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ABSTRACT

Torpor is a successful survival strategy displayed by several mammalian species to cope with harsh
environmental conditions: indeed, a complex interplay of ambient, genetic and circadian stimuli acts
centrally to induce aseveresuppression of metabolictea usually followed at a low ambient
temperaturepy anapparentlyundefended reduction of body temperatiBeme animals, such as
marmots and ground squirrels, are able to maintain this physiological state for many months (the so
called hibernation), ding which the bouts of torpor are periodically interrupted by short interbouts

of normothermia (the soalled arousals).

During torpor, the orgaphysiology changes according to the needs of the organism and the cells
turn on a quiescent phenotype, aating aseriesof protective mechanism¥heseadaptationhave
beenshown to be associated withaage resistance towards stressors, such as radiatoeed, if
irradiated during torpor, the hibernataan toleratérigher doses of radiatipghowingan increased
survival rate.

Because of its wide and heterogeneous distribution in the animal kingdom, it is currently believed
that torpor might be an adaptation inherited by an ancient-pratomal. In this perspective, the pool

of genes and the neuronal pathways allowing torpohtstll be present in all mammals, although

not active in norhibernators like humans. Some recent discoveries have reinforced the concept
according to which the manipulation of the central nervous system, and in particular the
hypothalamus, might repregehe key factor to unlock a torpbke state in norhibernators. This is
extremely appealing since it could provide remarkable translational advantages for what concerns the
clinical setting, by allowing new and more efficient treatment strategiesfoaddng-term space
explorations, concurring to overcome the restrictions which make them currently unfeasible.

The present research project is centered on synthetic torpor, a hypometabolic/hypothermic condition
induced in a notibernator, the rat, tbugh thepharmacologicainhibition of the Raphe Pallidus, a

key area controlling the thermogenic effecidry the repeated injection of the GABAgonist
muscimol By exploiting this procedure, this thesis aimed at: i) providing a multiorgan descoption

the functional cellular adaptations to synthetic torpor; ii) exploring the possibditg, the
underpinning molecular mechanisms, of an enhanced radioresistance induced by synthetic torpor. To
achieve these aims, transcriptional and histological arsahave been performed in multiple organs

of synthetic torpid rats and normothermic ra&isher exposed or not exposed3 Gy total body of

X-rays



The results showed that: g)milarly to natural torpor, the induction of synthetic torpor leads to the
activation of cellular responsef®r instancesurvival and stress resistance, which altbesorgas to
successfly adapt to the new homeostasi$thie synthetic torpor provides tissue protection against
radiation damage, probably mainly througfie cellular adaptationsconstitutively induced by
synthetic torpareven though th&riggering ofspecific responseshenthe animal is irradiated during
hypothermia mightay a role.

In conclusion, synthetic torpor may represent a valid strategy to mimicahatupor and the
enhanced radioresistance associatila this procedure could expand its already wide and intriguing

translational applications.
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1. INTRODUCTION






1.1 TORPOR AND HIBERNATION

Torpor is an energy saving strategy used by many mammals and birds to cope with harsh
environmental conditions, such as long period of food shortage or extreme climatic conditions. It is
characterized by an active and transient suppression of metabelicusaially followed by a
reversible and undefended reduction of body temperature and other physiological fui@tices

2004) For clarifying, these animals are homeotheretahbse they are able, like every othamma)

to maintain a constant body temperature over a wide range of ambient temperature; however,
following proper stimuli, theganadopt a heterothermic phenotype entering in torpor.

To move from being an active animal, hunting and mating, to being inactaveesfor even more

than half a year (radically changing the own endothermic physiology) requires an extraordinary
coordindion of all the systemgMohr, Bagriansev, and Gracheva 202@espite this challenge,
torpor is widespread among mammalgy( 1) and it is also present in some birds. The heterogeneity

of torpor distribution in the animal kingdom suggests that this adaptation might be a plesiomorphic
feature inherited by an ancient premesammal. It is believed that this animal (who lived on the Earth
approximately 15200 million years ago) developed endothermy to be nocturnal and to reduce the
risks of predation by dinosaurs which, being ectotherms, detedee warmed up by the sun to be
active. Thus, the ability of maintaining a constant body temperature was a very significant step in
evolution. However, the high metabolic heat production requires larger food intake, especially for
nocturnal animals, whh it could not always be available; this is thought to be one of the reasons
why the protemammals relied on a transient reduction in metabolic rate during the resting phase of
the day: this is what we call tedidasaurs, fihd ase ofy t «
torpor as a mean to optimize energy balance and gweihation became less relevanius, this

ability will be maintained in those animals having higher energy expenditure because in challenging
environments (i.e. mountains, ddseior arctic) whereas will be lost in others experiencing richer
environment al conditions. I f thatdés true, It
neuronal pathways enabling torpor are shared among the mammals and just the yegulator

mechanisms have been silenced for uselesghteteo Cerri et al. 2016; Geiser 2004)

Due to the diverse environmental issues the animals had to experience, torpor has developed with
various patterns, frequency and features across the animdbkmdndeed, the reduction in energy
expenditure can occur daily, according to the need (namely daily torpor or daily heterothermy) or it
can manifest as more complex hypometabbkhaviors characterized by consecutive bouts of

torpor, interrupted by p&dical arousals during which the animals recover their normal vital



function; hibernation belongs to this lattéid. 2) and can be either facultative or obligatory. In
particular, the facultative hibernatdrsuch as hamsters, marsupials or batisethose animals which

enter in torpor only in presence of scarce resources, low ambient temperature apdatbperiod.
Instead, the obligatory hibernatdrsuch as marmots, bears and artic ground squirehser torpor
seasonally, typically from thete summer or autumn to the late winter or spring, defpiteable
conditions(Mohr, Bagriantsev, and Gracheva 2020; Ruf, Giroud, and Geiser.Z00#8)kind of
hibernation is coordinated by an internal seasonal clock and Ives/a series of pradaptations to

the hibernation season (e.g. increasing body fat or storing food in the burrow, reducing testicular
volume or thyroid activity, etc.). Interestingly, they can hibernate solitarily or, especially the fat
storing hibernats, in groups with other conspecifics (the-cadled huddling or social
thermoregulation) for minimizing heat logsNowack and Gei s eapka2afdl 6 ; N
Wojciechowski 2011)Besides hibernation, other hypometabdl&haviorsare estivation (used by

some fish, reptiles, small mammals and some invertebrates to cope with arid environment and high
ambient temperatures) and brumation (which takes mabein reptiles in response to cold and
reduced food availability).

Daily torpor and hibernation are joined by the same physiological basis and their properties are
similar: they are mainly distinguished according to the differencethenonset duration and
magnitudeof thehypometabolic/hypothermic state

Energy savings by daily torpor are less pronounced compared to hibernation. Typically, daily
heterotherms are small mammals, weighting between 5 and 50 g. In nocturnal animals, daily torpor
is usually restricted to the second part of the night and the early morning, while for diurnal animals it
occurs during the night. Moreover, daily torpor does not appear to be seasonal: it can occur throughout
the year but it is most frequent during wint& bout of daily torpor lasts hours (typically between 3

and 12 hours per day) and the metabolic rate decreases to about 30% of the basal values (but it car
further decrease to 120% if compared to the metabolic rate of a normothermic animal exposed to
the same low ambient temperature). In small daily heterotherms, such as mice, the body temperature
(Ty) drops to near 18 °C duringrpor, while in larger speciése.g.the American badgeistheTyis

around 30 °C. Henck depending on the species, theration and depth of torpor as well as the
duration and intensity of activifly the total energy expendituig decreaselly 50-90% on the days
wheredaily torpor is usedompared tahose wherg¢his strategy is not employé@Geiser 2004)

On the other hand, hibernators are typically small, but bigger then daily heterotherms (between 10
and 1000 g). They usually show 7 to 10 days of torpor bout separated by short interbolg arousa
(lasting less than 24 hours); the cyabésorpor boutsarousals can be repeated for2btimes over



a period of 57 months. The metabolic rate can be reduced to about 5% of the basal metabolic rate
and it decreases to be less thaB% if compared with normothermic animals at low ambient
temperaturgsavingup to 98% of their energy requirements as compared to the euthermic state
(Heldmaier, Ortmann, and Elvert 20Q4Even considering thenergydemanding arousals, the
energy expenditure during hibernation season is still below 15% compared to the one the animals
would have had remaining normothermic throogithe winteXGeiser 2004)As a consequence, the

Ty falls down to below 10°C with an average minimabT5°C and a minimal detected temperature

of -2.9 °C in the artic graud squirrels $permophilus parryji However, when the ambient
temperature drops below 0°C, the animals defend adund 0°C increasing their metabolic rate,

also showing shorter torpor bout duration.

Hence, it has been demonstrated that hibernatiompaced to daily torpor, sh@avan average
maximum torpor bout duration >d0ld longer,a mean torpor bout duration >2%old longer,a
minimum body temperature by about 13°C lower and a mean torpor metabolic rate significantly lower
(Ruf and Geiser 2015)

The metabolic and thermal suppression, as well as the torpor bout duration, is higher in smaller
hibernators, especially in those who fatten before the hibernation season to sustain trenenigyer
requirements (namely, the -salled fatstoring hibernators; see later). This is because in small
animals the metabolic suppression confers a significant energy advantage over the basal metabolism,
an advantage that decreases with increasingbedgsi That 6 s i n accordance
torporis most frequently found in small mammals; however, it is also present in some larger sized
animals, such as marmots and béaieddmaier, Ortmann, and Elvert 200dyen though deep torpor
(withTob< 10 AC) is reserved to species weighing |
the body temperature remainear normothermic values (which is3F °C), ranging from 31.2 to

36°C; the heart rate drops tel® bpm compared with the 40 bpm of resting periods; metabolic rate

is about 70% of basal levels, but it reaches 40% of basal metabolism in black besgsnétabolic

rates represent the lower limits for mammals of such body mass: a lower metabolic ratevanid T

require larger energy expenditures for the rewarming during ardtisglgreen 1998)

Bears do not represent the only nmaats hibernating at high temperature: for instancelilagasy

common tenrecélenrec ecaudatyiscanremain still active at aplof 12°C (close to the Al or, on

the other hand, entering in torpor with @of 28°C without showingnterbout arousaléTreat et al.

2018) or still, theGolden spiny mice Acomys russatyswho normally experiences long periods of

food and water shortage in the Judean desert where he lives, is able to enter in torpor even at the high
ambient temperatures of 32 and 35°C, showing a metabolic depression withatkeal decreased

of body temperaturéGrimpo et al. 2013)



Another remarkable example of hibernation comes from a tropical primate: the Madagat&dfat

dwarf lemur Cheirogaleus medigsThis mammal hibernates in the tree holes even when the winter
temperature goes over 30 AC. Curiously, i f t
temperature follows passively the fluctuations of the ambient temperature, varyingit2d°C

each day (the greatest fluctuation recorded is 24.9°C, from 9.3°C to 35.9°C); instead, in the holes
moderately well insulatedheir body temperature is maintained below 30°C; in those well insulated,
thus with a stable ambient temperature, they hibemaiataining a ¥ of 25°C (Dausmann et al.

2004)

Besides the aforementioned dwarf letfiour Madagascan dwarf lemur speciethe pygmy slow

loris (Nycticebus pygmaeus Vietnam, the African lesser bushbalialago mohol, the grey

mouse lemurNlicrocebus murinusand the reddislgray mouse lemunMicrocebus griseorufys

have shown to use different patterns of heterothermy; that reinforces the idea that torpor pathways
might be a common trait in the animal kingdom and raises the possibility to unlock such condition

also in norhibernating primates, such as humé@hisdrews 2019)

1.2 PHYSIOLOGICAL AND MOLECULAR ADAPTATIONS TO
TORPOR

Hibernation is the most dramatic example of phenotypic plasticity displayed by matGaedy,
Andrews, and Martin 2003)ndeed, regardless of the large variety of phenotypes through which
hibernation or torpor can occur, each animal deals substantially morphological, physiological,
andbehavioralchanges, which require a fine synchronization at all body levels (cetiskreand
systemic planes).

In this chapter, a brief descriptionthie most relevarttibernationrelated changes tarried out.

1.2.1 CELLULAR ADAPTATIONS

1.2.1.1 Gene Expression

The reduction of metabolism and energy demanding has a strong impact on all the cellular processes,
among all the DNA activity. Both transcription and translation are energetically expensive processes
which cannot be sustained during torpor since the cell is only keeping on those mechanisms necessary

for its homeostasis.



Several studies have reported a genome structural modification during torpor leading to a global
suppression of transcripti¢k. Van Breukelenrad Martin 2002; Biggar and Storey 2014; Morin and
Storey 2006)hich is resumed for a short time during the interbout arousals. The inaccessibility of
the transcriptional machinery to the DNA is mainly controlled by epigenetic regulation, in particular
the one of the histones, to which the DNA is wrapped around forming nucleosomes: different post
translational modifications (PTMs; acetylation, phosphorylation, methylation and SUMOylating),
mainly occurring to histone 3, can either compact (preventingsdrgtion, e.g. deacetylation,
methylation of gene promoters, etc.) or selectively relax (facilitating transcription, e.g. acetylation,
etc.) the DNA structurgAl-attar and Storey 2020; Tessier et al. 201Me suppression of
transcription also depends on the accessibility to DNA of transcription factors, mostly regulated by
PTMs.

However, whilstchromatin compaction enhances cellular resistancedss¢Takata et al. 2013)t

interfere with the activity of repair enzymes, which also need access to DNA in order to function.
That 6s why, ithedecease m the natg of bidclsemical reactions associated to the low
temperature, it has been debated whether there megBtNA repair during the deep torpor. If it
wasnot , the interbout arousal (whose function
accumulated DNA damage in order to return to normothermia and restore DNA intEgritiie

other hand, an increeg resistance to stressful insults, such as exposure to radiation, has been reported
by many researchers, suggesting that hibernators might have more efficient repair capacities than
northibernatorgJaroslow et al. 1976)

Worthy of note is that the overall suppression of transcription does ndt fesu a passive
mechanism: in fact a number of genes which play a central role in maintaining the torpor steady state
are upregulated while others not necessary or maybe involved in promoting arousal are selectively
downregulatedCarey, Andrews, and Martin 2003jor instance, the switdnom carbohydrate to

fatty acid metabolisn{Carey, Andrews, and Martin 20Q03he inhibition of cell replication, the
promotion of antioxidantdefensegMorin and Storey 2009r theactivation of specific responses
tissuespecific are selectively upregulated.

However, these transcriptional modifications mainly occur seasaradlyhey are clearly detectable

by comparinghe winter hibernated phenotypadthe active summer non hibting one; in fact,

across torpoearousal cycle such larggeale restructuring of the transcriptome is not or less involved

(D. R. Williams et al. 2005)nstead, postranslational modifications (phosphorylation, methylation,
ubiquitination, ecc.) of downstream protein effectors or also the involvement of niiRN®ll non

coding transcripts known to bind mRNAs and regulate gene expression triggenirdetradation

or preventing their translatidnare more suitable to rapidly and reversibly induce the physiological



adaptation necessary to emerge, typically within minutes to hours, from the deep torpor to the
euthermic phenotyp@arey, Andrews, and Martin 2003; Rouble and Storey 2015; Morin and Storey
2009) On a different note, increasindeeance in regulating torpor and its transition towards arousal
has been given to splicing because of its role in processing and stabilizing mRNA, which is much
less stable than proteins. Alternative splicing can affect the mRNA untranslated regiorilimgntro

the fate of the transcript, or the coding sequences, diversifying the functional properties of proteins
according to the cell ds conditions an-thRNAeeds;
can be stored intranuclearly in a staldenf to be immediately utilized upon arougééssier and

Storey 2014) Many evidences of splicing in response to hibernation have been documented in
different specie$ e.g. artic and thirteelined ground squirrels, dormice, Egyptian jerboa, bats
relation t o, (Kehbajetagl 2800 Tau o Ribler et al. 2011)

Hence, to maintain the metabolic rate depression, all the stages of gene expression are reduced anc
kept at optimal energetic levels throughreefregulation: during transcription mainly by epigenetic
modification and regulation of tramegulatory elements; pestanscriptionally by microRNAs; at

the translational level by ribosome availability and funct{&might et al. 200Q) at the post
translational level by reversible protein modification (e.g. via phospatay, methylation, or
ubiquitination, etc.Al-attar and Storey 2020)

1.2.1.2 Cell-Cycle Progression

In accordance with the severe reduction of transcription and translation in torpid hibernators, cell
cycle progression is arrested during torpor, taking on the appearance of quiescent cells, since they
retain the proliferativecapai t i es unl ess they dondt receive a
Basically, cell cycle progression is drove by the activity of cyclin dependent kinases (CDK) and their
association with the proper cyclin (A, B, D, and E), differentially expressed durindispscie

phases. Due to extrinsic or intrinsic stressors such as DNA damage, the cells can pause the cell cycle,
during the checkpoints occurring between the different phases, to enable repairing or programmed
cell death.

During hibernation, the inhibiin of celtcycle progression is triggered by the reduction of nutrient
levels and energy production: a IGWwT P]:[AMP] ratio activates the energgensing AMP activated

protein kinase (AMPK) initiating aignalingcascade which results in the upregulation of cyclin
dependent kinase inhibitors (CKIl), involved in egjicle arrest, and finally in the inhibition of Cyclin

D and E, responsible for escaping from the cell cycle during G1 and for entering into qui€3@ence

stateg(Dias, Bouma, and Henrgr2021) The accumulation of cells (B0-G1phase during hibernation



(Jaroslow et al. 1976; Baird et al. 2014ls0 proved byhe decreased transcription of genes related
to cell growth during torpor compared to aroy¥an et al. 2008; D. R. Williams et al. 200%yould
potentially benefit cell survival, allowing time for DNA damageairing.

Dias and colleaguefDias, Bouma, and Henning 202have demonstrated that this reversible
inhibition of the cell cycle, together with a shift in metabolism towards fatty acid oxidation, a
downregulation of mitochondrial activity and many other features, is similarly invoime

hematopoietic stem cell quiescence

1.2.1.3Programmable cell death

The amount of environmental and intracellular stressors the hibernating cells are exposed to, would
be sufficient to induce a significant, and perhaps detrimental, cell (fatth et al. 2011)But these

cells are able to finely orchestragetight balancing between prand antiapoptotic pathways,
deciding their fate according to amount of damage.

There are threg/pes of programmable cell deatpgtosis, autophagy and necrodMhile necrosis

is only observed in pathological situations during which it inducesgitiing of the cellular contents

to the neighboringcells apoptosis and autophagy are crucial for the survival of multicellular
organisms, deletinghe damaged cellghat would interfere with normaissuefunction without

hurting the healthy cell@ortt et al. 2011)in particular, autophagy is typically activated as a survival
strategy during starvation, and it induces the breakdown of damaged or old cellular components
within lysosomes, recycling key metabolites helgbr the maintenance of the cellular homeostasis
(Das et al. 2020)Instead, apoptosis initiates two @ifént pathways according to the stimulus
presented: the extrinsic pathway is activated when a proper ligand, sTiblFd®r FasLigand, is

bound to one of the several cell surface deatieptors, like Fas (typically in immune responses); the
intrinsic pahway is activated when injuries, occurring within the cell (like DNA damage, misfolded
proteins, oxidative stress, ischemizguse the permeabilization of the mitochondrial outer membrane

by means of BCi2-family pro-apoptotic proteins (Bax and Bak). Thdyoth intrinsic and extrinsic
pathways converge in the proteolytic activation of casf3aaad the apoptotisignalingcascade

(Portt et al. 2011)

Many studies have reported the activation of-aptptotic pathways during torpor and at the onset

of arousalPortt et al. 2011; Yart al. 2008; Logan et al. 201@s well as the increased expression

of autophagyrelated genes in skeletal muscle following hibernation to counteract the enhanced
muscle catabolism and prevent excessive loss of muscle(Mgssaki, Shimozuru, and Tsubota
20199Mor e often the avoidance of c e tdgulatom afth i t 0

apoptotic machinery, but rather avoiding the cellular conditions whighetr apoptoticsignaling
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(e.g. taking care of mitochondrial integrity, intracellular calcium, gferank Van Breukelen,
Krumschnabel, and Podrabsky 2010)

However, as previously said, apoptosis and autophagy arise \agakstrategies against cell
suffering: thus, ités not surprising that hib
genes, in a tissugpecific and a speciepecific mannefFrank Van Breukelen, Krumschnabahd
Podrabsky 2010)rhere is a continuous balancing between anol antiapoptotic signals, according

to what the organism requires to maintain its homeostasis.

1.2.1.40xidative stress

Hibernating animals are more resistant towards oxidative stress, as demonstrated bifithéir ab
handle the physiological modifications induced during arousal without being danhadeed, the
increase metabolic rate during the rewarming has been considered as analogous to the resumption of
blood flow after ischemia: the heart rate movesnfrda bpm to more than 300 bpm and tissue
metabolism and oxygenation increases; this may lead to ROS production which, if it is not
counteracted by antioxidant systems, can result in oxidative damage to proteins, lipids and nucleic
acids. Nevertheless, it i8ell known that hibernatingnimals better resist to ischentgperfusion
compared to normothermic ndnibernating animaléFrerichs et al. 1994; Kelly L Drew et al. 2001)
Among all, this ability has been associated with the increased production of antioxidant molecules
during hibenation. For instance, in both Arctic and thirtdered ground squirrels, the plasmatic
levels of ascorbate, a n@mzymatic antioxidant, is threto fourfold higher during torpor, before
decreasing to euthermic levels during arousal. This reductiobd®s correlated to an increased
uptake of ascorbate by peripheral tissues and, since it occurs concomitantly with the higher O
consumption, it might be interpreted asvay to protect vulnerable tissues rfrooxidative stress

during rewarming from torpqgiT@ien et al. 2001; K. L. Drew et al. 200RJoreover, in daily torpid

gray mouse lemurdMicrocebus murinus higher antioxidant capacity related to increased levels of
antioxidants (such as Thioredoxin 1 or-Za superoxide dismutase 1) as well as of heat shock
proteins (HSP70 and HSP90) have been detéCted/. Wu et al. 208). Or still, Nrf2 cytoprotective
enzymes (involved in the protection against oxidative toxicity) have been found to be upregulated in
many organs of X8ned ground squirrels during hibernati@ieretal. 2008) |t 6 s wor t h m
also melatonin, a weknown endogenous free radicetavenger, whose levels increase during
arousalLarkin, Yellon, and Zucker 2003)

However, a healthy and efficient balance betweeropidant and antioxidant mechanisms does not
occur in all theorgans of hibernatorsndeed the ones plng a role inthermogenesis such as the

brown adipose tissuiehave been found to have a tissue specific oxidative stress during late arousal
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compared to torpatOrr et al. 2009)But, in response to ROS formation, the cells can increase ROS
clearance through autopha@yui Wang et al. 2019)

Recently, it has been suggested that the enhanced oxidative resistance hib@chateshmight not

be related to different levels of antioxidants but rather to differences in ROS production among
hibernation states: in this perspective, the suppress$imitachondrial oxidative metabolism during
torpor and its slow reversal in arousal could play the major(&éples, Mathers, and Duffy 2022)
Finally, the suppression of immune aetion and inflammatory pathways, the hypocoagulation or
the upregulation of prgurvival and antapoptotic pathways induced during hibernation might
significantly contribute to tissue protection against oxidative darfiagéz et al. 2021; Kelly L Drew

et al. 2001)

1.2.1.5Hypoxia

At the onset of torpor, thieibernators undergo a dramatic drop of cardiac output, ventilationsand T

as a consequence, the fartial pressurep(Q.) drastically decreaseblevertheless, hibernators do

not show to be affected by hypoxic damages: many factors may play a soiehiprotection. One

of them is definitely the decrease in tissue oxygen consumption, and iliesn@nd, due to the
decreased metabolism torpaduced

Furthermore, the upregulation bfpoxiainducible factors (HIF), a family of factors that regulate
transcriptional programs in response to low oxygen levels, has been reported during hibernation as a
protective mechanism against cellular strédg|s, Bouma, and Henning 2021ndeed, under
hypoxic conditions, HIFL U, which is normally wubiquitinate
becomes stabilized. Hence, it binH$F-1b subunit in the nucleus and promotes the transcrigtion

target genes that regulate angiogenesis, tissue remodeling but also glycolysis, serine synthesis
pathway and pentose phosphate pathways, which in turn increase the production of ant{dkidants
Wang et al. 2019)

Interestingly, hypoxia can also work against oxidative stresineneasing the lifetime of the
produced radicalsin fact, in aerobic conditionshe radicals mainly react with oxygen, the most
electronaffine molecule in the cell, which thus sustains the ROS production; a low oxygen
concentration indirectlyavorsthe possibility of radical recomiation and their restoration tbeir

initial form thanks to the reaction with compounds containing sulfhydryl groups (SH grdyas)

Wang et al. 2019; Pouget, Georgakilas, and Ra\Z01B)

11



1.2.2 AGING

The higher capability of hibernating cells to adapt and survive to many stressful conditions has led to
the hypothesis that torpor could mitigate aging. And indeed, considering also the decreased risk of
predation, many mammalian hibernators (e.glidi€d ground squirrels, gray mouse lemur, etc.) live
longer then their nehibernating mammalian counterparts of similar body size (e.g. house mouse);

or still, Myotis brandtij a hibernating bat, can live 9.8 times longer than his expected average lifespan
Several conditions which are dysregulated in aging delfsich as genomic instability, oxidative
stress, decrease in reparative and regenerative abilities, skeletal muscles and bones atrophy, decline
in cardiovascular, pulmonary, renal and gasttestinal functionsi appear to be protected in
hibernated animal@l-attar and Storey 2020)

Since a commonly used indicator of somatic maintenance and ageing is the telomere, and in particular
its length, it has been investigated in hibernation research. Telomeres aedimanand repetitive
seqenceg§ TTAGGG, in vertebratespf DNA, located in the final portion of chromosomes. Together

with telomereassociated proteins, they allow the properly replication of chromosomes during cell
division, preventing the degradation of the coding DNA: in faath timeasomatic celdivides, the
telomeres get shorter as long as the cell can no longer divides, triggering the senescence pathways.
Telomere shortening can also be accelerated by oxidative stress.

In the light of the above, torpor should delay this process: effectiveigcarase of relative telomere

length (RTL) over 180 days of daily torpor has been shown in Djungarian hambtmiopus
sungoru$ (Turbill et al. 2012) The same di dndét o Glisglis),rwhete then e d
RTL was shortened over the course of the \ehoelzl et al. 2016pr di dnodt change
hibernation season, bué-elongated during the summer active per{@drbill et al. 2013) The
researchers suggested a correlation with the rate of periodic arousals, which could even be used as ¢
predctor of RTL shortening. Subsequentlyowack and colleaguédlowack et al. 2019onfirmed

the effect of the increased energy expenditure during arousal on telomere length, both in edible and
garden dormicen fact, hibernating at 14°C showed mher RTL compared to 3°C because, although

with a higher metabolism, rewarming from 14%guirel a lower increase of metabolic rate and thus

a decreased production of oxidative stress. That explains why daily torpor is positively associated
with RTL.

Altogether, the molecular responses to hibernation appear to counteract aging: among all, the
activation of the stress responsive and survival signaling pathways of FoxO, Nrf2 and p38 MAPK
have beermproposedo be an important link between mammalian hilbéon and longevitfC. W.

Wu and $orey 2014 Al-attar and Storey 2020)
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1.2.3 CIRCADIAN RHYTHM

The circadian rhythms represent an evolutionarily conserved adaptation to the environment which
control many functions at cellular, tissue and systemic levels; examples of physiological events
accurately timed by the internal biological clock are sleepnaiefulness.

Due to the rhythmicityf hibernation, both throughout the year and across taprsal cycles, the
circadian rhythms in the animals showing hibernation and torpor have been largely studied.

