrary, noxious thermal stimulations induced local increase of CBV, but in a non-
reproducible manner, due to the physiological factors such as increased arterial blood
pressure that leads to high fluctuations in CBV.

The second study aimed at deciphering the interplay between the somato-motor, cingulate
and hypothalamus regions in thermal processing. We chose to address this question, using
fUS imaging on awake and freely moving mice, which allows recording of natural and innate
brain responses without the bias of anesthesia. Transcranial fUS imaging was performed
while the mice were exposed to either a fixed temperature (neutral 25°C, warm 35°Cand
cold 15°C) or varying temperature at a fast and slow pace. Study of the functional
connectivity, an indirect measure of brain network’s function and strength, revealed a
dichotomy of function between the somato-motor (SM)-cingulate network and the SM-
hypothalamic network in cold sensing. Study of the dynamic brain states revealed: i)
specific modes for this dichotomy, ii) a mode in which, during static exposure to cold
temperature (15°C) the cingulate cortices is differently connected to the other networks
studies and finally iii) a ‘resting state’ mode, which is the most frequent of all as is more
frequently present at the resting temperature. These results provide key information on the
dynamic of networks in cold sensing.
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