In many species, such as pocket mice, dormiglelegrmantled ground squirrels but not in Syrian
hamstersit has been demonstrated thia¢ circadian system times the entry and arousal phases of
multiday torpor bouts during hibernatiddowever whether the circadian system remains functional
during dep hibernatiorhas long been debating. Many studies, being unable to detect circadian
oscillations in T during deep torpor, had suggested the lack of circadian timing; even though, with
very low Ty, the rhythm amplitude is reduced and it may not be ddikcanymorgHeller and Ruby

2004) Moreover, the analysis of the core clockwork machinery within the SCN (see below) of
European hamsters indicates thiia molecular circadian clock is arrested during hibernation and
stops delivering rhythmic output signals until arougvel et al. 2007)Same results for artic
ground squirrel¢Cory T Williams et al. 2012)However,it is also true thathe circadian timing of
arousal requires the functioning of the pacemaker during deep (étpiter and Ruby 2004)
Nevertheless, circannual rhythms are crucial in seasonal hibernators, especially for the obligatory
hibernators. Indeed, before entering in torpor, they wudarpreparation phase during which they
store body fat or food, select the proper hibernacula, but, also, they change their anatomy (e.qg.,
reduction of digestive tract and reproductive organs) and food choice (e.g. reduction of protein intake,
increased @nsumption and selection of specific fatty acifigstroch et al. 2016%imilarly, the
circannual rhythms influence metabolism, endocrine activity and gonadal development at the
emergence from hibernation, at the expected time of the(ear, Bagriantsev, and Gracheva
2020)

The hypothalamic area responsible of the circadian rhythms of physiological variables is the
suprachiasmatic nucleus (SCN), which seems to be required for establishing annual hibernation
patterns and the related rhythmic fluctuations in body wé@bbmans, Ramkisoensing, and Meijer
2015) Moreover, €N projects to thsubparaventricular zonéSPZ), involved in the regulation of
wakesleep activity and thermoregulation, and to the DMH, involved in thermoregulation and, very

likely, in torpor.
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1.2.4 THERMOREGULATION

Hibernators carswitch between homeothmic phenotype (with the associated endothermy) and
poikilothermic phenotype (with the associated ectothermy) by turning thermogenesis on and off
(Romanovsky 2018)

For clarifying, they are homeothermic because, unlike heterothethmose internal temperature
fluctuates as the environmental temperature vatiesy are able to actively regulate and maintain

their body within a very restricted range of temperatures despite even notable thermal variations of
the environment or of their ternal heat production; this is crucial to optimize cellular and tissue
function (for instance, enzymes are less functioning at low temperature or start denaturing at high
temperature). The homeotherms achieve this goal by balancing heat productiors dndded, the
exposure to low environmental temperatures leads to the reduction of the energy expenditure trough
cutaneous vasoconstriction (to preserve heat) and to the production of heat by shivering (see below
in Athe skel et al atngexotheanic bipchemaay reaatipiiteginly oacarting v

in the brown adipose tissue (see below in Ath
heart (norshivering thermogenesi$)and increasing the plasmatic levels of thyroid hormones. In
contrast, in hot environments the body has to dissipate heat, which is achieved by increasing
cutaneous blood flow and by shutting down thermogenic effectors.

Despite being homeothermic, in response to various stimuli (circannual rhythms, food searisty,
temperatures, etc.) the hibernators strongly reduce their metabolism and thus their body temperature,
becoming adapted to conditions which would lead to death a classical homeothermic animal, and then
returning to endothermy during the periodic aals.

For instance, the most extreme hibernation physiology known is the one of the artic ground squirrels:
they are able to survive the wintéaisting up to 250 days, hibernating in frozen hibernacula and
dropping their body temperature 48.9°C (the lowest temperature known among mammals), thus
below the freezing point of watel. t 6 s | mportant to wunderline tF
ad i vated during hibernation: i ndeed, since t
hibernacula can even reach a minimum2#.4°C, they sustain the increasing gradient between the

Tp and Ta by activating thermoregulation, mostly through ssrivering thermogenesis (BAT), and

mixing lipid and glucose metabolism, in order to defend gerdund 0°QC Loren Buck and Barnes

1999a, 1999b; C L Buck and Barnes 2000)

The mechanisms by which hibernators are able to switch between endothermy and heterothermy is
not fully understood. It has been demonstrated the relevance of the neuronal cemtroil{e chapter

ACentr al neur al pat hways of torporo) but how
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Since torpor induction and thermoregulatory pathways are closely intertwined, one cannot disregard
to discuss the physiology of thermoregulation, mainlguging on the known peculiarities of
hibernators.

The thermoregulation in mammals is under the control of the autonomic nervous system (ANS),
which elaborates the somatosensory thermal information coming from the periphery and regulates
the equilibrium beteen thermogenesis and thermodissipative activity of the organ effectors, to
maintain a | appropriate for théehaviorthat the animal is currently engaged@erri 2017b)An
illustrationof the thermoregulatory pathways discussed below is showigir3.

The somatosensory system, which follows the pattern known asrgpiculo-hypothalamic tract,
includes two classes of thermal afferent pathways: one activated by cold and one byinvalim s

The thermoreceptors, involved in the sensing thé@&long to the transient receptor potential (TRP)
family and are mainly located on the skin, even though thermoreceptors have been found also in the
oral cavity (Cliff and Green 1996and in the upper respiratory airw@@ruz and Togias 20083)
Among the temperatwgensitive channel proteinERPM8 is one of the most important for sensing

the feeling of cold, and in fact its natural agonist is menthol; TRPA1 channel is also involved in the
cold stimulation(Hong Wang and Siemens 2015)stead, the feeling ofavmth is mostly perceived

by TRPV1 channelvhose natural agonist is capsaif8zolcsanyi 2015)ut also TRPV3 is able to

sense warm stimu{Hong Wang and Siemens 2015)

The thermal sensitivities of the different TRP channels is tailored in accordance with animal
physiology and habita; that s why different species have
TRPM8 is activated at temperatures below 26°C and define its cold temperature tolerance. Instead in
thirteerrlined ground squirrels and Syrian hamsters, different mutationg afrsno acids within the
TRPMS8 core transmembrane domain lead to a reduced sensitivity to cold: this concurs to provide a
molecular explanation of how these animals may tolerate temperatures which are perceived as
noxious for norhibernating animals. Orilif a single amino acid substitution in TRPV1 chaniel

which normally in rats and mice is responsive to temperatures greater thain Wafd3s to a little
response over a 22 to 46°C temperature ramp, and thus to a higher resistance towards hot
environmets, in thirteedine ground squirrels. However, to date it is not known the molecular sensor
for the low temperature range in the deepest hibernation: it has been speculated that wkien the T
close to 0°C this thermoreceptor is shut down but it is detivahen the A becomes far below 0°C

(Mohr, Bagriantsev, an@racheva 2020; Andrews 2019)

Therefore, the cutaneous thermal information detected by the thermoreceptors of the primary
somatosensory neuronsvhose cell bodies are located in the dorsal root ganggiaelivered to the

secondary neurons in thariaa | of the spinal dorsal horn and then to the tertiary neurons in the
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Lateral Parabrachial nucleus (LPB) in the pons. In particular, the cold stimulus, mainly sensed by
TRPM8&containing neurons, is conveyed trough glutamatergic fibers to the extetesdl la
subdivision of the LPB (LPBel) instead the warm stimulus, mainly sensed by FB#W4ining
neurons, is delivered through glutamatergic fibers to the dorsal portion of the LPB ((SPBdh F.
Morrison and Nakamura 2011)

From LPB departs two types of fibers: axonal branches directed to the ventrolateral thalamus and
finally to the cerebral cortex, which provides the structural substrate for the thermal sensation
(spinothalamic pathway) as well as the axonal branches targeting the hypothalanpasticular

the preoptic area (POA)which represent the anatomical substrate for the autonomic contrel of T
andthusan important relay in the processing of therm&dnmation(Craig 2002)

The POA is considered the master thermoregulatory (Matieo Cerri et al. 20213nd plays the

most important role in integrating the thermal afferent information to contraht#renoeffectors
responsesMore in detail, the area of the POAathreceives cutaneous thermal imf@tion from

LPBel (through GABZArgic fibers) and LPBd (through glutamatergic fibers) is the Median preoptic
nucleus (MnPo) whereas the medial preoptic area (MP/pre caudal, dorsal, and latevaith

respect to the MnPO contains the waraand coldsensitive neurons, which are able to fire action
potential in response to specific thermic stinf@erri 2017b) The Warm sensitive neurons (WSN)
represent the main part (30%) of the neuroriB@A (the colesensitive neurons barely 10¥elso,
Perlmutter, and Boulant 198ahd they increase their firing rate as a result of a raised surrounding
temperature or a neuronal st i mu lamihdbuyrc.acidMo r e c
(GABA)-ergic neurons, tonically actieshaun F. Morrison and Nakamura 2Q1Ajthough less
impactful and studied, thirtedmed ground squirrels own feweold-sensitive neurons in the POA

in comparison to mice; furthermore mouse CNGA3, a cyclic nuclegtied ion channel expressed

by coldsensing neurons, is potentiated by cold while the squirrel ortholog is cold insefMiive
Bagriantsev, and Gracheva 2020)

Once integrated theutaneous stimulation and local (central) thermal information, the POA neurons
act on thermoeffectors through the involvement of Raphe Pallidus (RPa), a key area in controlling
the thermoregulatory sympathetic outflowcated in the lower medulla of thednstem. Many
organs involved in energy expenditiirsuch as brown and white adipose tissues, heart, thyroid, bone
marrow, liver, adrenergic cells in the adrenal gland, kidney, bones, skeletal muscle, pancreas and
cutaneous vessedlshave shown to be carcted to neurons within the REerri 2017b)

From a functional point of view, RPa neurons control the defdnsepathways by acting on brown
adipose tissués F Morrison, Sved, and Passerin 1998)vering(Shaun F. Morrison and Nakamura

2011)and the cutaneous blood vess@sessing and Nalivaiko 2001RPa activation stimulates
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thermogenesis and reduces energy expenditure wRige iRactivation inhibits thermogenesis and
increases heat loss.

Anatomically, the inhibitory activity of POA on RPa is performed throughout projections that directly
target RPa, resulting in the control of vasomotion, but also, most importantly, by the ofdhe
interplay of the dorsomedial nucleus of the hypothalamus (DMH), which contains the thermogenesis
promoting neurons that, projecting to RPa, regulate shivering anghigring thermogenesis. The
DMH activation increases at lowaTand its chemo or optogenetic activation rises the body
temperaturd Ambler, Hitrec, and Pickering 2021%ince it has been demonstrated the presehce
both glutamatergicral GABAergic neurons within the DMH, there might exist a second irdriit
neuron between the DMH GABAgic neurons and the BAdctivating neurons in the RPAhao et

al. 2017) Beyond its main role in regulating caligéfensepathways, DMH is probably involved in

the control of torpofHitrec et al. 2019as well as irbehaviorathermoregulation and colseeking
behavior (Almeida et al., 2006).

Hence, the homeotherms maintain a constant body temperature by balancing the inhibitory
GABAergic input from the POA and the activity of DMH glutamatergic and GABAergic neurons.
Indeed, in response to warm stimulation, the glutamatergic excitatory fibers of LPBd transmit the
information to the glutamatergic excitatory interneurons within the MnP@hwn turn activate the

WSN of the MPA, resulting in the inhibition of thermogengsiemoting neurons in the DMH and

the RPa (and thus also the thermogenic responses arsbligaf processes). By contrast, in response

to cold stimulation, LPBel send$ugamatercic egitatory projection to the GAB&rgic interneurons

within the MnPO which remove the tonic inhibition from MPA on DMH and RPa, resulting in the

activation of shivering and neshivering thermogenesis and cutaneous vasoconstriction.

| t 6 s mentianihghthat the portion of thermoregulatory circuit which connect PBN with RPa may
be modulated by several other brain regions, leading to the amplification or reduction of the
sympathetic outflow towards the thermoeffectors.

For instance, the Supraakmatic Nucleus of hypothalamus projects to DMH; it maintains the
circadian oscillation of body temperature by receiving information from the retina but also from
hormones, among all the melatonin; moreover, it seems to be required for establishing annua
hibernation patterns and the related fluctuations in body weight as well as the seasonal timing of
breeding(Coomans, Ramkisoensing, and Meijer 2016)addition, the orexinergic neurons in the
lateral hypothalamus may trigger the increase in metabolic rate and temperature needed during the
arousal(Del Vecchio et al. 2014¢ven if it has been demonstrated that it is not necessary for the
normal physiological adaptations occurring during toihar Martire et al. 2020)Or still, both the
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paraventricular nucleus of the hypothalamus and the nucleus of the solitary tract (NTS) can inhibit
thermogenesi&erri 2017b)

1.2.4.1Adipose tissue

The adipose tissue is a fundamental means for the body temperature regulation and thus, as might be
expected, also for hibernating animals. First of all, its subcutaneous position creates an insulating
barrier around the shell of the body, preventing tbat ldissipation. Moreover, it is an organ of
substrate storage and, taking into account that the metabolism during hibernation is mainly based on
the fatty acid oxidation, the lipolysis of the white adipose tissue represents the main source of energy.
Lastbut not least, the brown adipose tissue (BAT), which is rich of mitochondrial carotenoids that
give the typical brown pigmentation, is responsible for heat production via thellsd non
shivering thermogenesi s. | n ctplependsior thel aativity of theh e B
uncoupling protein 1 (UCP1), @hannel protein permeable to protdosated in the mitochondrial
internal membrane. As a consequence of the triglyceride breakaloivihe combustion of the fatty

acids in the respiratory a1 triggered by the norepinephrine released by the sympathetic nervous
systemi’ the UCPluncouplsthe oxidative phosphorylation by allowing the protons to return to the
matrix through the Hchannel and not through t#er'P-synthase. In this way, the process does not
produce ATP but heat, which is rapidly spread throughout the body thanks to the BAT strategical
anatomical distribution near blood vessels, and in particular at interscapular, periaortic and perirenal
level (Cannon and Nedergaard 2004)

UCPlandthe othertwo isoforms UCP2 (expressed in several tissues) and UCP3 (mostly expressed

in muscle), have been found to be differentially expredsedg torpor and arous@an et al. 2008)

Besides norepinephrine, the cold exposure leads also to the increase of the plasmatic levels of thyroid
hormones T3 and T4 which can similarly activate brown adipose tissue in order to stimulate heat
production.

During deep hibernation BAT is inactive (except for sadvo ambient temperature exposure) while
during arousal it plays its main physiological ra@encurring in rewarming the entire animal against

a temperature gradient.

The BAT is present in all the mammals (especially in rodents and, among humans, in neonates) but
it is particularly expressed in fatoring hibernatordndeed,hibernators can be classified into-fat
storing and foogbtoring species. The former are those aniniassich as bears, goldenmantled

ground squirrels or marmoitswho build up large amounts of internal fat reserves (both of white and
brown adipose tissuagveral weeks or months before hibernatinrorder tomeettheir energy and

thermal requirements during the hibernation season. The gain of fat stores and weight, which is
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significantly reduced at the end of their winter hibernation, can be even tiweefold higher than
normal, and it is associated with longer e deeper torpor bouts. On the contrary, tséofoad
animalsi e.g. hamsters and chipmuwnk do not accumulate internal fat reserves but before
hibernating they store large amounts of seiadtheir burrow, feeding during the periodic arousals.
Typically, compared to fastoring species, these animals have shorter torpor bouts and longer

interbout arousal@Giroud et al. 2021)

1.2.5 METABOLISM

Together with hypothermia, hypometabolism is the driving force of the vast majority of the
physiological modifications occurring during torpor.

As previously said, during hibernation small mammals can save up to 98%, on average 90%, of their
energy requirements as compared to the euthermic state. Instead, the energy savings during daily
torpor are less pronounced, being the metabolic rate redocatlout 1/4th of the active one
(Heldmaier, Ortmann, and Elvert 20048ut, it is necessary to emphasize that when #epd
hibernators are exposed to environmental temperatures below 0°C, to counteract the excessive
decrease in body temperature they activate-siovering thermogenesis and increase their
metabolism; indeed, the metabolic rate is more than eightfold Higharmals hibernating &tL0°C
compared with thoskibernatingat 2°C(Cory T. Williams et al. 2011)

A metabolic hallmark of hibernation and torpor is the switch from carbohydested to primarily
lipid-based metabolism, more easily stocked m fttrm of fat than glucose and glycogen (which
have to be conserved for utilization by the brain). The metabolized fuel can be measured indirectly
through calculation of respiratory quotient (RQ), the ratio ob @DO;: the RQ typical of lipid
metabolism, and thus of torpor bouts, is 0.7. However, the hibernators expogdietow 0°C have

a higher RQ, indicative of the increasing use of glucose (thus there is a mixed fuel metabolism) as
the animals are thermoregulati(@ory T. Williams etal. 2011)

Both fatstoring and foogstoring hibernators obtain energy through the oxidation of fatty acids,
accumulated respectively in the large reserves of body fat or in the smaller retroperitoneal and
periepididymal fat pads (which are partiallgstored, by feeding, during the interbout arousals).
However, while the fastoring hibernators maintain constant levels of glycemia during hibernation

by means of the activation of gluconeogenic pathways which allow the synthesis of glucose from
noncambohydrate substrat&sn the foodstoring species the glycemia decreases during torpor, likely

representing an endogenous signal to arouse andGaedid et al2021)
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The fuel selection is realized by -oMigatorgnd!| at i
downregulating those responsible for carbohydrate metabolism. Indeed, the flow of glycolytic
intermediates into the tricarboxylic acid (TCA) cyéland in particular the conversion of pyruvate

to acetydCoA and CB i is prevented by inhibiting the activity of the mitochondrial pyruvate
dehydrogenase complex (which is reduced by 96% in the squirrels hibernating hearts) through the
upregulation of itskinase, the pyruvate dehydrogenase kinase isoenzyme 4 (PDK4); during
hibernation, PDK4 increases its expression levels in skeletal muscles, white adipose tissue, brain,
heart, liver and kidnegM. J. Buck, Squire, and Andrews 2002; Faherty et al. 2018; Nespolo et al.
2018b) Other regulators of lipid metabolism will be later discussed.

However, despite fatty acid represent the maei @ised by the body during hibernation, heart and
brain preferentially use ketone bodies, in particular ketoiehdroxybutyrate (BHB), a byproduct

of hepatic oxidation of fatty acids: the catabolism of BHB results in two molecules of-Gc#tyl

that dilectly enter the TCA cycle, contributing to glucose sparing during deep torpor by inhibiting its
uptake(Dark 2005; Melvin and Andrews 2009)

To the reduction of etabolic rate concurs many factors, such as the decrease of body temperature
(which contributes to the deceleration of biochemical reactions), of the heart and respatatony

t he ani mal Oreffekdng related adtivityn(foraging, digestisasorption and processing

of food compounds). Nevertheless, it is beyond doubts that the entrance of torpor is realized by an
active metabolic inhibition which precedes temperature reduct@snsuggested, for instance, by the
decrease of metabolic rabefore the fall in § of edible dormice hibernating dbermoneutral

temperatures eventhough not yet fully elucidate(Gtaples, Mathers, and Duffy 2022)

1.2.5.1Mitochondria

Because ofthe tight relationship between metabolism and mitochondria, the primary energy
producing organelles in the cell, many studies have focused on these latter to explain the active
metabolic suppression during the entrance in torpor.

In many hibernating spedgethe mitochondria isolated from the liver, skeletal and cardizscle

have demonstrated severe reduction in state 3 and 4 respiration rates during hibernation compared to
those during arousal or summer euther@@amparing liver mitochondria from hibeating thirteen

lined ground squirrels in different stages of a torpor bout and at different temper&tapes and
colleagueqStaples, Mathers, and Duffy 202Bave demonstrated th#dte greater mitochondrial
suppression occurs at 37AC, matching the entr

substrate oxidation, maybe because of the inhibition of succinate dehydrogenase (the complex Il of
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mitochondrial electron transpgachain). This respiratory suppression appears rapidly during entrance

in torpor, falling by 70% comparing the interbout arousal and the early torp@&@0(T), without
differing anymore during torpor; then respiration increases slowly during arousdlarels n 6t p e
until the body temperature reaches the thermoneutrality of 37°C. Hence, they have suggested that the
mitochondrial suppression might have its largest impact at the very entrance into torpor bout, when
the body temperature is still quite higthen, whenthe thermogenic mechanisms (shivering,
activation of BAT) are arrested, the rates of enzgaialyzed reactions fall, causing the further
reduction of MR, passively. And besides, comparing liver mitochondria isolated from rats induced in
a condiion of synthetic torpor and control normothermic rats, the state 3 respiration does not appear
to be suppressd@®garbi et al. 2022asuggesting that the low respiration rate does not just correlate

to body temperature.

However, the idea thdlhe mitochondrialactivity hasto be reduced first, has still some objections:
indeed, if it was, the energy demand would exceed, for a while, the energy supply; thus, it could be
possible that the reduction of the energy consumption, e.g. decreasing the activity of the membrane
pumpshas to precede the reduction in energy produdgtanri et al. 2016)

Mitochondria play an important role in metabolism but also in cellular stress responses. For instance,
mitochondriaheat shock protein1SP) and other chaperone protepr®duced in response to stress
andupreguatedalso in hibernation, stimulate stress tolerance and cytoprotection (HSP70) or enhance
antioxidantand antiapoptoticdefensesy preventing protein aggregati@mdmitochondrial outer
membrangpermeabilizatio(HSP27). Other important mitochondrial regulators upregulated during
torpor arethe peroxisome proliferataictivated receptor gamma coactivatet) (PGG1 }J that
enhances mitochondrial biogenesis and optimizes its capacity for oxidative metaboligynea dist

and the peroxisome proliferateactivated receptor(PPAR), which requires direct PGCU
coactivation to induce the transcription of genes involved in regulating mitochondrial oxidative

respiration, lipid metabolism, and thermogenédiadjMoussa, Green, and Storey 2018)

1.2.5.2Liver

The liver is a very activeetabolic organit participates at digestive process@siconverts nutrients

taken from food into substances that can be utilized to produce energy or stored to be used;as needed
it also takes up toxic substances from the blood, disarming themalong sure they are released

from the body moreover it is considered as a thermoregulatory organ, able to increase its metabolic
activity with subsequent heat production when the body is exposed to low ambient temperatures.
Since its large contributioto metabolisni accounting for 17% of the oxygen consumption of the

whole organism in mic@Martin and Fuhrman 195%)theliver metabolicsuppressiomiuring torpor
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leads to a significant decrease in energy expenditure.

Both from a proteomi¢Rose et al. 20119nd transcriptomi¢Cory T. Williams et al2011; Fedorov

et al. 2011)point of view, the liver of hibernating animals shows a sharp trend to move away from
carbohydratdbased and amino aelthsed catabolism or lipid biosynthesis towards lipid and ketone
body catabolism and gluconeogenesis. Hawethese differences can be more evident comparing
summer active animals and torpid animals rather than animals across theatorsal cycle:
changes of gene expression do not necessarily correlate with changes in protein levels and/or protein
activities because the mRNA transcripts can be stored during torpor to be readily suitable as soon as
the animal arous@srabek, Martin, and Hindle 2015; Yan et al. 2008)

During torpor, postranscriptional mechanisms are largely adopted to regulate gene expression as
well as protein activitfGrabek, Martin, and Hindle 2015 the recent years the role of splicing

and miRNA has been documented as well.

Indeed, in the livers of black bears, the differential expressibedtic miRNA during hibernation

has been correlated to the deraguated expression of genes involved in the transport of energy
source and fatty acid synthegéishida et al. 2021)

Concerning the splicing, ultrastructural observations on hepataifythazel dormice during
hibernation suggested a reduction (but not a blockade) of transcriptional activity and an intranuclear
redistribution of prenRNA processing factors, preferentially accumulated at the splicing stage and
restored before the onsdfttoanscription during arousal. Indeed, despite transcription suppression,
the levels ofheterogeneous nuclear ribonucleoprotglnsRNPs)i RNA-binding proteins that
contribute to multiple aspects of nucleic acid metabolism including alternative spicRIiyA
stabilization, and transcriptional and translational regulatisgignificantly increased. Thus, the
nuclear accumulation of splicing factors allows newly synthesizethR#A to be processed during

the torpor period, constituting a huge stock of @nales that can rapidly rebuilt all the metabolic
activities during arousdMalatesta et al. 2008Dr still, in the liver of the greater Egyptian jerboa,

the hibernatord e pendent al ternative splicing of PPARI
and leads to the strong-upgulation of the peroxisomal fatty acid oxidat{@ebbaj et al. 2009)
Interestingly, while in the liver of torpid small hibernators the larger part of differentially expressed
genes are dowegulated (90% in ground squirrels), in bears the majority of those (67%) are
upregulated, coherently with the shallower reduction of metabolic rate in beé&s8%@0compared

to artic ground squirrels (up to 98%) during torpor. And indeed, bears sheatezleexpression of
multiple genes involved in fatty acid metabolism and in protein biosynthesis (trans(&&oioyov

et al. 2011, 2009)

Together with the switch of metabolism, the liver of hibernating animals has shown differential
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expression of circadian rhythm, MAPK, cell growth and apoptosis (significantly underexpressed) and
heat shock protein&an et al. 2008as well as awiphagy and reaction to ROS (both overexpressed)
(Nespolo et al. 2018mnd thermogenesis (to date, mainly in marsupials who do not have BAT)
(HadrMoussa et al2016; Nespolo et al. 2018b)

1.2.6 THE CARDIOVASCULAR SYSTEM

The cardiovascular system works to assure a correct distribution of oxygen and nutrients (and
hormones) as well as to remove waste products.

During torpor, its activity is dramatically reducele heart rate drops from 2Q0Q0 to 35 beats/min,
without inducing a collapse of peripheral vessels, which are peculiarly modulated in the light of the
inhibition of thermogenesis. Furthermore, the blood shows a reduction of hematocrit, a leukopenia
andan increased resistance to hemolysis of erythrocytes, which not rouleaux nor agglutinate at 5°C
but they ap\paSparrierahddDave ddv.3)

1.2.6.1Heart

Compared to hibernators, the heart of a-hdrernator is much less resistant to cold: arrhythmic
patterns bgins at 32°C, followed by atrial fibrillation at 30°C and, further lowering the temperature,

at 15°C it displays an increased ventricular excitability with asystole and finally cardia¢@anest,
Andrews, and Martin 2003Hibernating heartdy contrastremain in sinus rhythm even whteir

body temperatures approach 0O(&hdrews 2007) The type of fuel used could play a role in the
continued contraction of cardiac tissue at low body temperatures: in fact, compare¢htberoators
exposed to cold, the hibernating hearts are m
asits source of acetyl CofCarey, Andrews, and Martin 200&®)ther two possiblenechanisms have

been proposed: the increasing of gap junctions or the enhanéedpBike. The first, reported in
hibernating golden hamsters, reducing the resistance of intracellular channels, would ameliorate the
synchronous cardiac contraction. Abouhet second, the higher protein expression of
sarco(endo)plasmic reticulum €aATPase 2a (SERCA2a) that transports CH inside the
sarcoplasmic reticulum lumen during relaxation of the cardiac mydcyteuld enhanceCa*-

uptake, coherently with the obsations of larger calcium stores in hibernating squirrels, and also it
would provide a regional endothermy within cardiomyocytes during hiberngiiotrews 2007)
Moreover ion exchangers, responsible for the movement of calcium into the sarcoplasmic reticulum

or for the maintenance of the electrochemical gradient necessary for contraction, have bt repor
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to be selectively upregulated during deep torpor oftifeeenlined ground squirrefHampton et al.

2011)

Anyway, the profound changes that heart has to amttoss the torp@rousal cycle are reflected

by the large transcriptional differential expression of genes related to fatty acid metabolism, circadian
rhythm, MAP kinase, thermogenesis (uncoupling proteimilopchondria, RNA binding proteins,

heat shok proteins, and others tissspecific proteingYan et al. 2008; D. R. Williams et al. 2005;
Colbert et al. 2015; Hampton et al. 2QHawkins and Storey 2020)

1.2.7 THE NERVOUS SYSTEM

The central nervous systegf@SN), and in particular the brain, is the most metabolically expensive
system in the body, requiring the-268% of all the metabolic energy in the resting s(Sta et al.

2021) Although most of the nervous system becomes metabolically quiescent and electrically silent
during hibernation, some brain regions, such as the hypothalamss remain active. Hence, the
suppression of brain activity is not to be regarded as a passive shutdown but rather a finely regulated
mechanism, which allows to optimize its consumption during a period of severe shortage of energy

resources.

1.2.7.1Brain

Among all the organs, the brain is the one that undergoes the major structural and functional
remodeling During the hibernation period, it has been reported a huge neuronal plasticity: the
neurons shrink during hypothermia, showing transformation of apicalritesavhich become
shorter, less ramified with less dendritic spines, and then rapidly grow back wBHio@s as body
temperature rise§?opov and Bocharova 1992Jhe reversible dendriticarborretracting has been
detected quite globally especially in the hippocampus, neocortex and thalaimasd rdlects
microtubule disassemb(¥on der Ohe et al. 2008 well asynaptic protein dynamictdeedthe
colocalization of presynaptic and postsynaptic markers has shown that entry into torpor is associated
with a 50 65% loss of synapses, which is not attributable to protein loss but to the dissociation of
proteins from the cytoskeletal active zone anstpmaptic density; that creates a reservoir of proteins
which can be rapidly mobilized to restore dendritic spines and synapses during the return to
normothermigVVon Der Ohe et al. 2007)
The changings in neuronal plasticity occur concurrently to modifications of Tau praigno$
phosphorylation. During torpor, Tau protein becomes hyperphosphorylated, in a- ragwn
phosphorylation sitspecific manner, and then dephosphorylates to control levels during arousal,
24



both in hibernating speci¢Stieler et al. 2011and in norhibernating animals induced in a condition

of synthetic torpo(Luppi et al. 2019; Hitrec et al. 2021; Chiocchetti et al. 20PHta from non
hibernators suggest that the hyperphosphorylation of Tau proigint be temperaturdependent

even though starvation, and thus more likely hypometabolism, has been associated to the production
of phospheTau as well. Anyway, while at low temperature the accumulation of phespingeems

to be mediated by the highestiity of kinases (e.gGSK-3 bwhich exceed the one phosphatases
(e.g.PP2A), its resolution during arousal seems to require an actively regulated process, although
still unknown.(Luppi et al. 2019Cerri et al. 2021)

More in details, Tau is a soluble microtubakesociated protein (MAP) and exists in 6 different
isoforms originated by the alteative splicing of the coding MAPT gene. It is mainly present in
neurons, preferentially in axons, where, by binding to tubulins, it is physiologically involved in the
functional regulation of the microtubule system, promoting their polymerization, stabilit
differentiation as well as axonal transport mediated by kinesin motor pr{feinson et al2010)

In addition, the nuclear identification of Tau protein has suggested a role in nuclear organization and
DNA protection(Sj°berg et al. 2006)However, when hyperphorylated, Tau protein detaches from
microtubules and tends to aggregate, foigrirst intracellular deposits of proteins aggregated into
paired helical filaments (PHF) and théme neurofibrillary tangles (NFT), which represent the
hal |l mark of a group of neurodegenerative dise
Unlike what occurs in neurodegenerative diseases, hibernation is not associated with NFT formation;
actually, the colocalization of phospfiau and the dendritic spine regressi@specially those more
retractedBullmann et al. 2016) as well as its reversibility matching the synaptic reconnection of

the neurons, could represent a neuroprotectivéham@sm, whiclavorsmicrotubules dynamic state

to prevent the neuronal hyperexcitability occurring during the gradual cooling of the(Arandt

and Bullmann 2013a)

Another potential protective mecham towards the substantial and rapid physiological changes
occurring inthe hibernating brain involves the migima, the first line ofdefensein the central
nervous system, implicated in neural damage and repaleed, torpor can induce the local
upregilation of pre and antiinflammatory cytokines (It1 b ,-4, IL-B,IL-1 0, TAPY, as wel
as the activation of microglial cells, whose morphology switch from a typical ramified appearance
(during the rest) to an 0 amincehsed cdldmodydize and dnly p e ,
few dendritic branchegCogut et al. 2018; Shi et al. 2021)

Furthermore, during torpor it has been descriltteelactivation of MAPK and JAKSTAT signaling
cascades, with consequent higher expressionefprdd | a mmat ory transcripti

response to endogenous markers of danf@yeud et al. 2021)the rise of antioxidant pathways
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against the ROS produced by the higher, but more efficient, brain mitochondrial d&hiitgt al.

2021)

Finally, during torpor bouts the expression and distribution pattern of Golgi apparatus in neurons and
glial cells (microglia, astrocytes and oligodendrocytes) undergoes profound changesjnige
fragmented and altered in psoteinexpression levels, which are fully reversed during the arousal
(Le6nEspinosa, DeFelipe, and Mufioz 2019)

Suchmassive structural and morphologicanodelingcould befavoredby the selective expression
duringtorpor or arousal of matrix metalloproteinases, collagens, integrins or other proteins involved

in extracellular matrix plasticityGiroud et al. 2021)

1.2.7.2Sleep

In the popular imagination, hibernation is intended as a deep sleep. Aftehal\jiorand metabolic

activity, core body temperature, blood pressure, heart and respiratory rates decrease during both
torpor and sleep. However, many studies have demonstrated that sleep does not occur during torpor.
Indeed the cortical electroencephalogragbly @) activity during torpor is firmly different from those

of the two stages which alternate during sie®REM sleep (also called synchronized or slow wave
sleep) and REM sleejl§o called, desynchronized or active sleep, more similar to that observed i
wakefulness) showinga signal of low amplitude and low frequenc{&satteo Cerri et al. 2021)

The EEG is firmly affectedby temperature and this is quite evidenalyzingthe EEG spectrum

during the entrance of torpor: in ground squirrels, as the body temperature decreases between 35°C
and 25°C the EEG measures slow wave activity (SWA) of 1 to 4 Hz, called delta bandtherhen
body temperature further falls from 25°C to 10°C, there is a shift toward cycles of 4 to 8 Hz; below
10°C, during deep torpor, the brain becomes isoele@tahr, Bagriantsev, and Gracheva 2020)
Furthermore, besides the lack of EEG signs during torpor referable to normal sleepnthls ani
returning to normothermia show a strong pressure to sleep and, in facg, ttherimterbout arousal
periodsthey spend most of the time sleeping, showing an intense sleep bout rich in slow waves (the
more is the torpor length, the more is thetgogpor SWA intensity). All tiese evidence have led to

the hypothesis that torpor is a period of sleep deprivation.

However, this topic is still controversial.

The evidence that, in many species, animals sleep deprived for the first few hours of -toepefter

sleep eliminate completely the expected SWA peak (sleep is homeostatically regulated, thus any
NREM sleep deprivation should be followed by a SWA rebgpuadether with the fact thaeep
deprivation and torpor have different effects on cortical network activity, led to doubt thabqpast

SWA may be an indicator of sleep deprivation. Moreover, it has been reported that mice do not show
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slow waves durig sleep postorpor, perhaps for the lack of a sleep debt related to the short torpor
duration(Lo Matrtire et al. 2020)

The high SWA at the onset of arousal has been proposed to be an essential part of the strong
synaptogenesis which occurs in the brain following the dendritic and spines retraction during torpor:
the SWA would reflect the tonic hyperpolarization of cortical neurons before the reforming of
dendritic connectionsin the end, as dendrites and synapses restored, the high SWA would
gradually diminishas reported in various studi@deller and Ruby 2004; Mohr, Bagriantsev, and
Gracheva 2020)

1.2.7.3Memory and cognition

It is reasonable to hypotbige that the synaptic and dendritic retraction, as well as the lack of EEG
synchronization and hippocampal neurogen@sisn-Espinos et al. 2016)observed during torpor

may interfere with consciousness, memory and learning processes; howevaegendeng the state

of consciousness there are no experimental data at the m@eem®2017a)studies aiming to reveal
whether animals retain memories durhigernation have turned out to be controversial.

The first studies investigating how hibernation affects memory retention date back to the late 1960s.
Mi hailovic and MMihailewicaet al.01968; gicamagras and Riedesel 1973)
compared the redslof spatial and visual memory tests realized in ground squirrels before and after
a period of hibernation, finding out that after hibernation their memory was improved. The authors
speculated that the lower temperature had potentially decreased thetwithe proteins involved

in memory, maintaining a kind of memory trace; on the other hand, the long period of rest for the
brain as well as the increase of RNA and protein biosynthesis as the animals reached normothermia
were suggested by the authosspassibly beneficial mechanisms.

Shortly thereafter, the aforementioned works raised perplExityway 1973)which led Millesi and
colleagues to repeat the experimental protocols, testing torpid and-deqpaved squirrels, both in
winter and in spring, witlthe same tests used before. They found out thehi@mmnating animals

had higher level of retention compared to hibernating ones. Moreover, while from the retention of
spatial and operant conditioned tasks emerged negative effects of hibernation, pdulealbdy
changes in neuronal acti vi (Mylesiettah200ls oc i al me mo
Afterwards, the effect of hibernation on learning and retention was evaluated in several hibernating
specied such as squirrel@Neltzin et al. 200§)marmots(Clemens, Heldmaier, and Exner 2009)
bats(Ruczynski and Siemers 201 Thipmunks(Thompson, Montiglio, and Humphries 201&)d

even fire salamande(gVilkinson et al. 2017; Kundey et al. 201i8pbtaining that the memory is not

impaired after the torpor period.
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As a consequence of the past conflicting results and assuming the involvement of synaptic changes,
Bullmann and coworkergBullmann et al. 2016)combined morphological, biochemical and
behavioral analyses to test whether in Syrian hamsters the hibenmatimed phosphorylation of

tau is associated with a loss of leteym memory and synapse regression in brain circuits involved

in spatial memory (hippocampus). They found out that although the messigdelingof dendrites

and spine reduction, which matched the increase of phosphorylated tau, the functionality of the
hi ppocampus, and in particular t heompgrea witha | m
animals maintained at a warm.TTo justify these aatradictory results, the authors suggested
speciesspecific differences (e.g. being fogtbring animals, hamsters need to preserve spatial
memory; instead for squirrels, being-&bring and hibernating in group, social memory is more
important).

Recenly, de Veij Mestdagh and colleagueke Veij Mestdagh et al. 202have demonstrated that a
single torpor and arousal sequence in fasted mice increases hippolmargjpatm potentiation and
contextual fear memory and enhancgsaptic plasticity upon arousal (although dendrite retraction

and synapse loss were not observed during torpor). In addition, a singleawpsal cycle was also

able to restore contextual fear memory i n mic

1.2.8 THE IMMUNE SYSTEM

During hibernation, the immune system, which requires a considerable energy expenditure as well,
is profoundly depressed. Several studies have reported the depletion of complement proteins,
cytokine and antibody production artetreduction of cirdating leulocytes by more than 90%,
affectingall types of immune cells (granulocytes, lymphocytes, and mono¢ifesichs et al. 1994,

Reznik et al. 1975; Spurrier and Dawe 1978)is situation is fully restored during arousal, even if

in edible dormice it has been reported a slow recovery of phagocytes after arousal, which may take
also several weeks, probably due to kbegn energetic restrictior{lavenstein et al. 2016)

The leukopenia during torpor could be explained througbessation of leukocytopoiesis or
leukocytesleath for unknown reasons; however, data seem to strongly suggest a segregation of white
cells in reservoir orgarissuch as liver, spleen, lymph nodes or the walls of blood vésgedsfying

their rapid regiration during arous#Cerri et al. 2021; Bouma et al. 201Epr instance, Bouma and
colleaguegBouma et al. 2011eported that the lymphopenic state during torpor was associated to
the concomitant plasmatic decreasesjgiiingosinel-phosphate§1P, which mediate the egress of

lymphocyte out of the peripheral lymphoid organs. Moreover, the secondary lymphoid tissue
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appeared to be the main site for the retention of lymphocytes during torpor, rather than spleen, liver
and lungs whose contribution mwer.

As a consequence of such severe depletion, hibernation leads to a reduction both of innate immune
functionsi as demonstrated by the lack of febrile responses after the injection of LPS during torpor
(Prendergast et al. 200R)and adaptive immune systénas proved by the absencerefection of

skin allografts in hibernating ground squirrels until their aro@Balma et al. 2011)Despite this
immunosuppression, hibernators do not appear to be more susceptible to infections, maybe because
the most sensitive organs, suah the lungs or the intestine, are protected by a local increased of
immune cell{Suomdainen and Rosokivi 197&erri et al. 2021)

The reduction of leucocytes infiltration, and thus of inflammatory responses, to the ischemic tissue
following arousal from torpor may possibly explain the lack of brain pathology in hibernators.

1.2.8.1Spleen

The spleen plays an important role in the regulation of blood volumt&hanthss of circulating red

blood cells also during hibernation. gplenic hypertrophy, dmmented duringhe hibernation of
gardendormouse, has been linked with its rofeeservoir of red blood cells, which are released into
blood circulation within fifteen minutes from the provoked awakening. Moreover different
histochemical changes havedn also observed during torpor compared to the ar(R®aszowska
Tokarska, Burlet, antdegait 1972) In thirteenlined ground squirrels, during torpor the platelets are
sequestered in the spleen in the form of elongated rods before being released with a normal circular
shape in the circulation post arousal. A selective and differeetiglu | at i on of NFaB
torpid spleens of thirteelmed ground squirrels has been proposed as cytoprotective mechanism
against several fluctuations, such as the ones related to immune system, occurring during hibernation
(HadrMoussa, Wijenayake, and Storey 2Q20djtle is known about splenic modification in gene

expression across the torpamousal cycle

1.2.9 THE REPRODUCTIVE SYSTEM

1.2.9.1Gonads and Prostate

Most hibernating mammals, such as ground squirrels, remain for months in their hibernacula in a
constant darkness, without being influenced by the photoperiod. Typically, during hibernation the

reproductive system is regressed to preserve energy. Fondestan male hibernators the

29



spermatogenesis is not achieved (a certain period of normothermia is necessary for its final stages)
and seminal vesicles/prostate complex is underdeveloped. Then, at the end of the hibernation season,
the circannual clock ingtes the spontaneous termination of torausal cycles as well as the
activation of the hypothalamymstuitary-gonadal axis. As a result, the sexual maturation is promoted
and thus mating and breedifG. T. Williams et al. 2014)The regression and restoring of the

hi b e r neprodoative 8ystem can repeatedly occur in both males and females, year after year
(Giroud et al. 2021)However, in other hibernators, such as the echidnaléggtyy mammal),
hibernation and reproduction overlap since these animals exhibit deep prolonged torpor during mating
or pregnancyMorrow and Nicol 2009)

The reproductive maturation is energetically expensive: if the hibernators have depleted fat stores,
they may forgo reproductiofavoring survival. Indeed, male lipectomized ground squirrels show a
retarded development of the reproductive apparf&oiger et al. 1988)hile, on the other hand, an
adequate body fat content in spring ensures successful breedifegnale #pine marmots
(Hacklander and Arnold 1999)

1.2.10THE RENAL SYSTEM

Among the other functions, the renal system plays a vital role irxthet®n of metabolic waste and
maintaining body homeostasis through the regulation of water and electrolyteebadaproper
osmolality is crucial to preserve cellular volume and shape, ionic gradients and transport across the
membranes. As little as 1% of increase of osmolality triggers the thits&@3produces fatigue, head

rush till cognitive impairmentMohr, Bagriantsev, and Gracheva 2020)

1.2.10.1 Kidneys

ltds not yet known how the hibernators can ha
kidneys undergo ultrastructural chan@g&aderson et al. 199@oncurrently with a severe reduction,

or even a cessation, of glomerular filtration, both in small hibernatsush as ground squirrels and
dormicei andin the bigger onegJani et al. 2013)For instance, the American black bear, whose
hibernation lasts for up to 7 months annually with &2&6 reduction of metabolic rate, reduces by

95% thevolume of urine produced. The small volumes of urine entering in the bladder are reabsorbed
across the bladder epithelium and recycled to form other nutrients, unless ndoogiming
compounds in the blood | ead t ontinue padeiegnmenm,. Mo

erythropoietin, and vitamin D-&hydroxylasgSrivastava et al. 2019)
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However, even though hibernating animals lose a little amount of water through urine and respiration,
curiously their plasma osmolality decreases by as much as 10% and this is not due to free water
consumption becausethdyon 6t dr i nk ( n e i(Mohr,eBagriamtaely, and &Gracheva f e c
2020) While the inhibition of thirst during torpor may be easily interpreted as an adaptation
advantage to not emerge from torpor and risk predatiodeed the administration of the diuretics

i ncr eases fregneacy(daniet@ls2813)sid 6 s not cl ear how they
such low electrolyte concentration in the blood, which seems to be actively maintained during torpor
and then resrsed as soon as the animals arouse. Moreover, it cannot be related to the antidiuretic
hormone, which normally stimulate water retention during dehydration, since its levels decrease
during torpor together withthe renal functionand arise during arouséMohr, Bagriantsev, and
Gracheva 2020

To dat e, kidneybdbs gene expression of hibernat
Srivastava andolleaguegSrivastava et al. 2019ave performe®NA-seqganalysis on black bears,
comparing the animals entering (late fall) and emerging (early spring) from hibernation. Among all,

in the emerging bears they have found an increase of cytokine suppression genesSsush as

Cish, and SerpirC1 (mostly actingthrough the JAKBTATS pathway), and the lack of damage
markers and cytokine expression, and thus of inflammation pathways. Moreover, since the
upregulation of NDST3 is linked to a higher levels of kidney glucosaminoglycans, which have been
reported to inecrase the ability of turtles to hold water, the authors have speculated a possible
protective role of NDSTS3 t o(@wastdvaethli2018)r nat i ng

1.2.11THE MUSCULOSKELETAL SYSTEM

One of the most impressive adaptation occurring during hibernation is how these animals can prevent
muscles atrophgnd bones demineralization during several months of inactivity and fasting. This is

a great achievement, otherwise at arousal their survival would be compromised. The integrity of the
musculoskeletal system largely depends on the mutual interaction béh@serwo organs, not only

from a mechanical point of vieisince bone provides an attachment site for skeletal muscles and
skeletal muscles apply load to banéut also from @iochemical one. In conditions of prolonged

bed rest, the combination of walding and inactivity leads to the unbalancing between protein
synthesis (lower) and protein degradation (higher), resulting in muscle atf®ptiyne 2013) Or

st ||, i n a condition of i1 mmobilization, bones:

that are more subjected to weight I¢@ekrri et al. 2021)
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Learning how hibernating animals can bypass these mechanisms, perfectly maintaining the integrity
of their musculoskeletal system, could be useful to counteract issues related to the prolonged
immobility (for medical treatments, pathologies)othe micogravity during long space travels.

1.2.11.1 Skeletal muscle

Across torporarousal cycles, the muscular functionality is preserved both in small hibernators, such
as squirrel$AndresMateos et al. 2012and in larger hibernators, such as bédeslow et al. 2001)
Confirming the muscular protection regardless of the depth and duration of torpor, Cotton and
coworkers(Cotton and Harlow 201@)ave shown that smooth and skeletal muscles of wénitd

and black tailed prairie dogé respectively spontaneous (leemperature torpor bouts) and
facultativehibernators §poradicmoderatetemperature torpor bouts)undergo very little strength

and protein loss together with no signs of muscle atrapimylarly to theresultsof theoverwintering

black bearscompared teuthermic models of immobility and losigrm fasting

The mechanisms behind this protection are not yet understood.

Initially, it was suggested that the shivering thermogenesis and the muscular activity during arousal
could have played a role in the tissue maintenance. Shivering thermogenesis is oneettfidis m

the body has to increase the own heat production: during torpor, it is inhibited but at the onset of
arousal it is strongly activated to return to normothermia. Shivering consists of a sequence of
involuntary, rapid, oscillating and isometric comtians of skeletal muscle: since the energy (that is
ATP) used for these contractiodses notdevelop mechanic work, it is dissipated as heat form.
(Eyolfson et al. 2001 However, it has been demonstrated that musieity during arousal cannot
explain the preservation of muscle mass associated to hibernators. Indeed, the denervation of brown
bear cranial tibial and long digital extensor musclessamt lead to severe atrophy in the winter
acclimated animals compal to the summer acclimated animals and to the traditional denervation
atrophy model¢Cotton 2016)

Many studies have focused on the principal pathways controlling muscular homeostasis which result
differentially expressed during torpor.

Among them, the PI3K/Akt/mTOR pathway and the FoxO/ubiquitin/proteasome are respectively
responsible for protein symésis and catabolism.

Normally, in response to increased mechanical loading of skeletal mimiesulin-like growth

factor | (IGFI) activates phosphoinositietependent protein kinade(PI13K) and protein kinase B

(Akt), which ultimately result in th phosphorylation of mMTOR and increased translation efficiency

of myofibrillar proteins. Alternatively, mTOR can also be directly activated by focal adhesion kinase

(FAK) associated with integrins. At the same time, the mTOR activation leads to thessigrpoé
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myofibrillar protein degradation through the inhibition FoxO and the ubigpriteasome system.

In particular, At/mTOR phosphorylate and remove from the nucleus FoxO transcription factors,
which cannot activate the ubiquitin ligaseamong all muscle atrophy-box (MAFbx) and muscle

RING finger 1 (MuRF1)i responsible for the labelling and the eliminating within intracellular
proteasomes of the proteins to be degraded.

On the other hand, in absence of stimulation, as well as when the raloAAM is high (sign of low
nutrient availability), the activation of adenosine monophospseific kinase (AMPK) inhibits
mTOR pathway, decreasing protein synthéSistton 2016)

During torpor, the decreasingtimnscription and translation, together with fasting, should lead to the
inhibition of myofibrillar synthesis and the enhancement of myofibrillar catabolism. And indeed, it
has been detected increased levels of AMRK et al. 2013jpnda reduced phosphorylation of Akt

and mTOR during hibernatiq€otton 2016)even though both tissuand specieslependenfVella

et al. 2020)

However, it 6s cur rorin not assocmed with & shdrp indnease of tpteip
catabolism, because of both the depressed metabolism and an active suppression of
FoxOl/ubiquitin/proteasome pathway. Indeed, despite the increased levels of ubiquitin ligases, at low
temperature the duity of the proteasome system is largely depressed. At the same time, torpor
strongly upregulates the levels of calpistatin which inhibits the activity of calpains, proteolytic
enzymes calciundependent responsible for triggering the degradation of nmitefibproteins
(Cotton 2016)

Furthermore, another important player acting on PI3K/Akt/mTOR and FoxO/ubiquitin/proteasome
pathways, thus on protein synthesis and degradation, is myostatin. This is a transformthg grow
factor (TGF) which, on one hand, prevents the phosphorylatiorkbéid thus the activation and
synthesis of mMTOR and, on the other hand, allows FoxO transcription factors entering into the
nucleus, with increased transcription of MAFbx and MuRF1. Mstayglies have demonstrated a
reduction of myostatin transcript levels during torgbliyazaki, Shimozuru, and Tsubota 2019;
AndresMateos et al. 2012)he lower was the amount of atrophy, the lower were the myostatin levels.
As a consequence of the double activity mentioned above, the decreased levels of myostatin would
simultaneously enhance nmffarillar synthesis and reduce myofibrillar degradation.

Thereby, even though the paradigm suggests that the pathway of AMPKkaradeAmutually
exclusive, the current idea is that during torpor the increased anabolism (i.e. mTOR activation,
myostatin down regulation) would coexist with the enhanced catabolism (autophaglyiguitin-
proteasome system), in order to counteract theoh @event excessive loss of muscle mass
(Miyazaki, Shimozuru, and Tsubota 2019; Xu et al. 2013)
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Finally, a switch of the muscular fibers to a slow oxidative phgreoand the improved mitochondrial
biogenesis have also been observed in the muscle of hibernating animals and could concur to their
muscle atrophy resistance. In this respect, a central role is perfoynR@G1 vhich is activated

by AMPK, in response to different stimuli such as the energy status, and by MAP kinase family
proteins €.9.p38 MAPK). Many papers have reported an upregulationBGC or ot her do\
or upstream proteins during torgdu et al. 2013; Miyazaki, Shimozuru, and Tsubota 20&8¥ides
aforementioned functions, PGCU i s i nvolved in the increase c

responses arghtirapoptotic signalingXu et al. 2013)

1.2.11.2 Bones

Because of the reduced weigigaring activity for many months, hibernators would be expected to
undergo a severe bone loss (porosity, bone demineralization, thus increased fekgfweansidering

that just two weeks of mechanical unloading of the skeleton are able to induce bone logkiietrats

al. 1990)

Intriguingly, hibernating animals are more resistant to bone loss and this goal is better achieved by
bigger hibernators. Indeed, bedidcGeelLawrence, Carey, and Donahue 20@8)d marmots
(Doherty et al. 2016; Wojda et al. 201#ve been shown to preserve bone strength across the long
hibernation period, while bats, hamsters or other small hibernators, except for mantled ground
squirrels (Utz et al. 2009and13-lined ground squirrel§Wojda et al. 2016)have demonstrated at
microscopic levels a certain amount of osteoporotic responses, even presenting macedstructu
integrity (McGeeLawrence et al. 2011)

The molecularmechanisms underlying this enhanced protection are not yet known, but the
involvement of the endocrine system, rather than the nervous system, appears relevant in coordinating
calcium metabolism and metabolic requ&rri et al. 2021)Larger hibernating animals, like bears,
reduce their boneemodeling in a percentage that reflects the reduction in the overall metabolism,
but maintain constant the balance between bone resorption and formation, in contrast to the higher
turnover and bone loss occurring in Aabernators in condition of disuse. The ende of normal

serum calcium concentratiortisroughouthibernation, during which the intake or the excrete of
calcium almost does not occur, strongly supports the idea of the reduced and balanced bone turnover,
performed through a fine endocrine regulati@oherty, Florant, and Donahue 2014; Mc&Gee
Lawrence, Carey, and Donahue 2Q0B)ore reently, studies of proteomics have raised the
possibility that the metabolism of fatty acid and in particsignalingmolecules derived from them,

endocannabinoids, may play a crucial role in bone regulation during hiberfizoioerty et al. 2016)
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1.3 CENTRAL NEURAL PATHWAYS OF TORPOR

Hibernation does not imply just lowerinige body temperature tine metabolic rate: as previously

said, starting from the molecular to the systemic side, the normal physiology of the animal is strongly
disrupted in favor of a new one which allows animals to survive to harsh conditions. Moreover
specific physiological adaptations also occur out of the hibernation season since, before its onset, the
animals have to breed, store food in their nest or increase their body fat, change fur to better blend in
or to retain heat and many otheagcordirg to the species and the phenotypughwhich the
hypometabolism appears. To achieve that, the brain of hibernators integrates many different
information, coming both from the body (such as energy balance, core temperature, circadian
rhythms, etc.) andfrom the environment (e.g., climatic conditions, resources availability,
photoperiod, possible risks etc.).

To date, it is known that torpor is centrally regulated and, despite the differences of torpor/hibernation
among mammals, it is reasonable to thimkt exists a single underlying mechanism for the reduction

of metabolic rate. The neural pathways are not yet fully uncovered; what seems certain is the
involvement & the autonomic nervous systemvhose parasympathetic branch could mediate the
onset oftorpor whereas the sympathetic branch could drive the arfldaais and Milsom 1995)

and the hypothalamusyhose role in thermoregulation, energetic balance, and neuroendocrine

secretions widely recognized.

Recently, significant steps forward to unveil the neural control of torpor entry have been inade, a

converging on preoptic area and dorsomedial hypothalamus

One important study has been publishedHryatin and colleaguefrvatin et al. 2020) These

authors, by means of genetically modified mice, have used adafiefigndent recombination

(TRAPIng) to selectively express designer receptors exclusively activatededigner drugs

(DREADDS) in neurons which expressed #aly genecFOS (namely active neurons) during the

entrance in torpor. Using this approach, they first demonstrated that the-fadtiegd torpor in

mice is modulated by neurons located in the anterior and V@oitzons of the medial and lateral

preoptic area (avMLPA) which project to tB&H, arcuate nucleus, periaqueductal grey and raphe

pallidus (areas known to regulate energy balance and thermoregulation).

Then they showed that theactivation of the TRA&dJ neurons with CNQclozapineN-oxide)was

able to induce a new torpor bout, characterized by hypothermia (avey&@§2d), a decrease in

metabolic rate and motor activity, even in mice that were not food deprived. In particular, the

activation of two ppulation of neurons expressing the vesicular glutamate transporter 2 (Vglut2) or

the Adenylate Cyclase Activating Polypeptide 1 (Adcyapl, also known as PACAP) seemed to be
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necessary and specific for the onset of torpor: their sileridoaked the decrease Ty associated

with the chemogenetic stimulation, impaired the mice fagtidgced torpor but not the normal
homeostatic Jand circadian rhythm in fed mice. Furthermore, considering that the Adcyapl neurons
receive information about decreasing ambiemperatures and that Vgluficyapl neurons may

be modulated by circulating leptinevidenced by the identification of leptin recepfiorghe authors
speculated that these neurons might be activated at the onset ofifactiogd torpor to integratbe
information about reduced energy reserves and cold exposure.

Similar conclusions have been also reachetidkahashi and coworkeffakahashi et al. 2020)ho

found that Q neurons, whose cell bodies reside in the P@Aparticular in in the MPA and the
anteroventral periventricular nucleus (A¥,Rogether termed AVPe/MPA)xnd project tethe DMH,

are required for torpor induction; indeed, the chemoactivation of these neurons was able to induce a
torporlike state in mice as well as in rats, Agibernators (more extensively discussed later in this
thesis). They also reported that many @roas expressed both Vglut2 and Adcyapl (or PACAP),
indicating an overlap witfHrvatin et al. 2020)lata.

Moreover, they noted that Q neurons can be excitatory (expressing Vglut2, 77.9%), inhibitory
(expressing the vescicul&ABA transporter Vgat, 7.2%) and even hybrid (expressing both Vglut2
and Vgat,14.9%). With this in mind, the authors speculated dbahg torpor entrance the
GABAergic Q neurons could act inhibiting DMH and RPa while the glutamatergic Q neurons could
excite another subset of DMH neurons to inhibit heat production.

The role of DMH intorpor regulation has been highlighted also by Hitrec and colledbjitesc et

al. 2019) With the purpose of identifying the neural network activated dihi@gntrance into torpor

and projecting to the Raphe Pallidus, the authors evaluated the brain expressks aftdorpor

onset in mice injected with a retrograde tracer (cholera toxin subuifly, into the RPa. As
previously said, RPa is a fundamarthermoregulatory relay station, since no central signal that has

to be transmitted to the thermoeffectors can bypass RPa; it is supposed to be inhibited at torpor
entrance to suppress heat production and enable heat loss. Compared to 3 controlagtedEn(f

warm exposed, fed and cold exposed, fed and warm exposed), in the group of torpid mice (fasted and
cold exposed) the DMH was the only region showing a significant increadeos gositive neurons
projecting to the RPa; the paraventricular nuslef the hypothalamus (PVH), whose activation in

rats inhibits the coldhduced activation of BAT(Madden and Morrison 2009also presented
significantly more CTb/d-os positive neurons in torpor compared to the otharpgceven though

not significant compared to the cold exposed control. Thus, according to the authors, the DMH
projecting to the RPa could be responsible for the inhibition of thermogenesis and the entrance into

torpor.

36



Finally, another paper showing thelevance of the POA in torpor entrance has been published by
Zhang and colleagu€Zhang et al. 2020)They described a population of estrogemsitive neurons

in the MPA whose activity is required for theallfexpression of fastinghduced torpor in micein

fact, theirchemogenetic activatiomas able to induce a depression of metabolic ratehéart rate,

brain and locomotor activitywhereas their ablation impaired fastimgluce torpor in mice.
Coherently, it is known thdemale mice are more prone to torpor compared to males, even though

males do enter in torpgHuang et al. 2021)

Hence, n summary, torpor onset seems to be modulated by POA, likely by Wtlatyapl, Q, and
estrogersensitive neurons, whose projections to DMH act on the activation or deactivation of RPa.
Many other stimuliconcerninghe deplete energy storgs.g. low levés of leptin or high levels of

NPY and ghrelin, acting on arcuate nucleus and then to PVH and DMtHgcircadian rhythms

(mainly regulated bythe SCN which projects to DMHas wel) act to modulate the neural pathways
triggering torpor, although their precise interplay has not been fully elucidated.

Lessknown are the neural pathways urgieg the induction of arousal (it derives from the ceasing

of the aforementionedircuits inducing and maintaining torpor or it results from a different one?)

and, above all, the reason why these animals periodically need to boost their metabolism and energy
consumption during the long period of hibernation. The restoration of a normal brainlqipysio
promoting sleep, synaptogenesis, and removing proteins deposits (e.g. of phosphorylated Tau protein)
as well as the repairing of the DNA damage, which perhaps accumulates during hypothermia, have

been proposed as possible triggers of arousal.

1.4 SYNTHETIC TORPOR

Humans cannot hibernate: like other Aobernating homeotherms, they undergo a strict regulation

of the body temperature such that any deviation from thermoneuiralibhere energy expenditure

to maintain body temperature is mininiahctivats responses ad hoc to restore it.

Humans, to inhabit harsh environments and survive, have developed a saeetnafogical
innovationsi such as fire, clothing, hunting equipment and practices, dwellings and methods to
preserve food and waterbut al® they have undergone positive selection of biological adaptations:
e.g. anhigher frequency of an allele variant of the gene TRPMS8 reduces the response to cold
temperatures in people who have adapted to arctic environment; or still, alterations oftidi&ypat

allow Tibetans, who live at high altitude, to be less responsive to hyfilax@o and Nielsen 2018)
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As previously said, given theide distribution of hibernators in phylogeny, the current idea is that

the ability to enter in torpor is a remnant of ancestral heterothermy, which has been preserved in some
animals and has been lost in those ones, like hayweho have figured out other strategies to survive.

I f thatés true, it is possible that every mam
the regulatory mechanisms are, for uselessness, deactivated.

In this perspective, to unravel tieentral neural pathways which trigger and regulate torpor might
enable its manipulation to induce a tortike state in norhibernating mammals, with several
benefits in the multiple fields (see below).

But the question is: can human body sustain theeme physiological modifications that the
hibernators experience during hibernation? Situations of hypometabolism in humans, associated to
decreased heart and respiratory rate, have been observed in controlled meditative sthiesthr in

hold dive, orduring sleep (in which the 32% of the waking energy expenditure can be retained). In
addition, considering that only the 10% of metabolic rate is spent for vital functions during the resting
phase, the torpor could act on the remain 9®hi et al. 2021) Moreover, longerm mild
hypothermia, 3385°C for up to 14 days, in human jeaits have been proven sgf@radford,
Schaffer, andlalk 2014) Last but not least, few extraordinary examples of humans who have
survived to severe hypothermia have been documé¢@tdi et al. 2016)

Therefore, theoretically a torpid state in humans could be feasible, by means of either
pharmacological or nepharmacological appeches involving the manipulation of the central
nervous system, given the strict regulation of homeothermy. Indeed, torpor is not just cooling the
body: hypothermia by itself would even induce an increase in metabolic rate, until resulting

detrimental foibrain and tissues.

In the light of above, the scientific community has been interested in researching method for
artificially inducing torpor: among all, those that most promisingly, inhibiting the central drive for
thermogenesis, have shown to be dffecin mimicking a state that closely resembles torpor in non
hibernators are four: i) the inhibition of neurons within the Raphe Pallidus; ii) the activation of central

adenosine Al receptors; iii) a cocktail of drugs; thig activation of the hypotlamic Q neurons.

1.4.1 INHIBITION OF THE RAPHE PALLIDUS

Raphe Palliduss located in the caudal portion of the brainstem, at the level of the rostral ventromedial
medulla (RVMM) that, besides RPa, contating raphe obscurus, the raphe magnus and the inferior
olivary nuclews. RPa is a key area for thermoregulation, moduldtiegactivity of thermogenesis

(BAT and shivering) and increasing heart rate and vasoconstriction in response to cold exposure
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(Shaun F. Morrison and Nakamura 2011)

Following the experimental demonstration that the inhibition of RPa led to massive peripheral
vasodilation(Blessing and Nalivaiko 200vhile its activation caused vasoconstrict{@erri et al.

2010), Cerri and colleagud€erri et al. 2013%ucceeded in inducing a condition of tortike state,

then called synthetic torpor (ST), by inhibiting the RPa through consecutive microinjections (1 per
hour, for 6 hours) of muscimol, a GABAagorist; the procedure was conducted in flbedhaving

rats, norhibernators mammals, kept at an ambient temperature of 15°C, under continuous darkness
and subjected to a high fat diet, all conditions knowfa¥orthe occurrence of a hypometabolic state

in hibernators. After suspending the injections, animals regained normothermia without showing any
autonomidbehavioralabnormalities in the days following that procedure.

The inhibition of RPa in a cold environmterblocking thermogenic effectors, prevented the
development of sympathetic compensatory responses, and led to: hypothermia (brain temperature
22.44 *+ 0.74°C) with a massive cutaneous vasodilatidecreased heart rate (from about 440 bpm

to 207 bpm), anodest reduction in mean arterial pressure and a drastic reduction of EEG power
(Cerri et al. 2013)

The potential efficacy of RPa inhibition for inducing a torpike state has then been consolidated

by the demonstration that during natural torpomice, the RPa was inactive, as confirmed by the
absence of immunohistochemical staining féios (Hitrec et al. 2019)as well as by the observation

of the canmonalities between natural and synthetic torpor. Indeed, like in natural torpor, during the
hypothermic phase the animals show a unique EEG, that differs from all the known sleep stages,
characterized by low amplitude and low frequencies waves; durimgwlaming phase poesbrpor,

a long bout of NREM sleep increaseddelta power has been recorded in squirrels, hamsters and
lemurs and also in rats exiting from SHurthermore, rats induced in ST have demonstrated to
undergo a similar widespread revétsi phosphorylation of Tau protein observed in natural
hibernatorg Arendt and Bullmann 2013b; Lionnet et al. 2018)th in centra(Luppi et al. 2019;

Hitrec et al. 2021and in enteric nervous systd@hiocchetti et al. 2021)

A comparison study on the liver mitochondrial respiration carried out in rats in synthetic torpor and
in mice in fastingnduce torpor has demonstrated a lower state 3 respiration rate in mioat but

rats whereas in both species was observed an increase of state 4 respiration rate and a decrease of tt
respiratory control ratio. These data suggested that, unlike natural torpid animals, liver mitochondria
of rats remained active, likely ready pooduce energy as soon as the animals ar@&gabi et al.

2022b)

Changes in quality and quantity of the intestinal microbiota, liketgetabolic adaptatiomave been

reported acrosghe torpofrarousal cycle in hibernators; similarly, only a few hours of metabolic
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suppression Sinhduced have demonstrated to affinet biodiversity of microbiotéSisa et al. 2017)
Finally, as it will further extensively discussed, both hibernafi®aird et al.2011; Lisowska et al.
2014; Musacchia, Volkert, and Barr 197dnd synthetic torpo(Tinganelli et al. 2019%eem to

provide higher resistance to radiation.

1.4.2 ACTIVATION OF CENTRAL ADENOSINE A1 RECEPTORS

Adenosine is a nucleoside with inhibitory neuromodulating cterigtics. It can act asignaling

molecule in extracellular and intracellular environments, mainly affecting excitable tissues, such as
heart and brain, and inducing vasodilation. Adenosine is the final graduthe adenosine
triphosphateand thusitpovi des a measure of the organi smb
widespread distribution within the CNS, the adenosine receptors are strongly localized in the
intermediate nucleus of the solitary tract (INTS), whose neurons are in a strategitah fios
integrate cardiovascular, gustatory, thermoregulatory, respiratory, and metabolic fufiaijomse,
Madden, and Morrison2013) That 6 s why, its involvement in

It has been demonstrated that temtral adenosine receptor actieatiwasnecessary for natural

torpor in mice(lliff and Swoap 2012)similarly, the onset of torpor in artic ground squirrels was
promoted by the intracerebroventricular injection of Al receptor agonist and reversed by
intracerebroventricular injection of an Al receptor antagonist (but not an A2 antagadimks),

Taien, and Drew 2011pr still, the lack of hypothermia following the exogenous administration of
adenosine in knockout mice for all the four types of adenosine receptors stressed their importance in
inducinghypothermia (even though, in this study, 24h of fasting were able to trigger tOffzw )&t

al. 2019)

The effects of the central adenosine Al receptor activation have also been testedibemating
mammals. Indeed, Tupone and cowork@igpone, Madden, and Morrison 2018ve successfully
demonstrated that intracerebroventricular injections ofcifohexyladenosine (CHA), a Al
receptor agonist, induced a torgikke state in freebehaving rats exposed to colda(I5 °C):
immediately after the injection, the heart rate decreased of 200 bpm, followed by a reduction of BAT
temperature and then of comartperature (to about 28°C); consequently the EEG power drastically
decreased.

Most recently, the intracerebroventricular injection of CHBgarbi et al. 2022bgnd the
intraperitonealinjet i on of -naodreonpohsa snpeh &tNe -AMB)pamdnpalectimetAg  ( 5 N
receptors agonigPuspitasari et al. 2022gd free behaving rats to mild hypothermia (about 30°C) .
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It has to be underlined that, despite the sharing of some physiological characteristics between
hypothermia adenosinaduced and the natural torpor, nyaaspects of cardiovascular and metabolic
regulation, as well adistinct patterns of gene expression, are largely diffeiéicent, Borre, and

Swoap 2017)

1.4.3 MULTI -DRUGS TO INDUCE TORPOR

Recently, a new promising pharmacologically induced teligerstate (PITS) in nohibernators,

the rats, has been proposed4akharovaand colleagueqZakharova et al. 2019)nspired by the

known data on hibernating animatsdetheir physiological changes during torpor, and thus aiming to
achieve a metabolic suppression and a CNS depression, the authors have developed a drug cocktail
made up of 8 different medicinal compounds conveyed through a lipid emulsion saturatechpf xeno
accurately selected to target different receptors and produce the desired effects. In particular, the
pharmaceutical preparation containedvgbradine which reduces the heart rate;Rifopranolol a
betablocker, which concurs in decreasing thedoldlow rate by reducing the force and increasing

the refractory period of cardiac contractions; Rgriciazine which boosts the effect of other anti
hypertensive, analgesic and sedative compounds and has hypothermic effBagpdiaajydraming

H1 histamine receptor antagonist, that is able to relax the smooth muscles, preventing the excessive
vasoconstriction at low temperature, and provides an analgesic effResenpingone of the most
importantcompound since it promotes tdegradation oftte intracellular amines in synaptic space,
which leads to a decrease of their brain levels (mostly serotonin and dopamine), resulting in a reduced
motor activity and depressive state; 8grotoninis also included in the drug cocktail, both because

of the hypotensive effect exerted by intravenous administration and because the portion of it which
cross the blood brain barrier is transformed (perhaps helped by xenon) into melatonin, a known
neuroprotective agent; viiPropylthiouracil an antithyroid compawd which counteracts the
melatonin stimulatory effect on thyroid hormones, inducing hypothyroidism and thus hypothermia;
viii) Magnesium cations non-specific inhibitor of NMDAreceptors, which play a role in plenty of
physiological processes and may trinute to lower the body temperature, given its anticonvulsant,
antiarrhythmic, vasodilatory, hypotensive and sedative effectisigajundin a fat emulsion that has

been selected both for being lipidicit absorbs lipophilic drugst increases theisolubility, it
improves their pharmacodynamics and pharmacokinétasd for the possibility talissolve and
become saturated of xenax); Xenon aninert gas with inhibitory effects on NMDA receptors of
glutamate, displays neuroprotective propertiesraddces pain.

Hence, the authors have demonstrated that a single injection of sucfcddip8sition in free

behaving rats exposéd normal ambient temperatureA22-23°C) was able to induce a significant
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and rapid decrease in heart rate, followed by a slower reduction of body temperature (from 38°C to
31°C) and oxygen consumption, proven by the fact that after the first hours from injection the blood
oxygenation returned stably to normal levels. The hygrotic/hypometabolic state, which lasted for
16-17 hours, suppressed the motor activity of the rats, determined in the open field test, but two days
after the injection normdlehaviorakesponses were restored.

In a further experimen{Zakharova et al. 2021)using multiple smaltiose injections of the
aforementioned pharmacological composition, they successfully extended the duraticomiahe

like state to 6 days, then the rats spontaneously came out, returning to normothermia. Finally, they
also tested the resistance of such pharmacological torpor to lethal hypoxia (3.5 % of oxygen content),
demonstrating that, compared to anesthettzgobthermic rats, the used pharmacological agents
were abl e to i rperhapsdss ®ecansa af hecytaprotectivie upsetjulationlbi U

Xenorrinduced.

1.4.4 ACTIVATION OF THE HYPOTHALAMIC Q NEURONS

A recent interesting work published by Takahi and colleagueflakahashi et al. 202(as
suggested a new procedure for the inductiba longlasting torpoflike state in mice, facultative
heterotherms who are able to enter in torpor if accurately stimulated, and in ralsbemmating
species, also providing new insights to understand the neural control of torpor entry.

They tookinspiration from the previous demonstration that the hypothalamic neurons expressing
pyroglutamylated RFamide peptide (QRFP), a neuropeptide exclukiecalzedin discrete regions

of the hypothalamus, were implicated in food intake, sympathetic regulatid anxietyOkamoto

et al. 2016; Takayasu et al. 2006)

Aiming to examir their function, they injected clozapihkoxide (CNO) in Qrfg®® micei namely

mice genetically modified to expresge enzyme Cre recombinasgecifically into QRFFproducing
neuronsi in order to activate the excitatory DREADDs of ttransfected targeted cells. The
chemoactivation of Q neurons (expressing QRFPJhe medial preoptic area (MPA) and the
anteroventral periventricular nucleus (AVPe, together namely AVPe/MPA), projecting to DMH,
induced mice in a lon{psting hypometabolle, char acteri zed by a reduc
temperature, rate of oxygen consumption f}/Cheart raterespiratory rate, amplitle of the
electroencephalogrgmand levels of blood glucose (likely due to the decrement of gluconeogenesis
because othe low sympathetic activity). The-Qeuroninduced hypothermia and hypometabolism
(QIH) lasted for more than 48 houiBa(20°C) while thevO. took about a week to return to normal
levels; the behavioral and histologiealalysigof brain, heart, kidneyiver and muscle) did not show

any damage to tissues after the recovery from (Jidkahashi eal. 2020) Moreover, during the
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QIH, thermoregulatory mechanisms seemed to be still active: indeed, the reduction of the ambient
temperature to 12°C led to a change of the mice posture, from an extended one, reflecting the attempt
to lose heat (alsoemnonstrated by the increase of tail surface temperatureatZl°C) to a more

conservative posture, associated with shivering and an increase.in VO

As mentioned above, Takahashi and coworkers also demonstrated the feasibility of inducing such
QIH in nonthibernators, the rats, using the same experimental setting. Indeed, the chemogenetic
activation of AVPe/MPA neurons induced a reduction of body temperature aWe respiratory

guotient for more than 24 h in seven out eight rats injected with CNO.

1.4.5 TRANSLATIONAL APPLICATION OF SYNTHETIC TORPOR

The possibility to recreate a condition of torpor in humans, reversibly shutting down the body as
required, I's extremely appealing. l ndeed, be s
advantages imany different situations.

A huge field of application is the clinical area. After all, the concept of hypothermia as therapeutic
agent is very ancient: the first treatise on medicine which recommended its usage dates back to Egypt,
about 5000 years agor also, Hippocrates, to stop themorrhagen the wounded, suggested ice
packing and snow; body cooling was advised for tetanus treatment. One could mention also Russian
doctors, who used to cover people with snow trying to resuscitate them or theabbee of Baron

de Larrey, Napol eonds chief surgeon, who note
fire died faster than those who remained hypothermic. However, it is during the 1900s that the idea
of cooling the body, even modestly,@2-35°C), was thought to be applied in clinical practice: first

as aid to treat particularly painful pathologies (Dr. Temple Fay found a reduction immaighthe
application of hypothermian the 95.7% of patients with metastatic neoplasia), than
neuroprotective purposes, following cardiac arrest, cerebral ischemia and bawaiiajitis Then,

in the early 2000s, the demonstration of better neurological outcomes and lower mortality in
hypothermic patients compared to normothermic ones after cardiac arrest led the therapeutic
hypothermia to be finally introduced in pessuscitation guidimes (Karnatovskaia, Wartenberg,

and Freeman 2014)

The therapeutic hypothermia can be used in all those situations which can benefit from the reduction
of metabolic rate, for instance following cardiac arrest, brain stroke or hyokiemic
encephalopathy. Indeed) these situatios the reduction ofblood flow, and thuof oxygen and
nutrients, leads to the unbalance between the unchanged metabolic and oxygen demand of the tissue

and their actual availability; the lack of a timely action results in a rapid antenersible necras.
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Instead the hypothermia, reducing the metabolic rate (even by alBéuf& every 1°C drop in body
temperature) and thus the cellular oxygen and glucose demanding, enlarges the window of time
before the onset of cellular damagd@goringthe clinicaltreatment. Moreover, mild hypothermia can
improve functional recovery counteracting the reperfusion injury (evoked by blood supply returning
to the ischemic tissue).

However, the full applicability of this medical approach collides to the body thermatiegulen

clinical practice, in fact, the reduction of body temperature is induced exogenously, through the use
of noninvasive methods such as ice packs, air or water cooling blankets, alcohol and-basged

sprays or more invasive ondse.g. the infision of cold physiological solution through intravascular
catheters, cold helmets for selective local cooling, extracorporeal circulation. Nevertheless, the neural
circuitry that controls thermoregulatory homeostasis is still active and fights to resstabl
normothermia, inducing sympathetic activation (thus tachycardia, vasoconstriction and increase in
blood pressure) and shivering thermogenesis; there will be an increase in glucose, protein and fat
consumption, cortisol and catecholamine levels, leatbngigher oxygen consumption. Thus, the

final outcome is the increased metabolic rate, exactly the opposite of the initial purpose, resulting in
a very stredsl condition for the organisnt hat 6 s why onl y a34fd)¢tadbehy po
safely indued in the current medical practice, although a deeper depression in body temperature and
metabolic rate would be even more beneficial; this latter could be safely achieved through the
application of synthetic torpor, in order to modulate the central regylpathways and avoid
adverse compensatory autonomic effects.

Since hypothermia has been associated to a reversible hyperphosphorylation of Tau protein, synaptic
plasticity and immunomodulation, the induction of synthetic torpor in animal models aSésse

(such as Alzheimer or autoimmune disorders) could be helpful to study their pathogenic mechanisms
and find new targets for their clinical treatment; moreover, hypothermia could contrast muscle and
bone atrophy following prolonged immobility.

Furthermore, given the increased resistance to stressful condition, the induction of hypothermia might
be helpful to increase the organ preservation after the explant (counteracting the shortage of organs
donors) as well as to protethe normal healthy $sue during radiotherapy treatments (later
extensively discussed).

Last but not |l east, astronautso hibernation ¢

related to longduration space exploratioth(s topic will be describetater in this thesis).
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1.5 TORPOR AND RADIORESISTANCE

1.5.1 RADIATION

Radiation is broadly defined as the energy emitted from a body or source that is transmitted in the
form of waves or particles through an intervening medium orespacan be distinguished into two
categories: noionizing radiation, characterized by a longer wavelength, a lower frequency and lower
energy, and ionizing radiatidifR), with a shorter wavelength and thus a high frequency and higher
energy. Hence, wimethe latteis absorbed by a matter, it has sufficient energy to directly or indirectly
eject one or more orbital electrons from an atom or molecule, producing ions.

Due to their ability to induce damage to biological systems, as well as for the naedicatiustrial

application they have been involved, the ionizing radiatase the most studied.

For convenience, it is usual to classify ionizing radiations as either electromagnetic or particulate.
The electromagnetic radiation includesoo-rays, whose difference basically reflects the ways they

are produced. In particular:

1 X-raysare generated extranuclearly, through the usage of an accelerator in which electrons
are speeded up in order to reachigh energy before being abruptly stopped in a target,
usually made of tungsten or gold, releasing energy in the foXaras

1 o-rays are generated intranuclearly, as the result of the decay of radioactive isotopes: in other
wordsi t 6 s t h ettedeby an ungtable eunleus which breaks into the nucleus of one or

more other elements in order to reach a more stable electron configuration.

Both x and o-rays can transmit for long distances, much further than others, and they have a
significant peneating power, passing more or lesssily through the human body according to the
density of the impact tissue:g.compared to soft tissues, the bonesdareseland richeiin calcium
atoms, allowing only few rays to pass through. difierential absorption in materials is responsible

for the typical appearance of the radiograph and justify thieiely-used for diagnostic diology.

(Hall and Giaccia 2012)

Among the particute radiations we can distinguikparticles b-particles neutronsheavy charged
ionsandcosmic radiation.
U-particles are positively charged particles consisting of two protons and two neutrons (essentially

the nucleus of a helium atom) naturally emitted from the decay of radionuclides, such as uranium and
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radon, or artificially produced in accelerators. Dug¢htr charge and mass,particles are stopped

by a sheet of paper or skin but in either way they can travel just few centimeters in air before losing
energy. However, they represent the major source of natural background radiation and they can cause
damag to the cells or DNA if ingested or inhaled.

Similar to Uparticles -pérticles are emitted from a radioactive de¢eglled b-decay or from
accelerators but they can be in the form of a high energy electrons or positrons (same size and mass
of an electron but with a positive charge). Being substantially smallertipanticles, they are

capable to travel further in air and to penetrate skewacentimeters but their ionizing power, and
thusthe risk of damage, is considerably low@tassis 2008)

Neutron radiation conssbf free particles having similar mass to that of protons but no electrical
charge, emitted as the result of a spontaneous or induced nuclear fission. They can travel even
hundreds of meters in air before being blocked by a hydrogematerial, like wadr. Neutrons are

the only type of radiation capable of turning other materials radioactive through an indirectly ionizing.

In fact, impacting to the matter without a charge, they cannot produce ions but they are absorbed into
stable atoms making them urgt&

Heavy charged ions are nuclei of elements, such as carbon, neon or argon, positively charged because
some electrons have been stripped from them. These particles create ionization immediately and
continuously as they penetrate matter.

Cosmic radiations made up byery energetic particlgsnostly protonsgmanating from the surface

of the surduring coronal mass ejections and solar fléites secalledsolar particle events,SPESs)or
originating from outside the solar systétme secalled galactic cosmic radiations, GCRhese latter
represent the most significant hazard for humans in sphegntensityof cosmic radiation arriving

at t he h evarieddépendiaguon dltitudeaand latitude and it represents a large portion of the
background radiatioh Ha | | and Giaccia 2g6i2pcfiRadk2atRdn a
The discovery of radiatiatogether with the ability to use them, has been a step forward for human
devel opment . Just consider how innovative it
using a photo. To date, they have messing for security devices, household products, electricity
generators or in general for scientific, medical and commercial applications.

We are continuously exposed to radiation, even thbwghan activities concur for less than 20% of

t he p u hatian expasure: @richordial radionuclides, such as Potasg4lumr Uranium238,
naturally exist in the rocks of the Earthos ¢
decay of uraniun238, is responsible for approximately half of the natuadiation to which the

humans argearlyexposed i Radi ati on and He alQomzileE etfale2019s 0 2 |

However, till some years ago, we were unawarertdwditition exposure could cause such biological
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effects and there werenét protective devices,
Unfortunately, the history is full of this kind of examples: unexpected induction of primary cancers

in radiology technicians or uranium miners; mental retardation or other pathologies for prenatally
exposed individuals; till the example of Marie Curie, whose radiation exposure is documented by her

books, still radioactive even todé$chillaci 1995)

In the lastcentury, the study of radiation and its health impact has been largely implemented.
Radiation effects are usually classified into two categories: deterministic and stochastic.

The effect is deterministic when thereaigausal relationship between radiatiand certain side

effects. It has a defined threshold dose, above which the radiation leads to cell damage or death, and
the severity of the effect is dose related. Examples of deterministic effects are cataracts, hair loss,
sterility, fetal abnormalitieand many others.

In contrast, the stochastic effects are probabilistic events caused by slight molecular or cellular
changes; there is no threshold and typically they take many years after radiation exposure before
showing up. Carcinogenesis is an examgl that: radiation exposure can enhance the probability of
devel oping cancer (and, the higher i's the do
everyone and its severitjoes notorrelate with the initial radiation do¢8chillaci1995; Hall and

Giaccia 2012; Silver, Greene, and Latowsky 2003)

However, regardless of its exterior tangibility, the cellular and molecular modifications evoked by
the exposure to radiations are meaningful. The most severe lesiordulied are thoseho affects

DNA and lead to the development of Double Strand Breaks (DSBs). As soon as the ionizing radiation
impacts the skin, its particles collide with the molecules and the atoms of the body, transferring them
energy. The resulting ions production dhd breakage of chemical bounds lead to a direct or indirect
damage. In the former case, the DSBs originate from the radiation direct ionizing action on the double
filament of DNA, resulting in their failure. The genotoxic insult can cause also otherafyP&sA

damage, like Single Strand Breaks (SEBDNAIDNA crosslinks, base damage, etc., but less
frequently after radiation exposu@n the other handhewater is the most abundant molecule in

the cells; consequently, the particlesaxdiation can shortly induce excitation and ionization of water
molecules, releasing free radicals, such as hydrogen perox{d2, Hydroxyl radical OHand
superoxide anion £ The increase of reactive oxygen species (ROS) is capable of indirectly
damagng DNA as well as of inducing oxidative stress.

While for the high LET (linear energy transfer) radiation, such as heavy carbon ions and protons, the

DNA damage is mainly direct, for low LET radiation, such as »-oays the direct effect is
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responsibldor the 3040% of DNA lesions; the remaining 6®% is attributed to indirect effects
(Pouget, Georgakilas, and Ravanat 2018)

Regardless of the etiology of the damage and its responsible mechanism, the DNA damage follow
common schemedmmediately after the genotoxic insult, the cell activates a complex defense
signaling network, the DNA damage response (DDR), made by sensors of DNA damage and effectors
of damage response, which ultimately will determine the outcome of the cell. bufzartihe sensors
recognize the damages and transmit signals to transduseich as ATM, ATR and DNAK i

which relay the information to the three main downstream effector pathways: DNA repair, damage
checkpoints and programmed cell dedtfara et al. 2015)According to the DNAesion type there

will be distinct DNArepair mechanisms. StudiesingATM -knockoutcell lineshavedemonstrated

that the repair network induced in response to IR is mostly Alependen{RashiElkeles et al.

2006; Elkon et al. 2005ATM belongs to a conserved family of PI3ike protein kinases (PIKKSs)

and ités one of the primary transducers to b
severakubstrates, like the weknown tumor suppressor protein p53 and its natural inhibitors MDM2

and MDMX. This coordinated process results in stabilizing p53 who decides the cell fate regulating
the gene expression involved in the control of both@atle chek points and cell death. Indeed, to

allow time for repairing the increased DNA damage, p53 blocks the cell cycle progression from G1
to S phase through the activation of P21/WAF1. However, if the cell fails in repairing the lesions,
p53 avoids their tramsission to further cell generations activating caspases and apoptosis through
Puma, Noxa and &k (Lara et al. 2015; Lavin and Kozlov 2007; Q. Cheng anenCt010)

Among the earliest response to DSBsitduced,i t 6 s wor t h me rdepermeni n g
phosphorylation of the histone H2AX at18% r i n e, wHR2AX Within @ positise feedback
mechani sm, S e v eH2AX, togetbdr with tudreds of other ppoteins necessary of
repairing, are recruited to the sit edRAXdoci, da ma
easily visualizedhrough immunohistochemistry-H2AX foci have been shown to be detectable
within the first minués after IR, reaching the maximum induction at 30 and 60 min after IR; as the
damage is repaired, PP2A an d-H2AKX, cariging thehresslytidna t a s
ofthefociin58 hour s post I R, accor diSQvalova, Bolovjiavagantl i s s |
Tomilin 2010; Firsanov et al. 2012; Kuo and Yang 2008)

Even though the earlier DNA repair responses depend ortrpastational protein modifications

(e.g. phosphorylations ATNhduced), multiple studies have demonstrated a huge transcriptional
remodulation following exposure to IR. For instarRBA-seganal/sis of a model system mimicking
human skin, performed 8 hours after the exposure to 10 &yrays has shown a downregulation

of cell-cycle proteins and upregulation of DNA damage repair, apoptotic and inflammatory proteins.
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Lowering xray dose till 2 , the number and the fold change values of the identified transcripts
decrease but in most cases the trends remain cons{i#onh et al. 2016)

Same results from S. Radhikelesa et al., who ka carried out a largscale expression analysis at

3 and 6h after the exposure t&y of radiation in different cell lines, showing a common core of
induced and repressed genes, although certain substantial differences among linesndineetR

core catained genes referable to p53 signaling path@dinla(cell cycle regulation)pdb2 Rev3l

and XPC (DNA repair) oFasand DRAM (apoptosis); the represseate referred to G2/M map.
Moreover, a metanalysis of their dataset and other published oakded to human cells, has
reaffirmed the following pattern: a set of common induced genes related to apoptosis, cell cycle
regulation, stress responses and metabolic processes; and a set repressed common genes attributed
mitosis. The comparison of vaus dataset originating from different species and cell lines has also
highlighted how this analysis could be susceptible to differences in genetic backgrounds, emphasizing
the need in a more accuganterpretation of the resuliRashiElkeles et al. 2011) ast but not least,
alternative transcription of genes related to DNA repair or other pathways involved in thesesspo

to IR has been identifie@Forrester et al. 2012; Sprung et al. 2011)

Over the year, the study of the radiatioduced damage has especially focused on DNA, considered
the principal responsible for the lesions pis&tHowever, the proper functioning of the cell depends

on the equilibrium of all its parts, who can simijabe damaged by exogenous insults. The cell
membranes or the cytoplagnthus ultimately the lipids and proteinsare also important radiation
targets, above all due to ROS activi§oncerninglipids, the exposure to ionizing radiations may
impair polywnsaturated fatty acids, inducing a cis/trans isomerization o generating radicals through
the secalled peroxidation reactions; or it may affect also the sphingolipid metabolism. Consequently,
membrane fluidity and permeability, the maintenance of ion gnésliand transmembrane processes

and the activity of membrarassociated proteins can be compromi§atthe other hand perating

on the amino acids of proteins, ROS induce the productidhcafbonyl radicals and, with a chain
reaction mechanism, theafymentation of the protein backborffouget, Georgakilas, and Ravanat
2018).

|l td6s worthy of note that such radiation damag
exposure to moderate/high doses of radiations, thus above 0,1 Gy according to UNSCEAR

Many experimental studies of species ranging from bacteria to human argued that mild stress, just

like low doses of IR, might be beneficial for health, even if larger dosdsaanmgful. These results

1 TheUNSCEAR (United Nations Scientific Committee on the Effects of Atomic Radijtion
classifies low doses radiation below 100 mGy, moderate doses between 0.1 and 1 Gy and high
doses above 1Gy.
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perfectly describe the phenomenon of tleemesis wherdy a physical or chemical agent has one
effect at high doses and the reverse effect at low doses. This beneficial adaptive response, exploited
in clinical practice, involves several pathways, such as the promotion of DNA damage repair,
autophagy, andinflammatory and antioxidant responses, neurogemesnormal cell proliferation

(Berry and LopedMartinez 2020; Guéguen, Bontemps, and Ebrahimian 2019; Cuttler.2020)

In light of theabove, the health impact of radiation exposure will depend on the type of radiation and
its energy, on the radiation dose and the time exposure, but also on thsusaiptibility of that
particular tissue which, ultimately, dependsaplethora of biological properties of the cells (for
instance their scavenging capacity, chromatin conformational status, the cell cycle state or their
differentiation grade). Hence, the gonads, the intestine or the bone marrow will radnasensitre

compared to spleen, muscles or CNS.

1.5.2 TORPOR AND RADIORESISTANCE: STATE OF THE ART

The association between hibernation and radioresistance is not recent: since the last century, many
pioneering studies have come and gone and, despite some capfiitBrpretations, a reduced
sensibility to radiation damage induced by hypothermia has been clearly highlighted, both in vitro
and in vivq using different hibernating and ndiibernating models.

Already in 1950s it was known that the reduction of theatvatsm, and thus the body temperature,
influenced the rate of development of toxic effeiciduced byradiationexposure e.g. a higher
survival had been achieved irradiating frogs at low environmental temperatures, as well as chick
embryos and amphibiaggs. But also in mammals, increasing the metabolic rate through the thyroid
stimulation had been resulted in a higher mortality in mice following irradiation, even if the opposite
effect did not occur by using antithyroid substan@sith and Grenan 1951)

With that in mind, researchers began to test the resistance of different kind of hibernatorsdaowards
wide range of radiation doses, experiencing that hibernators, irradiated during the hypothermic phase,
exhibited a resistance to higher doses of radiation and a prolonged survival time. For instance, the
marmots irradiated during hibernation survived46-45 days after 650 r of-rays compared with

a survival time of only 127 days for the nehibernators given 550(6mith and Grenan 19519r

in another study, using doses of 800 r, 1000 r and 120B+rays northibernating ground squirrels
exhibited 100% mortality within 30 days after irradiation while those kept hibernating during and
after thesame radiation doses showed no mortality within 30 daysull and DuBois 1953)

However, both studies agreed that the prolonged surviwal dbserved in the hibernatingadiated
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animals did not alter their ultimate mortality: in fact, in the latter study, the hibernating ground
squirrelsdied within 10 daysfter theirreturnto room temperatureeither at 2 or at 4 weeks after
irradiation like thenon-hibernatinganimals (thus the damage was just postponed after the arousal)
(Doull and DuBois 1953)Same results for mi¢®&iraz and Praslicka 196/ijn which the hypothermia
increased the mean survival time and slowed down destructive changes in the blood, splee@ and bo
marrow, but after the arousal Heechangesleveloped even more intensetycompared to non
hypothermic animalsA mild increase of radioresistance was also observed in mice artificially
induced in hypothermia using neuroplegic drugs and a cold enwanain(freezer;10°C) (Kuskin,

Wang, and Rugh 1959)

Instead, aggat contribution in demonstrating the association between hibernation and radioprotection
was given by Musacchia and Barr, who published several consecutive studies on ground squirrels
(Barr and Musacchia 1967; Musacchia and Barr 1968; Barr and Musacchia 1969, 1972; Musacchia,
Volkert, and Barr 19%) and hamster@Musacchia, Volkert, and Barr 1971)singX-raysor Cobalt

600 phot ons . dctive gnoone sqairfrels displayed 100% mortality when irradiated with
1200 r of ®°Co rays, percentage that the hibernating animals reached only at §B&é rand
Musacchia 1967)showing a longer mean survival time. Moreover, it was also noted that the
beneficial effect operated throughout the three major systems associated with radiation {ethality
ematopoietic, gastrointestinal, and central nervosgesyi , indicating the existence of protective
mechani sms at wor k i n a(MusadchiaeandBarbl®a8)n at i ng ani
However, it has to be considered that variance of results in experimental radiobiology can be related
to many featuresindeed, thetype and energy of radiatiothe geometry of the exposure tre
radiation facilities, together with the species and the strain of the animal, the period of hibernation
before and after the irradiatiopnhe depth of hibernation during the irradiatiaa well as the
environmental temperatymmay be responsiber a significant differencén the observedesponse

(Barr and Musacchia 1967) That 6s why researchers start tes
many parameters, such as changing the ambien
temperature during the irradiatigBarr and Musacchia 1969n this regard, it was suggested that
either after a single or a double exposure to radiation, the time spent in hibernation after irradiation
was the major factor in survival: the highest survival was achieved irradiating the ground squirrels
during hibernation and then moving the animal 8Q after 20 hours spent hibernating at 5°C
(Jaroslow et al. 1969)he positive relationship between posadiation hibernation and survival

was also shown by others, despite no differences in response caused by distimcadi@isbn

environmental temperatur@arr and Musacchia 19727 metaanalysis summarizing some of the
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data shown about radioprotection and hilaéon in ground squirrels was subsequently given by
Cerri and coworkerfCerri et al. 2016)Pooling several data, it clearly emerged, despite a significant
spread in results, an increased survival of squirrels irradiated during hibernation, with a high
protective factorratio of LD values in hibernation/hypothermia and normal conditions) around
1.4. Same result occurred pooling data of hypothermic ratsHrnobb er nat or s) t aken
al. (2006) and Benvenuto and Lewis (1960).

Until then, many reasons were suggested by the authors of these papers to explain the data shown:
reduced mitotic activity, some level of tissue hypoxia, higher chemical protectants (catecholamine)
or an increased intracellular repair given by a delayedloéc activity(Musacchia and Barr 1968;
Jaroslow et al. 1969 he role of hypxia and cell cycle phase was stressed as potentially involved

in radioprotection also in other papers. For instanceyehsstencef hypoxia soon after the return

to normothermia could explain why the ileal crgpe | | s 6 of graundsquirela iradiated during

the hibernation was almost as high as the one of animals irradiated 1 h after initiation of arousal (crypt
survival returned to the level of irradiated Aeibernating controls in animals irradiatedd & after
initiation of arousal); thel@anges in the mitotic index as well as the altered progression through the
cell cyclei the crypt cells accumulate in G1 during hibernaiianay also played a rol@aroslow

et al. 1976)

More recently, several in vitro studies focused on investigating the mechanisms of such
radioprotection, paymparticular attention to the cellular DNA damage repairing systems, rather than
cell cycle perturbatioL. Cheng et al. 2015; Lisowska et al. 201#)has been reported that
hypothermia increases cellular resistance to IR reducing the D®Bsn though the Hhduced

DNA damage in not preventd®oull and DuBois 1953j, it improves cell survival after IR and
cytotoxic druggEImroth et al. 2000andit protects cells from apoptogiSakurai et al. 2005Fukuda

and colleaguegFukuda et al. 2005)emonstrated that a mild hypothermia (32°C), induced for 4
hours after exposure to 8 Gy Xfrays could ameliorate the cell injury to the developing brain by
reducing caspaeg activation and p58uclear translocatio(Fukuda et al. 2005)Moreover, Baird

and colleagues identified pronounced radioprotective effect bnman BhTERT cellssurvival

when they were cooled down to 13°C durargl 12 h after the irradiation; mild hypothermia at 20°C

and 30°C also resulted in some degree of radioprotection. Nevertheless, a suppressed DNA repair
response was measured in hypothermic conditiwhiie accelerating upon return to 37°C. They also
reported that lymphocytes irradiated at 37 °C showed a rapid increase and decrease in the intensity
o f-H2AX foci while at 13°C their intensity did not disappear with time. Considering the increased

survival at 13°C, these results seem to suggest that stepéir of double strand breaks, due to
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hypothermia, might have beneficial impact on the survival of théRaitd et al. 2011)This insight,
together with the restored DNA accessibilitglahe improvement of repair processes obtained when
the animals return to normotherniias previously described by the squirrels with a higher survival
rate arousing from hibernation one day after irradiaiorrould play an important role as
radioprotedon mechanism. In contrast to what shown by Baird and colleagues, another study
described a reduced transformation of DNA damage to chromosomal aberrations in human peripheral
blood lymphocytes during the first hours after the exposure to radiation &; @@hpared to those

at 37°C, suggesting a promotion of DNA repair at low temperafuisswska et al. 2018)

I t 6s wor t that thehypotheommoelated protective effect, measured in vitro at the level of
micronuclei IRinduced was detected regiless of whether cells were cooled before, during or soon
after the radiatioifLisowska et al. 2014)hese data have brealso confirmed in vivo by Ghosh and
colleagues, who reported how 6 hours of hypometabolism/hypothermia, triggered by adenosine
monophosphate (AMP), induced3lhours posirradiation rescued mice from radiatiomduced
lethality, perhaps mitigating the xiolative DNA damage and augmenting the survival of
Hematopoietic stem and progenitor cetlsafiks to a shift towards antiffammatory environment)
(Ghosh et al. 2017)

Most recently, two interestingapers about hypothermia and higher radiation resistance have been
published. In the first one, the authors irradiated hypothermit nadisiced in a condition of synthetic
torpor by means of amtraperitoneal nj ect i on erfonoghdsphate mahoy & r BxNje (&
AMP) 1 with high energy heavy ions and then maintained the animals in a cold room (16°C) for six
hours. As result of this procedure, they obtained an increased survival: 100% ofrgetitesl rats

have died within 8 daysvhile among the hygbermic rats the 92% have died within 11 days and the
8% survived over 30 days. The histological analysis demonstrated less inflammation in the brain, a
preserved tissue organizationthe liver(with less vacuolization and apoptotic hepatocytes) as well

as less damage in the lung. Moreover, in vitro analysis on retinal pigment epithelial cells displayed a
delay in DNA repair and a suppression of the radiatiolniced mitotic catastrophe compared to
control cells(Puspitasari et al. 2021About the second paper, the authors have characterized the
genomic signatures of radioprotection hypotherimduced using the zebrafish as model anitedl,

into a torporlike state by means of melatonin treatment and a reduced temperature. They
demonstrated that torpor attenuated the stress response induced by the low dose radiation (0.3 Gy),
increasing presurvival signals and reducing oxidative stress (as a consequence of the detection and
removal of misfolded proteins and hypox{@ghill et al. 2021)Finally, our research group recently
collaborated in a studyfinganelli et al. 2019)in which some encouraging data showing the lack of

histological damages pestadiation in the liver and testicle (Hily radiosensitive organsjf rats
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exposed to 3 Gy ofk-raysduring synthetic torpocompared to animals irradiated in normothermic
conditions were presented, suggesting a radioprotective effect of synthetic torpor. In addition, the
observation of some dowmregulation of ATM and several other genes involved in the Didkage
signaling in synthetic torpid irradiated animals led to the hypothesis that a specific response of DNA

repair mechanism could play a role in this phenomenon.

1.5.3 TRANSLATIONAL APPLICATIONS OF A RADIOPROTECTIVE
TORPOR

If the phenomenon of radioprotection described in hibernating animals was confirmed also in the
synthetic torpid animals, its potential translational application would be even more attractive. Two
fields in which the enhanced radioprotection could reptegsemeaningful breakthrough are the

radiotherapy and thHeng-distance space exploration.

1.5.3.1 RADIOTHERAPY

Radiotherapy, a technique typically used in the treatment of cancer, exploits high energy ionizing
radiation to selectively induce lethal damagexta nc e r cel |l s. |l tds empl o
oncologic patients to treat many kind of cancers, either alone or often in combination with
chemotherapy to shrink the tumor before the surgical excision.

Since the discovery ofX-rays by Rontgen in 1895, théeld of radiotherapy has undergone a
tremendous development. Nowadays, in the clinical practice several kinds of radiotherapy
according to the needs of the tunmioare used, which differ for the position and the type of the
accelerator serving as a ratibbn source, how and to what extent the radiation beam can be shaped to
fit the profile of the tumor or also the type and the intensity of radiation. Indeed, recently the widely
usedX-rayshave been accompanied by heavier ions (mostly protons and spanairadionuclides,

whose favorable curve of energy release allows the using of higher doses to the target, decreasing the
amount of radiation deposited into the healthy tissue surrounding the(@uatter 2020; Allen, Her,

and Jaffray 2017; Abshire and Lang 2Q018)

Notwithstanding these excellent technological improvements, radiotherapy does not always have the
expected effectiveness, not only because of distant metastatic spread, but also because of local
treatment site failure. The lack of responsiveness of neaplasionizing radiation can be influenced

by several aspects: tumor location or size, the hypoxic areas of its heterogeneous microenvironment,
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tumor differential tissuspecific gene expression as well as tumor survival strategies (stimulation of
proliferation, evasion of cell death, et@Pawlik and Keyomarsi 2004)

This radioresistance cannot beiBasvercome just using higher doses of radiation because of the
toxicity to the nor mal t i s sthecellsdomstarithacorimunicate 6 s
among them. Thereby, even though the healthy tissue has not been hit by the rbdatiphe
transmission of damaging signals to neighboring cells not directly irradiated might induce a response
similar to that of directly irradiated cells: cell cycle delay, cell death, mutations, malignant
transformation or a delayed genomic instabilitwhich arises de novo in the offspring cells several
generations after irradiation. For instance, it has been reported an increased risk for second primary
rectal cancer in patienwgho received radiotherapy to the pelvic region, in particular for geoatad
cervical cancefRombouts et al. 2018; Rodriguez, Kuo, and Goodwin 2004} is the secalled
bystandereffeg@ nd it 6s medi ated by gap junctions (if
including cytokines,reactive oxygen and nitrogen species, lipid peroxides or also exosomes
containing mMRNA, microRNA and DNAPouget, Georgakilas, and Ravanat 2018; Baskar et al.
2014) The higher is the dose, the higher are the-sftiets.

On the contrary, it might be possible that the radiation induces long and systemic effects able to drive
the regression of neimradiated tumor lesiorisprobably mediated by the immunessgm. That goes

under the namabscopal effedfDaguenet et al. 2020)

With that in mind, radiotherapy could be improved through its combination with torpor: exploiting
the enhanced radiation resistance tofipduced, it could be possible to use higher doses of radiation,
resulting in a greater effectiveness of the treatment as well as a protection of the normal tissue,
especially the one surrounding the turiiat has been hypothesized, and in part demonstrated, a
significant radioprotective effect cooling down the rectall waring prostate stereotactic body

radiation therapy effe¢Hrycushko et al. 2017) or the most radiosensitive ones.

1.5.3.2 SPACE TRAVELS

A natural desire for knowledge has always prompted humans beyond their ownspdnder
obviously what concerns the Universe is source of seduction.

Thanks to the huge technological improvements, space explorations are increasing frequency: there
are plans for reaching Marhe satellites of Jupiter and Saturn, and even to build a permanent base
on the Moon; even ordinary men have been experiencing space travels, though just for a tour around
the Earth.

However longterm missions are still challenging, both because offteetef a reduced gravity and

because of the exposure to cosmic radiation. Indeed, microgravity causes many physiological
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changes, such as bone and muscle loss, impaired cardiovascular and renal functions, a change in bod\
fluid distribution t hat 6 astwhgnaut s h a vieandathudi\psiori dleficits,faa ¢ e 0
compromised immune system as well as chromosomal aberration of the cells. Although microgravity
effect can be partially mitigateéid maintaining muscle tone and avoiding bone weakening through
daily workouts of several houiisthe DNA damage due to the exposure to galactic cosmic radiation,
essentially protons and highly charged heavy ions, cannot be prevented and thus represents the majol
hazard and limit for human interplanetary exploration (vhosnsequences are exposed above). In

fact, the shielding currently used is not able to completely stop the cosmic heavy ion particles
Scientists are working on ofitheppacecrafis g fighhand Apas
extremely hydrogenated aterialsarepreferablg¢ as well aoncreatinggn fiacti ve shi el d
by covering the spacecraft with giant magnets to produce an artificial protective magnetosphere and
deflect the cosmic ray$ultiple limitationsarerelated tomaterials, cost andthe huge weight the
spaceship would have.

Finally, astronautsodo confinement I n a narrow
psychological consequences (depression, anxiety, interpersonal conflict); long space travel
simulations conducted dgarth have shown that two of five people of the crew develop psychotic

episodegGemignani, Gheysens, and Summerer 2015; Szocik et al. 2021; Puspitasari et al. 2021)

Against this backdrop, synthetic torpor could be considered a promising strategy for astronauts,
allowing the resolution of those problemghich currently make the interplanetary missions
unachievable. I ndeed, spendindckemostt adfe,t tha bteir
would reduce the spaceshipds total energy cor
waste prodation), saving the boring and long travelling time as well as avoiding the gsgotal

issues mentioned abo{€erri et al. 2016)Moreover, hibernation woulthake the astronauts able to
regulate the cardiovascular, immune and central nervous system, to preserve muscles and bones
during prolonged inactivity, counterbalancing the metabolic changes induced during and after space
exploration. Finally, enhancingeahbody resistance towards radiation, hibernated astronauts would

escape from the lethality of radiation, travelling faster on a not hefaieyding spacecratft.
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2. AIMS
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This thesis is centered on the synthairpor, a reversible hypometabehgypothermic state induced

in rats, norhibernators, by the centrpharmacologicainhibition of the RPa, a key brainstem area

for thermogenic responses. Previous works have described some physiological systemic

modificaions occurring during synthetic torpor, e.g. the ceasing of behavioral activity, the decrease

of brain and body temperature, the depression of EEG actigitg the reversible

hyperphosphorylation of Tau proteim the central nervous systei@erri et al. 2013; Hitrec et al.

2021) By pursung this line of research, this thesis aimed at:

providing a multiorgan description of the functional cellular adaptations to synthetic

torpor . Since therats are homeothermic animals conceived to maintain a constant body
temperature, the induction of hythermia leads to a disruption of the normal cellular and
systemic physiology. The molecular adaptations to synthetic torpor as well as the resulting
cell phenotype have been assessed by transcriptional and histological analysis in multiple
organs. The evehce that synthetic torpor is feasible, reliable and well tolerated by non
hibernators will lead to many intriguing translational applicatidos,instancein the

clinical practice oin space exploration.

exploring the possibility of enhanced radioresitance induced by synthetic torpor

and studying the underpinning molecular mechanisms.Many evidence have
demonstrated that hibernators and facultative heterotherms are able to survive higher
doses of radiation during torpor compared to the euthermic gBaseand Musacchia

1969; Ghosh et al. 2017¢ven though the underlyimpechanisms are yet unknown.
Furthermore, in a recent study, the lack of histological damagesrahation in the

liver and testicle (highly radiosensitive organs) of rats exposed to 3 By afsduring
synthetic torpor compared to animals irradiatechormothermic conditions has been
shown, suggesting a radioprotective effect of synthetic tdifinganelli et al. 2019)In
addition, the concomitant observation of some doggulation of ATM and several other
genes involved in the DNA damage signaling in synthefjoid irradiated animals led to

the hypothesis that a specific response of DNA repair mechanism could play a role in this
phenomenon. These observations have led us to carry out a more complex study aimed at
better characterizing the deep mechanism o sypparent radioprotection, by evaluating

the early hypothermianduced responses towards radiation not only at the level of tissue
damage, but also of DNA damage anBNA expressionin this perspective, the proof

of an increased radioresistanceyntletic torpor and a better clarification of the possible
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underlying mechanisms woulde translationally useful for the development of new

approaches of radiotherapy or for the feasibility of kergn space exploration.
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3. MATERIALS AND
METHODS
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3.1 GENERALITY

All the experiments were performed in accordance with the DL 26/2014 and the European Union
Directive 2010/63/EU, under the supervision of the Central Veterinary Service of the University of
Bologna, under the approval of the National Health Authorityréesc779/201-PR; 112/201&R,;

262/2026PR). All possible efforts were made to minimize the number of animals used and their pain

and distress.

3.1.1 ANIMALS

Experiments were performed on 16 male Spregawley rats (Charles River), weighting
approximately250i 300 g.After their arrival, animals were hosted for one week under standard
laboratory conditions: lightlark cycle (LD cycle) 12h:12h (L 9:@®1:00) with ad libitum access to

food (4RF21 diet, Mucedola, Settimo Milanese, Italy) and water, at an andmeperature of 24 +

1°C. During the adaptation period, animals were housed in couple in plexiglass cages (Techniplast)

containing dusfree wood shavings; the bedding was changed every two days.

3.1.2 PREOPERATIVE PROCEDURES

The preoperative procedures involvéte setup of two fundamental parts: the microinjection
apparatus, used for the brain injection of drugs during surgical and experimental procedures, and the
temperature sensor, which had to be reliable and precise, measuring this crucial physiological
parmmeter.

The microinjection apparatus has been developed in our laboratory and was made up of a 1 meter
Teflon tube, with a constant diameter along its len@fH0(2mm, FEPTubing 4001005 10X1m
Microbiotech / se AB, Stockholm, Sweden), connected, througwau watertight connectors, on

one side to the internal cannula (fitted to implanted guide cannula) and on the other side to a Hamilton
5 €l syringe (Hamilton Company, Bonaduz, Swit.
was filled of mineal oil and it was placed on an infusion pump (infusion rate 0,3 ul/min, Harvard
Apparatus) positioned outside the registration box to not disturb the animals at each injection.

Prior to use, the Teflon tube was filled with the drug which had to be injected (muscimol or aCSF)
and a dye, properly separated by mineral oil to create a hydrophobic interphase between them.
Regulating the pump speed according to the diameter of thehabihe syringe, it was possible to

inject a known amount of drug by monitoring the movement of the hydrophobic interphase.

To monitor the hypothalamic temperatureyjTduring theadaptation and the experimental period

63



thermistors (NTC Thermometrix) of 0.3 mm diametewhose electrical resistance changes in
response to changes of temperaturgere used. The thermistors were inserted into a 21G needle
welded to a in connector and then insulated with electrode reBiefore their surgical
implantation, thermistors were calibrated to evaluate their sensibility and linearity; to achieve that,
the tip of the thermistor was introduced in a heated bath set at 37°C, measured with a mercury
thermometer (scale 34 2@2 °C),and was connected to the same amplifier in direct current that will

be used during the experiment. The impedance was then measured at three different temperatures
(37.0, 38.0, 39.0°C) and the three values were interpolated.

3.1.3 SURGERY

Animals underwent surgg after one week of adaptation to standard laboratory conditions. The day
of surgery, they were the pemesthetized with Diazepam (Valium Roche, 5 mg/Kg intramuscular)
and, after sedation was obtained, they underwent a general anesthesia with anongapiejection

of Ketavet (Ketamine HCI, ParkeDavis, 100 mg/Kg). After confirming the surgical plane of
anesthesia by the absence of blink anepioeh reflexes, the trichotomy of the dorsal part of the head
was carried out using a small animal strav

Then each animal was positioned on a stereotaxic apparatus (David Kopf Instruments) to firmly block
the head with the aid of a transverse support bar for the jaw (muzzle blocking bar, 4 mm) and two ear
bars inserted gently in the external auditory meafhe exposed skin was disinfected with iodine
solution to avoid bacterial contamination of the surgical field and the scalp was incised in the midline
from the frontal bone to the nuchal muscles with a surgical sterile blade. The periosteum was
removedand the cranium surface was cleaned, making the cranial sutures clearly visible. The proper
positioning of the head was further checked and eventually corrected in order to keep the bregma and
lambda on the same horizontal plane.

Using a 0.5 mm drill tipfour craniotomies were made two on the left and right frontal bones (in
anterelateral position), and two on the left and right parietal bones (in pestieral position) in

order to implant four stainless steel screws, previously disinfected in al¢o%@l to ensure the
inserted probes in place. Then a microinjection guide cannula (CSPSS Plastics One; external
gauge of the guide cannula: 0.46 mm; extension of the internal cannula from the pedestal: +3.5 mm;
external caliber of the internal cannuta20 mm) was stereotactically implanted at Raphe Pallidus
coordinates-@.0mm posterior to lambda , 0.0mm lateral to the midline-&tmm ventral to the
dura mater dorsally corresponding to the RP;:
Coordinae s(Paxinos and Watson 200Anather hole was made close to bregma and above the

right anterior hypothalamus7mm ventral to the dura mater) to insert the calibrated thermistor and
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record deep brain temperatfag. 4).

Since the inhibition of Raphe Pallidus neurons causes massivdilatiea (Blessing and Nalivaiko

2001) the right positioning of the guide cannula into the RPa was asgbssegh a intraoperative
microinjection of the selectiv& ABAA agonist muscimol (100 nl, 1mM) dissolved in artificial
cerebrospinal fluiddCSF); the cutaneous temperature was monitored through a temperature probe
positioned at 1/3 of the of the tail length on the skin surface. The functional test was assumed correct
if consistent increase in tail surface temperature was observed within fesnfinom muscimol
injection. If the test failed, the cannula was extracted anddttsaventral and laterclateral
coordinates were adjusted. O relevays dachieged within thes | a 6
second attempt was determined, it was fixadith dental resin ResPal, Salmoiraghi Produzione
Dentarig, covering the whole surgical field and incorporating the thermistor, the RPa cannula and
the screws.

Finally, rats were administered intramuscularly with wapeectrum antibiotics(benzathine
benzylpenicillin, 12.500.000 U.l., dihydrostreptomycin sulphate 5 g/100 mRubrocillina
Veterinaria, Intervet, 1 mL/kg), analgesics (Carproféimadyl, Pfizer, 5 mg/kg) and rehydrated
subcutaneouslywith 5 mL of saline.Animals were constantly monitoredntil regaining of
consciousness and then | eft to recover for 1
pain, distress or suffering symptoms were constantly evaluated using the Humane End Point (HEP)
criteria and if they displayed some degof suffering symptoms were administered, as needed, with

5mg/kg of Rimadyl (Carprofen 5mg/ml, Pfizer).

3.1.4 EXPERIMENTAL SET -UP

After the recovery period, rats were moved to new cages and adapted for 48 hours to the new
experimental conditions: ambient tparature moderately below thermoneutrad13°C), constant
darkness and higfat diet (35% fats, Mucedola), all conditions known to facilitate the occurrence of

a torpor in hibernator&erri et al. 2013)

The experimental cage$ig. 5) were located in a thermoregulated and soatignuated box,
consisting of a modified freezer that allows a fine control of théhfough a thermostat connected

to the freezer compressor and to an electric stove (1500 W) positioned inside the box. Once setting
the required %, the thermostat switches on the compressor or the heater to adjust any temperature
deviations

The modified freezer box was also equipped with a ventilation system, a black and white video system
(Philips) for monitoring the animal's behawiand a timercontrolled illumination system consisting

of optical fibers (100 lux at the cage level).
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During the adaptation period, the animal 6s br
temperature was measured by thermistunsnected tdhe external amplifiersin particular, the
bioelectric signal coming from the hypothalamic thermistor was recorded and transported, by means
of insulated copper wires, toswivel; the latter was positioned on a tilting arm above the sagdbe

animal was allowed to move freadyring the experiment. From the swivel, the signal was conveyed
polygraph located out of the box, where it vaasplified (mod. Grass 7P511L, Asthded Inc, West
Warwick (RI), USA), filtered (Tbrain highpass 0.5 Hz), converted from analog to digitabi{12
analogdigital, CED Micro MK 1401 II) and finally stored on a digital hard drive with a sampling
rate of 50 Hz.

3.1.5 PORTABLE THERMOREGULATED BOX

To beX-raysirradiated, the animals were transported to the irradiation site an@rieght back to

the housing placénside transportable, singkeat,custommade cagesHg. 6). Each cage was
homogeneously radittansparent, sourattenuated and thermoregulated, instrumented with inner
plexiglass bars, to delimit the area exposed to the radiation beam, and afmaiteryo enable the
maintenance of the experimental [15°C) regardless the external temperature and during the
irradiation period.

The cages were realized in collaboration vitie National Institute for Nuclear Physics (INFN),

Bologna Division, and a patent for industrial invention has been filetiq201900002223.

3.1.6 RADIATION DATA

Exposure to radiation was performed at the Department of Nuclear Me@ci@esolaHospital,

irradiating the entire thermoregulated portable cage from abtnecirradiation setup was calibrated

using a ionization chamber inside axflass phantom resembling a typical rat thickness.

The animals were irradiated with a target average dose of 3 Gy total body at the dose rate of 23
cGy/min (total irradiation period of 15 min) usinglaray tube operating at 180 kV which produced

a uniform radiation field in the whole region where the animal resided. The verification of the dose
was obtained placing a radiochromic film below the animal: the outcéige®) i shown in a
previous papefTinganelli et al. B19)i exhibited deviations of the order of 20% from the target dose

in the upper and lower part of the animal, as a consequenceag$ Absorption in the animal tissue.

66



3.2 EXPERIMENTAL PROTOCOL

As mentioned above, two days before the experimentalltagnimals were moved the experimental
cages Ta 15°C, darkness, higfat diet (35% fats, Mucedol&)and their thermistors were wired to
the swivels in order to start recording the baseline hypothalamic temperature.

This study was conducted on 16 m&pragueDawley rats, divided intéour groups and undergone

to the following experimental protocdtif. 7):

1) Warm nonirradiated (norhypothermic, nosarradiated)
2) Warm rradiatednon-hypothermic, irradiated)

3) Cold nonirradiated(hypothermicnortirradiated)

4) Cold irradiatedhypothermic, irradiated)

In order to reduce as much as possible any environmental differences, animals underwent the
experiment in couples: animals from the cold irradiated group paired with animals of the warm
irradiated group; animals from the cold control group paired with@siof the warm control group.

The experimental day started at 7:00 h. The cold groups (control and irradiated) were induced into
synthetic torpor through multiple injection of GARAgonist muscimol (1mM) within the Raphe
Pallidus. Each animal receivegpmoximately onenjection per hour (100 nL): they shortly became
hypothermic, bringing down their hypothalamic temperature within 4 hoursgaittained such
condition until the end of the experimégluwest Ty 23.41+ 0.66)(Fig. 8). The warm groups (control

and irradiated) were injected hourly with aC&€oCyte Bioscience) within the RPFmatching the
hypothermic group injections. All the animals remained normothermic, keepigdativeen 37°C

and 38°C.

After 4 hours from theiffst injection, at 11:00 h, each animal was transported to the radiation site, by
the means of a portable thermostated box, to be irradiated with 3 Xsyaylsor shamirradiated.
Afterwards, they were returned to the experimental cages where they eia kgpothermia or
normothermia, by hourly injection, for the further four hours before the sacrifice and the organ

collection.

3.2.1 ORGANS COLLECTION AND PROCESSING OF SAMPLES

After 8 hours of synthetic torpor, animals were euthanized with a lethal iasesthetic (508 | of
Ketavet Ketamine - HCI, ParkeDavis) and different organs were collected for histological

(hematoxylin and eosin staining or immunohistochemistry) and molecular assays.
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3.2.1.1RNAseq

The organs designed for the transcriptome analysis were: liver, spleen, heart, muscle, prostate and
kidney. Immediately after their extraction, smaller tissue fragments were obtained and submerged in
600¢ | of the tissue st or agtabilize tha glrilartRNARaNposdpbne r  (
the sample processing without compromising the quality and the quantity of RNA itself. After few
minutes at room temperature to allow the RNAlater penetration in the tissue, the samples were stored
at -80°C beforebeing sequenced. The analysis of the gene expression was obtained through RNA
sequencing, provided by a specialized fBequentidiotech

RNA-seqganalysis involved quality check, reads processing and statistical analysisRifiAseq

data from sixteesamples.

The quality check was performed on the raw sequencing data, removing low quality portions while
preserving the longest higfuality part of NGS reads; the trimming step has been performed with
the software BBDuk (minimum length set to 35 bp dreduality score to 10).

Then the highguality reads were aligned against Rattus norvegicuseference genome sequence
Rnor_6.0 (GCA_000001895.4) with STAR aligner (version 2.5.2b). Alignment FeatureCounts
(version 1.5.1) was used to calculate geneaesgion values as raw fragment counts. Normalization
was applied to the raw fragment counts by using the Trimmed Mean efaMes (TMM)
normalization and Fragments Per Kilobase Million (FPKM) normalization. All the statistical analyses
were performed witlR with the packages HTSFilter and NOISeq (this latter, apawametric
approach for the identification of differentially expressed gan&EGs 1 from count data or
previously normalized count data).

The following step has been the removal of the notesgmd genes and the ones showing too much
variability for each comparison. The HTSFilter package was chosen for this scope, which implements
a filtering procedure for replicated transcriptome sequencing data based on a Jaccard similarity index.
The TrimmedMeans of M-values (TMM) normalization strategy was used.

The overall quality of the experiment was evaluated, on the basis of the similarity between replicates,
by a Principal Component Analysis (PCA) using the normalized gene expression values(&gnput

9).

3.2.1.2Bioinformatics analysis

3.2.1.2.Data analysis

The raw read counts for each gene were used in DESeq2 version(L&&6Huber, and Anders

2014) a statistical package installed on R v. 4.2.1 and Bioconductor v. 3.15.
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DESeg?2 is able to discriminate differential gene expression by assuming a negative binomial
di stribution and performing a Wald t eSteven( A DE S
Xijin Ge). DESeq2 was exploited to understand the differential ggpeession in each organ for the
following model set up:

1) Synthetic torpors normothermia;

2) Irradiation vs nofrradiation;

3) Synthetic torpor vs irradiation.

DEGs for each of the previous conditions are shown in UpSetR plots, in order to emphasize the up

regulated and dowsnegulated genes overlapping among the different gene sets.

3.2.1.2.2Gene ontology

DEGs of each organ and condition were filtered using affutf p value adjusted (padj) < 0,05
(significant results) andlag2 fold change > 0 (upegulated) an& 0 (downregulated).

Filtered DEGs were used to perform GO enrichment analysis by using clusterProfiler R package v.
45.2 (T. Wu et al. 2021)For each orgarand condition, it was performed a qualitative GO
classification, a quantitative GO ovepresentation analysis (ORA) and a quantitative KEGG
pathway ovetrepresentation analysis. From ORA and KEGG analysis, a hierarchical clustering of
enriched terms hdseen performed, using the treeplot function.

Filtered DEGs of all organs for each condition were used to perform a biological theme comparison
exploiting the function AcompareClustero prov
The bioinformaticsanalysis has been carried out by the laboratory of Cellular and Developmental

Biology of the University of Pisa.

3.2.1.3HISTOLOGY

Three of the six collected organs (that are liver, heart and muscle) have been d&sighed
histological analysis. After theirotlection, bigger fractions of tissue have been obtainéeing

careful to preserve tissue integritysubmerged id% paraformaldehyde (Sigr#ddrich, St Louis,

MO, USA)to immediately stop all cellular autolytic processes, and fixed overnight atAfteC .24

hours, samples were washed in Phosphate Buffered Saline (PBS, 10mM) to eliminate excess fixative
T and thus staining artefacts caused by dv@tion T and stored in 70% ethanol. Then the fixed
tissues were cut in smaller pieces and transfemeldvidually into histology cassettes to be
completely dehydrated through their incubation in aqueous solutions of increasing ethanol
concentration1l day in 95% ethanol, 3 h in 100% ethanol). Theredlfftersamples were clarified

through incubation in xylee for 30 minutes, to optimize the subsequent step, and submerged in
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paraffin for 6h at 58°C, to permit its filtration before the paraffin embedding. Once solidified, the
tissue blocks were cut on a microtome, obtaining slices pm3 and the general mdiplogy
(hematoxyin and eosin) as well as the DNA damagdiRAX) has been investigated.

The staininggnd the related analysis have been carried out by the Pathological Anatomy Operative
Unit of the Department of Specialized, Diagnostic, and Experimental Med&i@sola University

Hospital Bologna).

3.2.1.3.H&E

Three of the six collected organs (that avedj heart and skeletal muscle) have been desigmed
Hematoxyin and Eosin staining (H&E). This latter uses a combination of two dyes: hematoxylin, a
basic dye which colors in blue violet negatively charged cellular components (such as nucleic acids,
menbrane proteins and cell membranes, thus mainly the nucleus) and eosin, an acidic dye which
stains in pinkish red positively charged components, such as many cellular proteins, mitochondrial
proteins, collagen fibers, thus the cytoplasm and extracelludatances.

The H&E staining was performed by using the automated VENTANA HE 600 system (RbOcée).

resulting slides were cytbistological evaluated under an optical microscope.

3.2.1.3.20-H2AX

Among the harvested organs, liver, heart and mugcdladficepts) were designed for the analysis of

the DNA damage, detectechmunohistochemicalljpy means of the antibodyH2AX (dilution

1:600, code 0%36, Merck Millipore). This staining has been carried out automatically by using
VENTANA 600 system (Roak): a pretreatment step with the ULTRA cell conditioning (CC1)
solution, which is a tris based buffer with a slightly basic pH used at elevated tempe@ures (

at 95°Q, was performed to hydrolyze the covalent bonds formed by formalin in tissue, in order to
allow renaturation of protein molecules and to increase antibody accessibility. After the incubation
witho HZAX (20 minutes at 36 AC) , itt(dnendir€p hiotinvde e w D,
system) and thelematoxyin stainingwere used respectively to detect the primary antibody and to
color the nuclei, wi t{H2AX are thé nuaeirom the resulting slidesp | o ¢
10 images per sample, amndis 40 images per experimental condition, were acquired under an optical
microscope (magnification 40X); for each image, the percentage of immunolabeled area upon the

total area and the number of positive (2d42AX labelled)nuclei upon the total (posre or not)
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number of nuclei were evaluated, paying attention to discriminate between the specific and unspecific

signal.

STATISTICAL ANALYSIS

The statistical analysis for the immunohistochemical study was carried out by Two way ANOVA

test. In order to understand the effects of the two main treatments (hypothermia and radiation) and
their interaction on DNA integrity, we have performed a 2X2daat analysis, considering as the

two main factors a) the factékh y pot her mi a o, of data framhhe nanwthgrmaia i s o
groups (warm controlrad warm irradiated) with thosgf the hypothermic groups (cold control and

cold irradiated), and b)tfeact or fr adi ati ono, f o rirratidtes groupsmp a r |
(warm and cold control groups) with those of the irradiated groups (warm and cold irradiated groups).
The statistical interaction between main factors was also assessetlo®pairwise comparisons

have also been performed among the four experimental groups. Data analysis was carried out with
the modified {test. Significance level was pset at p<0.05 for all comparisons. All the statistical
analyses were performed using IBMS& Statistics 25.0 version.
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4. RESULTS
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4.1 AIM 1: SYNTHETIC TORPOR EFFECT

4.1.1 RNA-seqANALYSIS

The upregulated and dowregulated genes overlapping among the six evaluated organs in the
synthetic torpid animals vs tm®rmothermic ontrol animals are shown in tikégure 10.

All the organs showed a comparable proportion of genesngpdownrregulated; the most responsive
organs to synthetic torpor were spleen and liver, followed by heart, kidney and finally prostate and
skeletaimuscle. Spleen and liver were also the organs showing the highest number ekgesesed

during synthetic torpor (1448 and 1353, respectively). The common genes differentially expressed
by all the organs were 122, regardingregulation, and. 16, regarding downegulation.

The results of the enrichment analysis for each organ and for the comparison among organs are given

below.

4.1.1.1LIVER

The functional enrichment analysis, using KEGG and ORA, of the genes significamdgulpted
and downregulated in the liver of the animals in synthetic torpor compared to normothermic
controls is shown by the treeplotshigures 11and12, respectively.

4.1.1.1.1 Up-regulation

Concerning KEGG analysis, the-oggulated terms referred to: splicimycadian rhythm; ribosome
biogenesis and protein processing; FoxO signaling pathway; autophagy and mitophagy; energy
production (TCA cycle and oxidative phosphorylation); proteasome; chemical carcinogenesis related
to oxygen species; thermogenesis; dissasuch as nealcoholic fatty liver disease or related to
protein accumulation, such as ferroptosis, Alzheimer, Parkinson, Huntington diseases.

ORAOGs analysis evidenced the activation of th
categp y fAbi ol ogical processo (BP), the nucleotid
the rRNA processing and ribosome biogenesis, the catabolism and the mitochondrial energy
production were up egul at ed. Same resul tosmpbaentdhe( C@Y) g
ribosomal activation and mitochondrial respiration were upregulated, together with splicing and
proteasome. The category fAmol ecul ar function
ribosomes, transcription and translationiatibn, ubiquitination and energy production (NADH

dehydrogenase activity).
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4.1.1.1.2 Downregulation

From KEGG analysis emerged a downregulatiompate and adaptive immune respon$¢S[D-

like and toltiike receptor, NFkB and B cell receptosignaling pathways), viral and bacterial
responses (e.g. Herpes simplex virus 1 and Salmonella infections), diseasdgfatitis B and C,
measlel DNA repair {(.e. homologous recombination, ndtomologous end joining, base excision
repair, mismatch repair artthnconi anemia pathwaywhich is required for the efficient repair of
damaged DNA)ubiquitin mediated proteolysis, cell cycle and necroptosis.

The suppression f Il mmune response and DNA repair is
together with a downregulation of chromatin and DNA biosynthetic processes, tRNA metabolic
processingmicrotubules (centrosomes and ailiwrganization/assembly) andtotic cell g/cle. All
together they seem to indicate a decreasing of cell growth.

In the CC category, many pathways appeared transcriptionally decreased. At the DNA level, the
chromatin remodeling (of both centromeric and telomeric regibe) heterochromatjrthe DNA
damage and repairwereundgex pr essed. Coherently with KEGG &
seemed to be prevented as shown by the downregulation of DNA replication fork, RNA polymerase
Il transcription and microtubules activity (e.gspindle, ceniole). Many terms highlighted the
downregulation of cilium (microtubules) dynamics (ciliary tip, ciliary transition zone, ciliar basal
body, MKS complex, intraciliary transport); vesicles intracellular transpa@si¢les tethering
complex, SNARE), Golgiunction Golgi stack,Golgi apparatus and subcompartment) and ubiquitin
ligases were downregulated as well.

The MF categoryds downregul ated terms were re
helicase activity, singlstranded DNA binding, DNA polymerase activity, nucleotydil transferase
activity), methylatiorrelated pathways (proteins and histenedemethylase activity,

methyltransferase activity and methylatdepbendent binding) and GTPase activation and regulation.

4.1.1.2SPLEEN

The most significant upegulated and dowregulated pathways, produced by KEGG and ORA, in
the spleen of hypothermic ratempared to the normothermic rats are shown by the treeplots in
Figures13andl14respectively.
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4.1.1.2.1 Up-regulation

Concerning KEGG analysis, several terms were significantly upregulated: apoptosis, autophagy and
mitophagy; circadian rhythmsplicing; TNF and chemokine signaling pathways; insulin resistance
and glycation (AGERAGE signaling pathway); a series of pathways involved in the regulation of
cellular homeostasis, metabolism, proliferation, growth, angiogenesis, su(dpalin, ErbB,

MTOR, FoxO, JAKBETAT, HIF-1, Wnt signaling pathways).

From ORAOGS BP c-axpresgianroy termsa nelated voesplicing, ubiquitination,
autophagosome as well as transcription regulation and repression, preribosomes and
ribonucleoproteins emerged the CC category resulted an-rggulation of: immunity (TNF and

IL-1); cellular catabolism; splicing; mRNA and RNA metabolism, catabolism and stability;
simultaneous activation and repression of translation, amide metabolism and macromolecule
biosynthes . I n the | ast ORAG6s category, MF, we fou
MAPK and thyroid hormone receptor binding; activation and repression of transcription; protein
serin/threonine/tyrosine kinase activity; ubiquilike proteins binding rad

ubiquitination/deubiquitination activity.

4.1.1.2.2 Downregulation

KEGG revealed a downregulation of: innate immune response&kB\i&nd cytosolic DNAsensing
pathways), reaction to virus (e.g. Herpes simplex 1) and to-@&#pendent diseases (measles,
influenza A, hepatitis C, viral carcinogenesis), phosphatidylinositol signaling system, biosynthesis
and metabolism of nucleotide sugars (which produce carbohydrates, in particular polysaccharides),
peroxisomes anBanconi anemia pathway (maybe related to DNgamng.

The ORAG6s BP category strongly highlighted t|
responses through a series of terms: interieta production and regulation, pattern recognition
receptors signaling pathways (such asltké receptos signaling pathway), interleuki® production

and leucocyte mediatachmunity. It was also undexxpressed the defense to biotic stimuli, tRNA
metabolic process, cilium organization and DNA dotditand break repair. By the way, three terms
rel atiedetof ABNA br eak da maggated pathweaysan the K€ category.y d
The MF category showed a downregulation of nucleotidyltransferase activity, catalytic activity on
tRNA, NAD+ nucleosidase activity, transferase and methyltransferase ygaind chemokine and

chemoattractant receptor activity.
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4.1.1.3HEART

The KEGG and ORA most significantly #rpgulated and dowregulated pathways in the heart of
synthetic torpid animals (compared to normothermic animals) are shown in the treeplgts@s

15and16 respectively

4.1.1.3.1 Up-regulation

KEGG analysis reported the following upregulated pathways: tRNA and ribosome biogenesis;
circadian rhythm; splicing; FoxO signaling pathway; insulin resistance and thyroid hormone
signaling pathwayubiquitinrmediated proteolysis through proteasome; energy production (TCA
cycle and oxidative phosphorylation); thermogenesis and reactive oxygen species. T\spduftict

ter ms, t hat are fAadrenergic signal iamdi onocae
upregulated as well.

The upregulated terms showed in the three categories of ORA were all referable to: mRNA splicing
via spliceosome; ubiquitidependent protein catabolism through proteasome; energy production
through mitochondrial respiratn; mMRNA/rRNA/ribosome biogenesis and processing; regulation of

transcription and translation.

4.1.1.3.2 Down-regulation

KEGG analysis of the undexpressed genes reported an immunomodulation of innate immune
responses (evidenced by doexpression of PEL1/PD checkpoint pathways, TNF, B, Fc
gamma Rmediated phagocytosis, NGike receptor, Cytosolic DNAensing) and agtive immune
responses (PIR1/PD checkpoint pathways, B cell receptor signaling pathways), as well as a
reduction of pathways related to virus or bacterial infections and to DNA damage repairing.

The results obtained using ORA coherently recapitulatednies from KEGG. Indeed, in the BP
category, the most significant downregulated enriched terms referred to innate and adaptive immune
responses and defense to virus; autophagy and DNA modifications (and in particular,
heterochromatin organization, histamethylation, DNA DSBs repair) were also devwagulated. In

the CC category, the only significant downregulated pathway was the one of heterochromatin. For
MF, the enriched downregulated genes were involved in modulation of transcription, through both
the cownregulation th&®NA-binding transcription activator and mostly through the downregulation

of the DNA-binding repressor activity (via RNA polymerasesfiecific) and the GTPase nucleoside
triphosphatase regulator activity; protein phosphatase binding nagttlyltransferase activity

(particularly regarding histones) were also downregulated.
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4.1.1.4KIDNEY

The KEGG and ORA most significantly wipgulated and dowregulated pathways in the kidney of

synthetic torpid animals are shown in the treeplot&gures 17and18 respectively.

4.1.1.4.1 Up-regulation

Using KEGG analysis, the most significant pathways amoagipitegulated genes were: circadian
rhythm; splicing; fatty acid metabolism and PPAR signaling pathway; proteasome; cancer diseases
and the signaling pathways of FoxO, ErbB and Neurotrophin.

The three categories of ORA showed the amgression of: spling; response to nutrients or
starvation; metabolism (triglyceride biosynthetic process, response to fatty acid and carbohydrate);

cell growth and DNA replication; ubiquitiproteasome catabolic process; and mMRNA processing.

4.1.1.4.2 Downregulation

KEGG analyss showed a downregulation of NB signalingpathway apoptosisand some diseases

(of which manywerevirus-dependensuch as Herpes simplex1 infection, measles and hepatitis B

The ORA analysis reported: in the BP category, a decreased transcriptionally expression of negative
regulation of phosphate and phosphorus metabolic processes together with a decreased tRNA
processing; in the CC, the dowegulation of Cul3RING ubiquitin ligase complex; in the MF, the
underexpression of the activity of both DNBinding transcription activator and repressor (RNA

polymerase Hspecific) and the undexxpression of transferase and methyltransferase activity.

4.1.1.5PROSTATE

4.1.1.5.1 Up-regulation

Thepr ostateds significant upregul ated pathways
and ORA analysis, are shown in the treeplofSigure 19,

KEGG analysis reported the upregulation of: circadian rhythm; splicing; hormones, in particular the
syrthesis, secretion and action of aldosterone, growth hormone and parathyroid hormone and the
signaling pathways of insulin and thyroid hormone; EGFR tyrosine kinase inhibitor resistance; innate
immune pathway (through T&beta, NFkB and IL-17); cellular seescence; Hippo, Apelin, MAPK

and FoxO signaling pathways.

The ORA6s category BP showed an i ncHl,d@moeesof t

and starvation; circadian rhythm; regulation of p88PK; fat cell differentiation; splicing; miRNA
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transcription; protein acetylation. Concernin
resulting upregulated pathways were the following: euchromatin; transcription activators and
repressors activity; splicing; ubiquitin protein ligase and transéeeativity; protein phosphatase

activity.

4.1.1.5.2 Downregulation

For KEGG, the AHerpes simplex virus 1 infecti
downregulated (count 43, padj=3,124x4) whereas for ORA analysis the dowegulated
pathways did not reach the statistical significance.

4.1.1.6SKELETAL MUSCLE

The functional enrichment analysis of genes that appeaegipated and dowregulated inthe
skeletalmuscle during synthetic torpor using ORA and KEGG analysis are shown in the treeplots in

Figure 20and?21, respectively.

4.1.1.6.1 Up-regulation

KEGG analysisshowed a plethora of significantly wpgulated presurvival pathways, which are

listed below: some hormones, such as aldosts parathyroid, thyroid andayvth hormones; EGFR
tyrosine kinase inhibitor resistance; migration factors, like focal adhesidV&BGF, and Rapl
signaling pathways; PI31Akt, FoxO signaling pathways andetfongevity regulating pathwayn
addition, spliceosome, circadian rhythm, p53 signaling pathway andb&@GINFKB signaling
pathways are upregulated as well.

Concerning ORA analysis, the BP category highlighted the upregulation oMpAB&K cascade;
erythrocyte, epithelial and fat cells differentiation; epithelial and muscle cells proliferation; tissue
mi grati on; and circadian rhythm. I nstead, ccC
simultaneous upregulation of the transtidp activators and repressors and also the upregulation of

euchromatin, nuclear receptors binding and protein kinase activities.

4.1.1.6.2 Downregulation

KEGG analysis reported only the downregulation of NI receptorsignaling pathway and
Herpes simplex vus 1 infection, thus related to immune response. This was firmly more evident
examining the results of ORA analysis. Indeed, in the BP category, almost all the enriched under

expressed pathways referred to innate and adaptive immune responses: irapaheutsponse to
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IFN-b and TNF and their production, the pattern recognition receptor signaling pathway, the cytokine
production and responses and the leucenydiated immunity were dowregulated. The CC
category did not evidence any significant pedlis whereas the MF reports only the denegulation

of doublestranded RNA binding and hydrolase activity.

4.1.1.7MULTIORGAN RESPONSE

The significant pathways (obtained by GO classification, ORA and KEGG analysis) of the animals
in synthetic torpor compared tomormothermic controls have been compared among the
aforementioned organs. The results are shown hereatfter.

4.1.1.7.1 Gene Ontology

The common annotations of the three main categories of Gene Ontology (GO), obtained from a
qualitative analysis, are listed in tRggure 22 Each term contains upnd downrregulated genes.
Considering the number of differentially expressed genes over the total number of genes associated
with a given GO term (gene ratio), the shared pathways showed a similar expression among the
different organs. The most represented pathways were related to the regulation of cellular metabolic
processes (for BP), Aintracell ul ar anat omi cal
Aprotein bindingo, Ai on binmMddinmgo ,a nido riighaert iec oy
bindingo (for MF).

4.1.1.7.2 Up-regulation

As shown inFigure 23, the KEGG significantly upregulated pathways during synthetic torpor and

common to all the 6 selected organs were the following: spliceosome, circadian rhythm, FoxO

signaling pathway and colorectal cancetrandeeo ¢
wasupr egul ated in 4 organs (muscl e, prostat e,

signaling pathwayo and two idieacedseer Oikylmemi cs
Asmall cel | | u regpressadrinc3eliffeceptr yanse . oWMer eover , it o

the upregulation of oxidative phosphorylation in heart and liver and the upregulation of mitophagy
and autophagy in spleen and liver.
Several significantly upregulated pathways, resulting from ORA analysis, ward slraong the
organs(Fig. 23. Concerning the BP category, the upregulated terms in all the organs referred to:
MRNA processing and metabolism, RNA splicing, circadian rhythm, intracellular receptor signaling
pathway, regulation of cellular amide metabofirocess, response to stimuli (peptide, external
stimulus and starvation) and macromolecules biosynthetic process. Other upregulated pathways
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shared by groups of organs were: cellular catabolic process (all organs except muscle), cellular
respiration (hed and liver), ribosome biogenesis (heart, kidney, spleen and liver), fat cell
differentiation (heart, muscle, prostate and spleen) and muscle cell proliferation (all organs except
liver).

In the CC category, the upregulated terms shared among all tesdyglonged to splicing (nuclear
speck, spliceosomal complex, catalytic step 2 spdiome) and euchromatin pathwa@ther
pathways upregulated in some of the organs were related to transcription repressor (heart, muscle,
prostate, spleen) or regulatoeért, muscle, prostate, spleen, liver) complex, ubiquitin ligase complex

(all the organs except muscle), mitochondrial inner membrane and matrix (heart and liver),
proteasome (heart, kidney liver), preribosome (heart, spleen and liver), histone actdydtsans
complex (kidney, prostate and spleen) and nuclear membrane (kidney muscle and spleen).

I n the | ast ORAOGs category, MF, t hapecificdanditheat i o
MRNA binding were upregulated in all the organs; singlended DNA binding was increased in
kidney, muscle and spleen. Except for kidney, other terms referring to transcription activator or
coactivator activity were upregulated. Besides transcription, other pathways shared by many organs
were: protein serikinase activityand serifthreonine/thyrosine kinase activity (all organs, except for
prostate and muscleespectively); ubiquitidike protein binding, catalytic activity on RNA and
translation regulator activity (heart, kidney, spleen, liver); nuclear gtuttocid receptor binding

(heart, muscle, prostate, and spleen); electron transfer activity (heart and liver); histone deacetylase

binding (heart, muscle, prostate, liver).

4.1.1.7.3 Downregulation

KEGG analysigFig. 24)r eported only fAHeopas @i "Mdplweax eful a
during synthetic torpor in all the evaluated organs. The other listed pathways were referable to: virus
dependent diseases, namiefjuenza A, hepatitis B and measles (heart, liver, kidney and/or spleen);
innate immune respoeasi.e. NFkB (heart, kidney, spleen and liver) and NOKe receptor (heart,

muscle and liver) signaling pathways; DNA repair, i.e. homologous recombination (heart and liver)
and Fanconi anemia pathway (heart, spleen and liver); apoptosis (kidney ajdokteoclast
differentiation (heart, kidney and liver).

Regarding ORA analysi§Fig. 24), the BP and MF categories were lacking in prostate results
(because of the low number of downregulated genes) whereas the CC category was lacking in both
prostate and muscle results. In BiRe shared dowrnegulated pathways werdefenseresponse to

stimuli such as virus and symbiont (heart, muscle, spleen and liver); DNA repair (heart, kidney,

spleen and liver); innate (heart, muscle, spleen and liver)adaptive immune response (heart,
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kidney, muscle, and spleen); regulation of autophagy (heart, kidney, spleen and liver); negative
regulation of phosphorylation and phosphate/phosphorus metabolic process (heart, kidney and liver);
tRNA processing (kidneyspleen and liver); cilium assembly/organization and smooths&gedling
pathway (spleen and liver). For CC, there were no downregulated pathways shared among all the
organ. The listed pathways were related to: heterochromatin (heart and liver) andscmaifrregion

(spleen and liver); transferase activity (heart and liver); endoplasmic reticulum (heart and spleen);
ubiquitin ligases (kidney and liver); site of DNA damage (spleen and liver); intraciliary transport
(spleen and liver).

In the MF categonthe most represented downregulated pathways among organs werimhiAy
transcription activator and repressor activity (heart, kidney and liver); transferase activity (heart,
kidney, spleen and liver); transmembrane transporter activity (heart, sptbéwves); hydrolase and

NAD+ nucleosidase activity (muscle and spleen); catalytic activity on DNA (heart, spleen and liver)

and on tRNA (spleen and liver); modificatidependent protein binding (heart and liver).

4.1.2 HISTOLOGICAL ANALYSIS

4.1.2.1Histochemical anlysis

The qualitative histochemical analysis, performed by ubi& staining, revealed no differences
between the organs (heaskeletalmuscle and liver) of synthetic torpid rats and normothermic
control rats: in both experimental conditions, the tissoephology was preserved, with no signs of
cytoplasm vacuolization, fibrosis, necrosis and apoptegisi€tal muscleFig. 25a, b; heart Fig.
26a, b; liver: Fig. 27a, b)

4.1.2.2Immunohistochemical analysis

Among the organs designed for the immunohistochemical detectioH2AX, the heart and muscle

of hypothermic and normothermic animals did not show any significant differences in the percentage
of the immunolabeled area as well as in the ratio betweenuimder of positive nuclei and the
number of total nucleiskeletal musclefFig. 28a, i heart:Fig. 29a, §. For both organs, the factor
Ahypot hermi ao was not statistically significa
t he f actearmifalby ppontdh Airadi ati ono and in the pai
irradiated and the cold narradiated groups.

On the contrary, in the liver an increase of the DNA damage due to hypothermia was observed
considering both the percentage of themamolabeled area and the ratio between the number of

positive nuclei and the number of total nuclergr: Fig. 30a, b . The factor Ahyp
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significant for both parameters (p<0,d0@r the percentage akH2AX-positive area; p=0,011 for

the ratiobetween the number of positive nuclei and the number of total nuclei), although a statistically
significant interaction with factor Aradi at i ¢
immunolabeled aregsee below). Pairwise comparisons between theimadiated groups did not

reach statistical significance for both parameters.

4.2 AIM 2: RADIOPROTECTION

4.2.1 RADIATION EFFECT

4.2.1.1RNAseqgANALYSIS

The upregulated and dowregulated genes overlapping among theeseduated organs in threarm
irradiatedanimals vs thevarmnortirradiated animals are shown in thigure 31

The proportion of upand downregulated genes is quite comparable for each organ, except for
prostate, whose number of-oggulated genes ionsiderably greater than those deregulated.

The spleen is the most responsive organ, with about 280ihdpdownrregulated genes exclusively
expressed in this organ after the radiation exposure; kidney and, above all heart and muscle, are the
less respnsive ones. Among the common genes, only 1 d@gnlated gene (ribosomal protein L12,
pseudogene 1) and 10-tggulated genes (Gtsel, Aen, Cd80, Ankrd13d, Bax, Pvtl, Tyms, NA, NA,
LOC103690393) resulted to be expressed by all the organs in resporsétadiation.

The results of the enrichment analysis for each organ and for the comparison among organs are
provided below.

4.2.1.1.SPLEEN
The functional enrichment analysis, using KEGG and ORA, of the genes significamdgulpted
and downregulated in the@een of rats exposed to radiation compared to control rats is shown in

Figures 32and33respectively.

Up-requlation

The first 30 significantly upegulated terms, with aymalue adjusted ranging from 1x #0(for the
highest) and 4,8x1%(for the lowest), obtained through the usage of KEGG database are listed in the
Figure 32 This plot showed an ovaxpression of immunity (Tolike receptor, TNF, N¥B and
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chemokine signaling pathways), multiple diseasgmptosis, mitophagy and lysosomes, focal
adhesion and Rap1l, MAPK, PI3Kkt signaling pathways.

From ORAGs analysis (BP, CC and MF) , t he ove
phenotype, with a consistent upregulation of terms related to: infiimmand immune responses,
positive regulation towards external stimuli, angiogenesis, vacuolar (lysosomal) membranes,
epithelial/endothelial/white blood cells migration and chemotaxis, focal adhesion. The upregulation
of this latter, namely celinatrix alhesions (which play a role in cell motility and differentiation as

well as changes in cell shape) was also corroborated by thexmssion of several other terms,

such asinding of growth factors to their respective receptptasma membrane and edellular

matrix activation, integrin binding and some related kinases activity, adherens junction and

reorganization of actin bundles (cytoskeleton).

Down-requlation

The KEGG dowrregulated pathways were related to cell cycle and DNA replication, B cell signaling
pathway, phosphatidylinositol signaling system, ribosomes, DNA repair (nucleotide excision repair,
mismatch repair and homologous recombination) and diséasee t hr ee ORAGs <cat e
and MF) reinforced the information coming from the KEGG deegulated terms, referring to: B

cell activation and proliferation; chromatin reorganization; DNA replication, cell cycle and mitotic
spindle (centrioles); DNAepair (evidenced by the dowagulation of the doublstrand break repair

via homologous recombination and the exonuclease, waath as proofreadeduring DNA
replication); histone enzymes activity; methylatagpendent activity; ribosomal subunitslanugh

endoplasmic reticulum membrane.

4.2.1.1.PROSTATE
The most significant upegulated and dowregulated pathways, produced by KEGG and ORA, in
the prostate ofvarmirradiated rats compared to nromadiated controls are shownhigures 34and

35respectively

Up-requlation

KEGG analysis reported the upregulation of apoptosis, p53 signaling pathway, oocyte meiosis,
cardiac muscle contraction and some neurodegéngr& di seases. I nstead th
upregulated pathways were almost entirely related to sperm and cilium assembly, development,

differentiation and motility as well as meiosis and chromosome segregation/condensation.
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Down-requlation

KEGG analysis showed the unéetpression of: insulin and glucagon signaling pathways as well as
insulin resistancegrowth andparathyroid hormones synthesis, secretion and action; adipocytokine
(e.g. Apelin) signaling pathway and, coherently, of itseaeAIMPK; FoxO and cGMHAPKG signaling
pathways.

The BP was the only ORAO sregoladd pajhwayy, maostly relatedsto g n i

carbohydrate metabolic process and to muscle development, adaptation, hypertrophy and contraction.

4.2.1.1.3LIVER
The functional enrichment analysis, using KEGG and ORA, of the significantisegplated and
downregulated genes in the liver efarmirradiated rats compared warm nortrirradiatedrats is

shown inFigures 36and37 respectively

Up-requlation

The result o KEGG and ORA analysis was the-tggulation of: radiatiofinduced responses, such
as p53 signaling pathway, apoptosis and reactive oxygen spepksng; aubphagy and
mitochondrial respiration; ribonucleoprotein complex assembly and biogenesis; argleth

diseases; ErbB, FoxO and mTOR signaling pathways; retinol metabolism.

Down-requlation

Concerninghe downregulation, KEGG analysis reported pathways mostly related to cell migration
(such as focal adhesion, the regulation of actin cytoskeleton and Rap1l signaling pathway), hormones
signaling pathways (thyroid hormone, insulin and glucagon) and hedgetogiirsy pathway
(invol ved i n cel | di fferentiation); Il nstead

morphogenesis and development of the limb, the germ cell, the epithelial and neuronal tube.

4.2.1.1.4KIDNEY

The KEGG and ORA most significantly wpgulated pathways in the kidney of the rats exposed to
radiation are shown iRigure 38. Instead, the functional enrichmeditl notreportany significant
downregulated pathways, both for KEGG and ORA analysis.

86



Up-requlation

KEGG and ORA outcomes converged on identifying similaragulated pathways, related &

intense activation of inflammation (i.e. TNEFN-9, IL-17, IL-1, Toll-like and NODIlike receptor
signaling pathways), chemotactic leukocyte migration and cell adhesion binding (integrin); responses
to radiation and p53 signaling pathway; apoptosis and necroptosis; MAPK signaling pathways.

4.2.1.1.5HEART
The KEGG and ORA most significantly ugegulated and dowregulated pathways ité heart of
warmirradiated animalsompared tavarmnortirradiated animalsre shown irFigures 39and40

respectively.

Up-requlation
Comprehensively, KE&GGhamdt OWRAORABS cdathegori es

pathways, except for one term of CC) strongly highlighted the upregulation of pathways related to

radiationinduced DNA damage responses, such as p53 signaling pathway and intrinsic apoptosis,

several digases and oxidative stress.

Down-requlation

For KEGG, -rtehcee pt ®BCM i nt eracti ono was the-only
regulated whereas for ORA analysis the urogenital system development (in BP category) and the

cytokine binding, such aBGFbeta, (in MF category) appeared devegulated.

4.2.1.1.6 SKELETAL MUSCLE
The KEGG and ORA functional enrichment analysis of theagulated and dowregulated genes

expressed in rats exposed to radiatioreported below.

Up-requlation
KEGG and ORAG6Gs BP analysis (CC and MF did nc

reported the oveexpression of the genes involved in the response to ionizing radiation, in particular

involved in p53 and intrinsic apoptosis signaling pathw&ys. 41).
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Down-requlation

The ORAOGS BP category was t hely dowhrggulated éhe t o
Aregionalizationo (padj =0, 007; count =6) and

(padj=0,007; count=5), both related to multicellular organism development.

4.2.1.1.7 MULTIORGAN RESPONSE
The multiorgan comparison of the upguldaed and dowsregulated pathways in the rats exposed to
radiation has been carried out using Gene Ontology database (from a qualitative perspective) and

KEGG and ORA analysis (from a quantitative perspective).

Gene Ontology

The common annotations of the three main categories of GO (BP, CC and MF) are list€yarthe

42. Each term contains »upnd downregulated genes. According to the gene ratio, the expression of

the pathways is relatively comparable among organs. Tds rapresented pathways are: cellular

met abolic processes (for BP), Ai ntracell ul ar
CC) and fAprotein bindingbo, Aion bindingo, no

compound bMR.ingo (for

Up-requlation

The only significantly upregulated term among the 6 evaluated organs was the p53 signailiag,path
produced by KEGG analysii. 43); but, it is possible to consider the apoptosis as a pathway shared
among all the organs as welhee the only two organs which do not express apoptosis in KEGG plot
show, in the ORAO6s BP category, an wupregul ati
In particular, concerning KEGG analysis, other pathways upregulated in multiple organs were some
diseases (amondl.ahe most represented are bladder cancer and colorectal cancer), TNF signaling
pathway and cytokinreytokine receptor interaction (kidney and spleen) and chemical carcinogenesis
related to reactive oxygen species (spleen and liver).

Regarding ORA analys Fig. 43) the other upregulated pathways shared by multiple organs were:

in BP category, the response to1l. the chemotactic leukocyte migration and the wound healing
(kidney and spleen); in the CC category, the transferase complex (heart andnd/éng external

side of plasma membrane (kidney and spleen); in the MF category, the chemokine and cytokine
activity, cell adhesion molecule binding, the growth factor and cytokine receptor binding (kidney and

spleen).
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It has to be underlined that the @{ot was lacking in muscle result whereas the MF plot was lacking

in both muscle and heart results.

Down-requlation

Concerning the undexxpressed pathwaybig. 44), there were no terms shared by all the evaluated
organs. Among the ones listed, the pathways shared by at least two organs were: in KEGG plot,
insulin and glucagon signaling pathways (prostate and liver) and phosphatidylinositol (spleen and
I i ver ) ;s BPmplot,QhHe Aigenital system development (heart and liver) and chromatin
organi zation (prostate and spleen); in ORAOS

4.2.1.2HISTOLOGICAL ANALYSIS

4.2.1.2.Histochemical analysis

Except for liver, the qualitative histological analysis of the other studied organs (heart and muscle)
of the irradiated and neinradiated normothermic animals showed no macroscopic differences
between the two grougsuscle:Fig. 25 a, ¢ heart:Fig. 26a, 9. The liver appeared to be the only
organ affected by the exposure Xerays exhibiting analtered tissue morphology with vacuolized

hepatocytes, blood stasis, apmgis and perivascular edendd. 27 a, §.

4.2.1.2.2Immunohistochemical analysis

After four hours from radiation exposure, the damage was clearly evidenced at DNA level in all the
studied organs of the irradiated normothermic animals compared to normothermicad@ted
animals(muscle:Fig. 28 a, ¢ heart:Fig. 29 a, ¢liver: Fig. 30a,¢.1 ndeed, the facto
was significant in all the organs, both considering the percentage of the area labeHe@ AX

upon the total areand the ratio between the number of positive nuclei and the total number of nuclei,
although a significant nt er acti on between fAhypothermiao a
parameter percentage of the area labelled in liver (see below). Concerning the single comparisons,
the percentage of the area detectedb2AX was significantly increased in the idiated liver

(p<0,01) and muscle (p<0,05); while, the ratio between the number of positive nuclei and the number
of total nuclei was significantly increased in irradiated liver (p<0,001), heart (p<0,05) and muscle
(p<0,05).
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4.2.2 INTERACTION BETWEEN RADIATION AND SYNTHETIC TORPOR

4.2.2.1RNAseqgANALYSIS

The genes, both wpand downregulated, expressed specifically during the synthetic torpor in
response to radiation, overlapping among the six evaluated organs, are skoyunaris.

The spleen responded nedhan all the other organs to the interaction of the two treatments, showing
the highest number of differentially expressed genes: 1731 genes, of which 1694 were exclusively
expressed in the spleen. Following, the liver with 124 DEGs (of which 91dpesific), the heart

with 30 DEGs (of which 21 heaspecific), the kidney with 21 DEGs (of which 16 kidrsgyecific),

the prostate with 2 DEGs (both prostatelusive) and the muscle with 2 DEGs (of which 1 muscle
specific). As shown in the Upset pi@tig. 45, there were no DEGs common to all the 6 evaluated
organs. Except for the intersection lisgleen (that shared 30 DEGs of which 28 exclusively
expressed in this group), the DEGs common to multiple organs were very few: 7 genes between
spleen and haat (of which 6 grougspecific), 3 for liver and kidney (of which 2 grogpecific), 1 for

heart and muscle intersection, 2 genes (of which 1 gspepific) each for the hediver, spleen

kidney and spleetiver-kidney intersections. The intersectioniahinvolves more organs (that are
spleen, liver, heart and kidney) contained only one DECCthla

The functional enrichment analysis, using KEGG and ORA, of the significant DEGs showed almost
no pathways for each organ (because of the low numigemefs involved), with the exception of the

spleen, whose result is displayed below.

4.2.2.1.1SPLEEN

The KEGG and ORA upegulated and dowregulated pathways of the hypothermic and irradiated
rats are shown in tHeigure 46 and47 respectively.

UP-regulation

From KEGG analysis emerged the upregulation of pathways related to: immune resporisBs (NF
and B cell receptor signaling pathway, intestinal immune network for IgA production, Th17 cell
differentiation as well as allograft rejection and astlly DNA replication and DNA repair (mismatch
repair and Fanconi anemia); hematopoietic cell lineageyiansidependent diseases.

The ORAO6s BP category was entirely dedicated
immune response, through the cell surface receptor signaling pathway, and adaptive immune

response, through leukocyte activation, differentiation and proliberaind immunoglobulin
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production. Both CC and MF reported the eegpression of the MHC class Il protein complex
(responsible for antigen presentation); MF also highlighted the helicase activity on thesauled
DNA.

DOWNregulation

KEGG analysisshowed a plethora of significantly dowegulated pathways, related to: immunity

(TNF signaling pathway and cytokhogtokine receptor interaction); cell motility (focal adhesion,
RAP1 signaling pathway, regulation of actin cytoskeleton and HE€&ptor imeraction);
phagosome and lysosome; hematopoietic cell lineage; cholesterol metabolism; calcium,
phospholipase D, PI3{Akt, MAPK and relaxin signaling pathways.

The reduction of cell motilitye vi denced by KEGG pat hways, was f
category, which reported the dowegulation of leukocyte chemotaxis, epithelial and amebaygbed

cell migration, celsubstrate and cethatrix adhesion and actin filament organization. In addition,
wound healing, cellular response tell(linked to damging inflammation), to ROS and to hypoxia,
regulation of angiogenesis and ERK1/ERK2 cascade were significant downregulated.

Agai n, ORAG6s CC and Hedpressiongffdcal gdhesiendadherderss junctiod, e r
actin and integrin binding and extedlular matrix activation. Moreover, in CC category emerged the
downregulation of lysosome and lytic vacuole whereas MF category also reported the down
regulation of growth factor, cytokine and immune receptor activity as well as of

metallo(endo)peptidasactivity.

4.2.2.2HISTOLOGICAL ANALYSIS

4.2.2.2.1Histochemical analysis

The histological qualitative comparison between the cold irradiated and the warm irradiated rats did
not show any macroscopic differences in the heart and muscle. The only studied organ witkrd diffe
histological outcome between the two groups was the liver: indeed, the hypothermic irradiated livers
presented a classic organization in lobes and lobules, with much less blood stasis and cytoplasm
vacuolization, no signs of apoptosis and perivasadamaFig. 30 ¢, d)compared to the animals
irradiated during normothermia (whose results are described in the paragrah2}.2.1.

ltds worth mentioning that hist ol ogradiatetland ual i
cold irradiated ratsid not display any macroscopic differences in the heart and muscle. Only in the
liver, a little increase of blood stasis and cytoplasm vacuolization was found in the cold irradiated
rats compared to the cold nomadiated ratgFig. 30 b, d)
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4.2.2.2.2lmmunohistehemical analysis

The I mmunohi st oc heH2AX ia the rmte trradated durmng typothesmia or
normothermia revealed a different outcome in the three evaluated organs.

In the skeletal muscle, the cold irradiated animals did not show a significant higher damage compared
to the warm irradiated, both condpPAKandthargtiot h e
between the number of positive nuclei and the nurabetal nuclei. Moreover, the increase in both
parameters in the cold irradiated group compared to the coldmadiated group was comparable to

that observed in the warm groups for both paraméfegs 28).

In the heart, the results were similar todh of the skeletal muscle for what concerns the ratio between

the number of positive nuclei and the number of total nuclei, while for the percentage of the area

| abel FHHRAX bdthythe@omparison between hypothermic and normothermic irradiated animals
and that between hypothermic nioradiated and hypothermic irradiated animals resulted significant
(p<0,05 and p<0,1 respectivelpig. 29.

I n the Iliver, for what c¢onc e rH2AX (forlwkich hefacorsnt ag
Ahypotabermiradi ati ono and their interaction w
significantly larger in the cold irradiated group compared to either those of the coeidathated
(p>0,001) or the warm irradiated (p<0,001) groups. For what cositiee ratio between the number

of positive nucl ei and the number of total nt
were significant, but the interaction was not), single comparison was significant for celd non
irradiated vs cold irradiatkonly (p>0,001)(Fig. 30).
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5. DISCUSSION
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5.1 AIM 1: EFFECTS OF SYNTHETIC TORPOR

5.1.1 A COMPARISON WITH NATURAL TORPOR

This thesis aimed at providing a first description of the very early adaptations occurring in multiple
organs after the centratipduced state of synthetic torpor. We show that the synthetic torpor triggers

a substantial systemic modification, with specific and general responses. Indeed, the transcriptome
analysis has revealed many differentially expregseees Sirelated, whose proportion between up

and downregulated is quite comparabl&ig. 48. Considering that the hypothermrauced
hypometabolism pairs with a decrease of cellular and transcriptional functions, the relevant number
of up-regulated gnes leads to think that the new cellular homeostasis is maintained by the activation
of specific regulatory mechanisms during synthetic torpor, rather than by a merely passive adaptation
This is very well highlighted by the comparative analysis of thibweys differentially expressed
during synthetic torpor, which reflects the cellular and systemic response to 8 hours of hypothermia,
of which at least 4 hours spent atbelow &5°C.

Indeed, in all the evaluated organs, theegulation of euchromatinhé dispersed and uncompacted
form of chromatin, denotes that DNA is in a transcriptompetent conformation. Unlike the natural
torpor, where the chromatin is tendentially condensed and the transcription largely sufgptessed

and Storey 2006; Biggar and Storey 2QMHiring the early stages of synthetic torpor the coexistence
betweertranscription activation and repression is remarkable: although the hypometabolic condition,
which is also demonstrated by the activation of cellular responses to starvation pathway, the cell
shows an intensive regulation of transcriptional activity, tegpuin a positive or negative balance
according to the requirements and the duties of the belonging organ.

A player taking part in gene expression remodeling anggplated in all the organs during synthetic
torpor is the splicingThis is not surprisig since alternative splicing temperatdependent has been
documented during torpor in many hibernating spe@ebbaj et al. 2009; Stieler et al. 2011

relation to circadian clock genes (perhaps contributing to the control of its function according to the
temperaturefShiina and Shimizu 2020netabolism or also to stock pmeRNAs before their prompt
releasing during arous@\alatesta et al. 2008Comprehensively, alternative splicing is assumed to
expand stress tolerance and to have a protective role against negative effects of hyp@hénaia

and Shimizu 2020; Tessier and Storey 20Edy instance, the cold shock proteins Cirbp and Rbm3

I stressresponsive genes involved in promoting animal survival during hypothermia by enhancing
protein synthesis under cold conditions or taking part in stemness, cell proliferation and inhibition of
apoptosig undergo a temperatudependent alternative splicing which is indispensable to keep the
heart beating even in a deep hypotherf@hau, Buhrer, and Wellmann 2016; Andrews 2019)
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similarly to hibernators, in synthetic torpid animals both Cirbp and Rbm3 genes are upregulated and
cluster in the common pathway of splicing.

Hence, the cell has to adapt to a totally new physiology, pretty far from the commonly experienced
thermoneutrality; thus, it has to ensure a certain level of energy and protein production to sustain the
enhanced mechanisms of protection and stress rasstamelatively higher cellular activity of the
synthetic torpid animals is also justified by the degree of hypothermia, and consequently the
metabolic inhibition, which is not as substantial as the one reached by natural hibernators; and indeed
the bearswhich hibernate at higher body temperature, show a shallower suppression of metabolic
rate and, coherently, higher levels of gene and protein exprébgidarov et al. 2011, 2009)

Therefore, the cellular activation is reflected in the increase of mRNA binding, processing and
metabolism and thus of cellular macromolecule biosynthmticess. The enhanced translation is
often supported by ribosome biogenesis; moreover, in the organs playingim tftedemogenesis
(whose pathway is transcriptionally activated in the liver and heart of synthetic torpid animals) a
marked energy productn via mitochondrial respiration arises, accompanied by a certain production

of ROS. This feature has been detected also in natural hiber(@toet al. 2009)who face up the

ROS formation by increasing antioxidant moleclilssich as melatonin, Nrf2, heat shock protéins

and ROS clearandbrough autophagy. These protective mechanisms are very likely adopted also by
the animals in synthetic torpor, as evidenced by the upregulation of autophagy, mitophagy or
ubiquitin-proteasome system in many organs as well as by the increased circigatiy) df
melatonin during synthetic torpgBquarcio et al. 2022Moreover, the upregulation of pragome
signalingand autophagythus of cellular catabolism, in almost all the organs (except muscle, see
below) could very likely represent protective and survival adaptations to the challenging condition of
hypothermiahypometabolism, recycling metabolites during starvation (autopleaggntrasting the
accumulation of misfolded/degraded proteins, in order to maintain the cell quality ¢btadso et

al. 2015) The beneficial effects of these mechanisms towards such stressful condition is also proved
by the suppression of apoptosis in the ljware of the most active metabolic organ, and kidney

KEGG analysis shown other interesting pathwagtsvated or inhibited in all the organs.

One of them is the circadian rhythm pathway. In literature it has been demonstrated that temperature
has a modulary effect on the circadian systeml ock 6s mol ecul ar machi ne
torpor, with a certain temperature sensitivifiderwig et al. 2007while it seems to stop ticking

during deep hibernatio(Revel et al. 2007)Beside their effect on the circadian oscillation of
physiological functions, clock genes are also involved in the control of the cell cycle, both in healthy
and in cancer cellsMany clock genes appeao te upregulated during synthetic torpor: the

cryptochrome and period circadian regulatd@sy and Perl)the nuclear factors interleuk®
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regulated protein (Nfil3), the nuclear receptor subfamily 1 group D (Nr1D1, or Nrld2) and the basic
helix-loop-helix like 1 (Bmall). Similarly, a differential expression of the circadian clock genes has
been detected during natural torpor: for instance, Perl and Per2, Nfil3-ergulgted in lemurs
(Faherty et al. 2016Perl and Cry2 in hypothalamus and liver are significantly-expressed in

torpor compared with post reproduction active anirfé et al. 2008)It is interesting to note that

Perl overexpression can sensitize cancer cells to radiation damage. The possibility that ST could
increase radiosensibility in cancer vs healthy tissues is an intriguing hyppthesisvill require

further investigationgBurton et al. 1997)

Another KEGG pathway strongly activated in synthetic torpid animals isdR® pathway. The
forkhead box O (FoxO) family of transcription factors regulates the expression of several processes
of key importance for cellular homeostasis and it plays a fundamental role in longevity. Indeed,
several studies performed on centenaremd aiming at identifying specific alleles which possibly
contribute to such longevity, have highlighted a remarkable association between humgmniong
survival and various FoxO SNPs. Although the mechanisms through which FoxO might concur to
longevity cetermination are still unrevealed, its gorvival role within the cell occurs promoting:
cell-cycle arrest (e.g. through Cdknla) and apoptosis, but also stemness; cellular energy production
and metabolism; autophagy, mitophagy and ubiqutoteasome sgem; oxidative stress resistance

and DNA repair (e.g. through MnSOD and Gadd45), improving the antioxidant potential of cells;
immuneregulation and tumor suppressi(Murtaza et al. 2017; Martins, Lithgow, @dikink 2016;

Morris et al. 2015)Interestingly, FoxO has been proposed as one of the most important link between
mammalian hibernation and longevity: its upregulation during hibernation, in particular at the early
stages of torpor, is thought to furmti as a cytoprotective response towards cellular stress,
ameliorating lifesparfC. W. Wu and Storey 2014; Nespolo et al. 2018a}he light of above, the
remarkable and multiorgan expression of FoxO during synthetic torpor suggests the possible
association of this procedure to an increased longevity; furthermore, in some organs, particularly in
skeletalmuscle, the enrichment alysis has showed other psarvival upregulated pathways (see

bel ow). Some of t he F o xr@gulatedgluriaglsynthegic tgrportate: Wax@®10 s ¢
and FoxO3, Gadd45 (DNA repair), Sgkl (linked to RIBkt pathway and involved in contrasting
muscle atrophy during hibernation), Cdknla ¢cgltle regulator) or Sirtl (metabolic sensor
increased during torpor, which is thought to link mitochondrial biogenesis with caloric restriction and
cold exposure), or various MAPK (also differentially exgeskluring hibernation).

The last KEGG term positively enriched in all the selected organs is the colorectal cancer pathway.
Its genetic characterization has revealed that most of the engaged genes are shared with FoxO

pathway (Cdknla, Gadd45, Kras, BRR&f1 and many MAPK) or they are related to cell proliferation
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(such as Myc, Jun, Fos and EGF), suppression (Appll) or induction (Pmaipl) of apoptosis, or
autophagy (Bcl 21 11). Hence, although <cl uster e
coheratly follow the line previously described, in a perspective of survival: resistance to stress,
which always requires a balancing between jgred antiapoptotic signals, celtycle progression

and suppression, according to the needs of the cells.

Concernrmg t he downregul ation, the only KEGG pathuv
simplex virus 1 infectionod. Again, a better ¢
majority of those encoddor zinc finger proteins involveih theregulation of transcription by RNA
polymerase I(both activators and repressprthe othergenesmainly belong to immune response

(Irf3, TIr2, Traf2, Il1b, Tbkl, Tabl, Irak4, Ticam, Traf5) and cell de&s( Casp8, Casp3, Daxx).
Thelatterresults lead to the discussion of another feature shared by synthetic and natural torpor: the
suppression ofinmune response. Indeed, both innate and adaptive immune responses, and thus the
inflammatory pathways, appear comprehensively and significantly downregulated in synthetic torpid
animals, especially in muscle, heart, spJéigar andless in kidney; no da are available for prostate
downregulated pathways. Interestingly, despite the immunosuppression, hibernators does not seem
to be more susceptible to infective diseases; rather, for instance, it has been associated to an increaset
protection against oxative damage and preventing inflammatory responses during the reperfusion

of the tissues that become metabolically active during rewartKiglty L Drew et al. 2001)

Another relevant and recurrent pathway is the DNA repair, which is-deguiated in almost alhe

organs (except for muscle and prostate). Assuming a physiological amount of DNA damage in the
control animal (exposed to cold but thermogenically competent), the decreased activation of DNA
repair mechanisms in synthetic torpid animals might be retatdet decreased cellular transcription
hypometabolismnduced; in turn, such dowexpression does not lead to an increase in the DNA
damage since it is counteracted by the low cellular activity. However, in the long term, this
equilibrium can unbalancegsulting in higher levels of DNA damage (indeed, during hibernation it

has been described a certain production of DNA damage, which is completely resolved once the
animal arouses).

Trying to correlate the transcriptional dosegulation of DNA repair anthe DNA damage during
synthetic torpor, and ultimately the impact of 8 hours of synthetic torpor on DNA stability, we
performed histological analysis on liver, heart and muscle. The organs of synthetic torpid animals
show a normal tissue morphology, withaiffering from the normothermic control animals. From a
molecular point of view, the detection ®H2AX has confirmed the absence of a significant DNA
damage in the hearskeletal muscle and liver of the synthetic torpid animals compared to

normothermic animals. It has to be underlined that unlike heart and muscle, the liver of the
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hypothermic rats shows a higher levebafi2AX compared to normothermic rats, even though not
significant. This is in accordance with what previously discussed: the liver appears active during
synthetic torpor, showing a higher rate of mitochondrial respiration and ROS production, which can
ultimately concur to a relatively greater DNA damage. In additisnwill be further discussed, the
retention of the DNA repair machinery (and tliid2AX) hypothermiainduced contributes to the
detection of a higher signak summary of the cellular adaptations to synthetic torpor is depicted in
theFigure 49.

5.1.2 SKELET AL MUSCLE

The skeletalmuscle shows the most pronounced survival phenotype. Besides the aforementioned
FoxO signaling pathway, other psoirvival pathways were significantly ovexpressed: i) longevity
regulating pathway (Kras, Igfl, Atg101, Prkabl, Appll, Irs2, Sirtl, FoxaBich is believed to
promote cellular fitness and ultimately longeyidgtivating autophagy, stress defense mechanisms
and survival pathways while attenuatingjmmlammatory mediators and cellular growth; ii) EGFR
tyrosine kinase inhibitor resistancerBy, Pik3rl, Fgf2, Bcl2l1, Braf, Kras, Igfl, Vegfa, Foxo3),
which can induce cell differentiation, growth, proliferation, survivabtility and angiogenesias

well as antioxidant responses; iii) Growth hormone (Prkcg, Pik3rl, Gnai3, Plcb4, Kras)@sirl,
Socs2, Irs2, Junb, Bcarl), whose production, regulated by hypothalamic neuroendocrine hormones,
leads tathe activation of JAK2 and the signaling cascade includinglRBK-ERK, PI3K-Akt and
STATS5, resulting in the promotion of cell growth, eejitokeleton reorganization, development,
and metabolism; ivJhyroid hormone (Esrl, Prkcg, Pik3rl, Notchl, Plcb4, Kras, Hdacl1, Myc, Actb,
Med13l, Sicl6a2, Atplb4), which, through PE3kt, ERK1/2 MAPK pathways, promotes cell
protection and survival, amelioratj antiapoptotic, antioxidant, astiflammatory and cell
proliferation responses, besidathancingletoxification capabilities, energetic and thermal support
(Videla et al. 2015)v) Parathyroid hormone (Prkcg, Mef2a, Mef2d, Gnai3, Nr4a2, Plcb4, Braf
Pde4b, Hbegf, Cdknla), whose receptorselmeen found also in skeletal muscle of (atsefia et al.
1993)where it is able to enhance myocyte regeneration, differemtiand proliferatiorfKimura and
Yoshioka 2014)vi) Signaling pathways regulating pluripotency of stem cells (Pik3rl, Fgf2, Rifl,
Id1, Kras, Kf4, 1d2, Igfl, Myc, Rest, Id4, JaridA\hich involvesvarious cellular responses, mostly
related to proliferation and suppression of cell deathMEgGF, RAP1 and focal adhesion signaling
pathway, which induce cell proliferation, survival and migratibnough the interplay of PI3#kt,

MAPK (i.e. p38MAPK) and RaFMEK-ERK; viii) p53 signaling pathway (Bcl2l1, Gadd45b, Igfl,
Gorab, Gadd45g, Pmaipl, Siahl, Cdknla) whose activation following different types of cellular

stress, can result either in thenstiation of cell survival (inducing DNA repair, adaptation to
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metabolic stress, autophagy, antioxidant activity) or cell death (triggering apoptosis, senescence, pro
oxidant activities, etc(Kruiswijk, Labuschagne, and Vousden 2Q15)

The last remarkable player-uegulated in muscle during synthetic torpor is the knownagpuptotic

pathway PI3KAkt, whose activation (followig exercise, insulin or focal adhesion stimulation) is
responsible for the muscular protein biogenesis. At the same time ARk3Kiggers the suppression

of the muscular catabolism proteasemediated by phosphorylating, and thus inhibiting, FoxO. The
balancing between muscular anabolism and catabolism (and thusARI3&hd FoxO signaling
pathways) seems to be one of the key processes allowing hibernating animals, which experience long
periods of immobility, the avoidance of muscular atrophy. During gfiathorpor, the activation of

FoxO signaling does not appear to induce an increagedlbrillar catabolismindeed, muscle is the

only organ not to show the transcriptional expression of ubigproteasome pathway but rather the
muscle cells prolifer&an. Moreover, the upegulation of p38VAPK pathway andsirtl, as well as

cold stimulation, (upstream factors BGG1U | i nvol ved -typeplasticity las eenf i b e
linked to muscle improvement through increased fatty acid oxidation, mitochondrial biogenesis and
ROS clearance.

5.2 AIM 2: RADIOPROTECTION

5.2.1 RADIATION EFFECT

From the enrichment analysis, the normothermic rats exposed to a dose of 3-BydptdlX-rays

appear strongly affected by the radiation. As expected, all the organs show a transcriptional activation
of the p53 pathway (Cdknla, GtsédDM2, Sesn2, Bax, Bbc3, Ccngl, Fas, Pmalpl, EI24, Casp3)
and, except for progt atge ,g aonfmagathveaydfi me s poamwse t o
Moreover, considering both KEGG and ORA analysis, from all the organs emergertwilgiion

of apoptosis (i.eCdknla, Aen, Bax, Bbc3, Casp3, Ddx, et in particular the intrinsic apoptotic
signalingpathway, knownd be activated mainly by neneceptor stimuli, such as DNA damage, ER
stress, growtliactor deprivation and, indeed, radiation. Similarly, theegulation of the pathway
Acol orect al cancer 0 i n al papoptoticphendtypefClikela, @axg a n s
Bbc3, Pmaill, Casp3).

The transcriptome outcome is coherent with the immunohistochemical results: indeed, compared to
the nonirradiated ones, all the irradiated and studied organs show a significant increas2/of

nuclear immunolabelingwhich is a measure of the amount of dgnea wi t hi n t he nu

H2AX-positive nuclei (which is an indicator of the extent of the damage). From -hisytdogical
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point of view, the effect of the radiation exposure is macroscopically visible orig ifver. This is

very likely due to the different radiosensibility evoked by the structural and cellular composition of
the evaluated organs: heart and muscle consist of compactethipmist myocytes as well as
endothelial and connective cells with axtremely low proliferative activity, and thus a greater
radioresistance; on the contrary, the liver is a parenchymatous organ with higher proliferative and
regenerative capacity and, ultimately, a higher radiosensibility. This clearly explains why after 4
hours from irradiation the cell damage is histologically evident only in the liver.

We can conclude that the radiation absorbed dose was sufficient to induce a considerable damage
throughout the body, in accordance with the data showed by the radiocihonpitaced below the
animal(Fig. 8).

5.2.2 INTERACTION BETWEEN RADIATION AND SYNTHETIC TORPOR

This thesis also aimed at testing whether the synthetic torpor might enhance the resistance of the
organism to stressful condition, in particular ionizing radiataenthe natural torpor does.

Recently, it was shown that animals irradiated during torpor or within 3 hours from the induction of
torpor were resistant to higher doses of radiat®nosh et al. 2017showing an increased survival

rate. The reasons of such radioprotection are not yaviknMany factors have been positively
associated to radioresistance during torpor: regulation otyelé, hypoxiathe avoidance of the
apoptosis, mitigation of oxidative DNA damage, the promotion of survival hematopoietic stem and
progenitor cells, th increasing of aninflammatory responses a greater DNA repair efficiency.
About this latter, some studies have speculated a better DNA repair performance during the torpid
state(Lisowska et al. 2018whereas others have detected a hypothemmdiaced higher survival in

the presence of a slower repair of DSBs, both in ¥Baird et al. 2011and in vivo(Puspitasari et

al. 2022)

Therefore, with the aim of exploring whether also the synthetic torpor, obtalr@ethacologically
inhibiting the RPa, could confer radioprotection (and if so, its mechanism), rats were exposed to 3
Gy of X-raysin the middle of the eight hours of synthetic torp@amely 4 hours after the induction

of ST and 4 hours before the euthanastae target dose of 3 Gy has been chosen because of its
capability of inducing a measurable, but not lethal, damage to the organism; at the same time,
representing an estimationtbe total radiation exposure the astronauts would have in a round trip to
Mars, the dose uselthis studygives the chance to investigate the potential radioprotection provided
by synthetic torpor in the translational perspective of space exploration.

In a recent study, the lack of histological damages-ip@stiationin the liver and testicl¢highly

radiosensitive organgf rats exposed to 3 Gy &f-raysduring synthetic torpor compared to animals

101



irradiated in normothermic conditions has been shown, suggesting a radioprotective effect of
synthetic torpor(Tinganelli et al. 2019)In addition, the concomitant observation of some down
regulation of ATM and several other genes involved in the DNA damage signadiyigtiretic torpid
irradiated animals led to the hypothesis that a specific response of DNA repair mechanism could play
a role in this phenomenon. These observations have led us to carry out the present study, which was
aimed at better characterizing theeganechanism of such apparent radioprotection, by evaluating

the early hypothermianduced responses towards radiation not only at the level of tissue damage, but
also of DNA damage andRNA expression

Starting from the histological evidence, we fourat @il the analyzed orgafls/er, heart and muscle)

of the hypothermigrradiated rats showed a phenotype comparable to that present in normal
conditions, and thus without appearing to be damaged by the irradiation.

Particularly relevant ighe histological outcome of the liver: indeed, as previously said, while heart
and skeletalmuscle are more resistant to radiation damage (and, indeed, no remarkable tissue
alterationsvereevidenced in the irradiated animals), the liver of the normothermic irracdiatedls
appeared to be strongly affected by radiation, which was able to induce visible damages after a short
time (4 hours); coherently, the liver is the organ with the greatest regenerative capacity as well as one
of the most active metabolic organ iethody. In this perspective, the normal histological appearance

of the hypothermic irradiated liver suggests a radioprotection induced by hypothermia.

Trying to unravel the mechanisms of such radioprotection, we quantified the DNA daadzgien

induced in hypothermic and normothermic irradiated rats by detecting the phosphorylation of the
histone protein H2AX on serine 13%2AX), which typically occurs at sites flanking DSBs. It
emerged that the hypothermic irradiated rats displaygaificant higher percentage 0fH2AX

nuclear detection in liver and heart but not in muscle, if compared to normothermic irradiated rats
This is in agreement with the transcriptional evidence that liver and heart are termogenically active
during syntletic torpor, as previously discussed, thus more metabolically active compared to muscle.
In addition, the higher detection ®H2AX in liver and heart does not match with a wider extension

of damaged tissue, since the proportion of the cells markedHBAX does not change in the two
experimental conditions.

To make a correct evaluation, these data have to be contextualized to the hypometabolic/hypothermic
background, wherein the biological and enzymatic activities are slowed down. In normothermic
condtions, it has been demonstrated that H2AX is rapidly phosphorylattdln the first minutes

after IR, and it is equally rapidly dephosphorylated (mainly by PP2A and other phosphatases) within
few hours after IR(Firsanov et al. 2012)it is reasonable to think that the decrease of cellular
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metabolic activity might involve also to the enzymes responsible for such dephosphorylation;
moreover, the hypothermia leads to the inhibition of PP2A activity (~ 8028°C)(Planel et al.

2004) further slowing theé¥YH2AX detachment from the DSBs sites.

A prove of that might be represented by the almost unchanged ratio of positive nuclei on total nuclei
in all the organs: the greater expressioi¥sf2AX in hypothermic irradiated tissues does not seem

to be related to an extensive tissue damage, betrratha higher immunolabeling in a discrete number

of nuclei comparable to those of the normothermic irradiated rats, likely because of a reteiion of
H2AX. In other words, considering the same starting DNA damage radiataned (given that the
radiaton dose is the same and the background of hypothermia does not appear to significantly
increase YH2AX in nortirradiated animals), it is very likely that the normothermic irradiated rats
have already started to fix the DNA damages, consequently lowkéargrtount ofYH2AX, whereas

in the hypothermic irradiated rats the slower repairing makes the DNA damage more visible.

The mechanisms behirstdich apparenmtdioresistanc&T-inducedhave also been evaluated through

the analysis of the transcriptome. Hmpeen appears to be definitely the most responsive organ; much
less genes are differentially expressed in the liver, followed by heart and kidney. The prostate and the
muscle show just 2 genes specifically expressed ihythethermidrradiated animalsThese results

seem to suggest that the radioprotection should not be exclusively sought in a particular adaptation
which comes out in hypothermic animals just in response to challenging situations but, perhaps, more
in the gene expression diayround indued by synthetic torpatself. In this perspective, even not
denying the relevant role of potential radiat&pecific responses, it could be possible that all the
pathways activated during synthetic torpor (namely related to survival, longevity, stfessede
mechanisms as well as to the mitigation of inflammation, apoptosis and oxidative stress) might
enhance the capability of the organism to cope with challenging stimuli, i.e. radiation, countering
their harmful effects.

On the other hand, the higher number of genes expressed in the spleen in response to irradiation
during hypothermia might suggest its peculiar role within radioprotection, which can be explored by
analyzing the differentially expressed pathways obtair@d the enrichment analysis (for the other
organs, the low numberf genes selectively expressed in hypothesimadiated animals resulted in
almost no significant pathways).

The KEGG and ORA analysis of the hypothermic irradiated animals clearly hightiggrelevant

role of the spleen in immunity: it is evidenced an activation of the innate and adaptive immune
responses (awakening from the immune silence induced by the hypothermia) together with a

suppression of the immune cells migration. On the aontin the normothermic irradiated animals,
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the adaptive immunity is downregulated while the innate immune responses and the chemotactic
leukocyte migration are upegulated.

Other interesting pathways appear to be expressed in a opposite way in tipesvof irradiated
animals: DNA replication and DNA repair (stressed by the mismatch repair pathway &atdtbali

anemia pathway, whose gerieRalb2, Fancl, Atrip, Pms2, Blm, Rmil, Ceriptake part in DNA

repair procegsare strongly dowanegulated invarm irradiated rats whereas they areregulated in

cold irradiated rats; PI3#Akt, focal adhesion, Rapl signaling pathways argagulated in warm
irradiated rats but dowregulated in cold irradiated rats; lysosomes and lytic vacuoles are up
regulatel in response to irradiation in normothermic condition whereas are downregulated in
hypothermic irradiated rats; the growth factor binding isegulated in warm irradiated animals and
downregulated in cold irradiated animals; finally, the hypothermadiated spleen shows the over
expression of fatty acid metabolism and the d@xpression of ROS.

Since the radiation in normothermic condition is known to be detrimental and since the hypothermic
tissues appear to be more resistant to radiation expdiserdifferential expression of these pathways

in the hypothermic irradiated rats may be beneficial.

In the light of the above, it can be derived that the spleen responds to the same dose of radiation in a
different way depending on whether it is in armothermic or hypothermic condition. When
hypothermic (and irradiated), it activates the immune system but not the cellular migration, it shows
less amount of ROS and lytic vacuoles and promotes DNA replicasiovell as, at transcriptional

level, theDNA repair.

It was not possible to derive a multiorgan response to the irradiation during synthetic torpor for all
six organs; howver, 4 of the 6 organs shared geme,Cdknla

Cdknla alias P21, is a p53 target,-tggulated in response to various ss@s, including DNA
damage and oxidative stress; but its expression is alsogh@ndent. It is a weknown inhibitor

of cell cycle by acting on CDK2/cyclii and thus blocking the cell cycle progression in G1/S; it can
also act inhibiting apoptos(&arimian, Ahmadi, and Yousefi 2016At the same time, p21 acts as a
positive regulatoof CDK4 and CDKG6. Hence p21 has a dual role: when expressed at moderate levels,
it preferentially binds CDK4 and CDK6 and promotes-cgtile progression; upon activation of p53,

p21 is strongly upegulated, resulting in a sharp proliferation ar(&sterr and Robiés 1999)

From our results, p21 is upgulated in the synthetic torpid Aotadiated rats, it is upegulated in

the normothermic irradiated rats (likely via p53 stimulation) but, surprisingly, it is-degulated in

the synthetic torpid irradiatecats. The dowsregulation of p21 has been associated to tumor

promotion: indeed, p2tieficient mice developed spontaneous tumors (hematological, endothelial
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and epithelial origin) within 16 months, while witgdpe mice were free of tumor for at least 25
however, after the exposure dgadiation, p2ideficient mice survived longer than irradiated wild
type mice (with a survival rate of, respectively, 68% versus 0% after 10 months from the irradiation)
and even longer than namadiated p21 deficient micgMartin-Cabdlero et al. 2001) The authors
assumed that p2deficiency did not accelerate tumor development but, on the contrary, it provided
a certain degree of protection againstdiation carcinogenesis, maybe enhancing the apoptosis.
Indeed, most of the tum® developed by onrthird (32%) of p21ideficient mice were lymphomas,
whose histochemical analysis revealed a high level of apoptosis and phagocytosis.

In the light of above, the activation of protective responses intrinsically induced by ST and
specificdly induced as a reaction to the radiation exposure (for instance, p2irdguation) could
represent the mechanism underpinrtimg radioprotection conferred by synthetic torpor.

5.3 CONCLUSIONS

The ability to induce nohibernators, like humans, in a cdtiwh resembling natural torpor is
extremely appealing since it could be exploited in many disparate situations, from the clinical practice
to the space exploration. As demonstrated in this thesis, the synthetic torpor induced in rats through
the inhibiticom RPa may represent a valid strategy to mimic natural torpor: indeed, many
transcriptional features are shared between these two hypometajgmithermic conditiongFig.

50). This evidence supports the potential feasibility of torpor induction ishit@rnators, reinforcing

the idea that it might be an adaptation inherited by an ancientqmaotamal, and arises the possibility

to exploit the orgaispecific adaptations to synthetic torpor in a therapeutic prospect.

This dissertation has also demonstrdteat synthetic torpor, similar to natural torpor, is capable of
enhancing tissue protection towards ionizing radiation damage. Regarding the mechanisms allowing
radioresistance, three sp#ations are either possiblé:. the nonspecific hypothermiaducel
adaptations (i.e. increased survival and stress responses); ii) the hypoihduoe adaptations
specifically activated in response to radiation exposure (i.e. degulation of p21); iii) the
hypothermiainduced avoidance of the canonical respotseadiation damage (i.e. p53 activation).
Although further investigations will be required to disentangle the role of each three, an educated
guess could be put forward based on the number of genes whose expression is modified in each
condition (irradiabn, ST, ST and irradiation). According to this, the main role inir8iliced

radioprotection appears to be played by the nonspecific responses to synthetig-tgrgady.
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In conclusion, this thesis provided the characterization of the ggtgmic adaptations to synthetic
torpor, with and without the radiation stress. The next step will be exploring their medhidriong
term effect, in order to validate this procedure for translational purposes.
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6. FIGURES
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Figure 1. Phylogenesis of torpor.

The dendrogram shows the spread of torpor among mammals, in particular within eight mammalian
groups. The type of torpor displayed by a specific family (each leave of the dendrogram) is labelled
with a specifiacolor. red for hibernation, green for dailyrpor, blue for starvation torpor and yellow

for estivation. Representative animals showing torpor are illustrated for each group (except for

Xenarthra).
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Figure 2. Body temperature indaily torpid and hibernating animals.
Core body temperature as a function on time of a daily heterotherm showing daily torpor bouts (panel
a) and ofahibernator undergoing seasonal hibernation (panel b). The grey dashed lines represent the

ambient temperature.
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Figure 3. Efferent thermoregulatory pathways.

Functional neuroanatomical and neurotransmitter model of the fundameitaient
thermoregulatory pathways. DRG (dorsal root ganglia); DH (dorsal horn); laRBa| parabrachial
nucleus); LPBel (external lateral subnucleus of the LPB); LBdkal lateal parabrachial nucleys
MnPO (nedian preoptic argaMPO (medial preoptic area); CVC (controls cutanecasomotion);
rRPa (ostral raphe pallidus); IML (intermediolateralemn); iBAT (interscapular brown adipose

tissue); DMH ¢lorsomedial hypothalamrmucleus)
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Figure 4: Surgical procedure for the chronic positioning of a microcannula n the Raphe
Pallidus in the rat.

The upper figure is eepresentation of a rat skull: the four purple dots represent the placement of the
screws to hold the resin implant, the yellow dot indicates the placement of the hypothalamic
thermistor, whereas the green dot on the occipital bone represents the sligpdicivhere the guide
cannula was inserted during the surgery through a craniotomy.

The | ower figure is a brain coronal section,

(Paxinos and Watson, 2007), which shows the target (Raphe Pallidhe)microcannula.
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Figure 5: Schematic representation of the experimental setp for microinjections in the free-

behaving rat.

During theadaptatiorperiodandthe experimenal day eachrat ispositionedin a cage located in a

sound attenuatednd thermoregulatedox, in which darkness and arof 15°C are constantly
maintained The cage is equipped withtilting arm through whiclthe bioelectric signajssoming

from the hypothalamic thermistare transmitted to the sep, while allowing the animals to move
freey. By means of a microinjection pump, | ocat e
disturbance, the drug in tlsgringe is delivered to the targeted brain aedenown amount of drug

is injected by monitoring the moventesf the hydrophobic interphase in tteflon tube.
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Figure 6: Portable thermoregulated box and experimental setip during the irradiation.

On the left is shown the thermoregulated and saitehuated transportable box (whose patent has
been filed) placed under tieray tube. On the right, the upper picture is a focus of the inside of the
box and shows the area, delimited by plexiglass, banere the animal is placed to Kerays
irradiated. The image of a representative radiochromic film, located below the animal during the

irradiation in order to measure the exit dose, is also shown.
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Figure 7: Experimental plan.

After one week from the surgical implantation of the hypothalamic thermistor and the microcannula
targeting the RPa, the rats were adapted to the experimental conditioob:1%°C, continuous
darkness and higfat diet. On the experimental day, they weaadomly assigned to one of 4
experimental groups (each group4): 2 hypothermic groupfCnR, cold nonrirradiated andCR,

cold irradiated) underwent multiple injections (one per hour) of the G&R@®nist muscimol (1mM)
within the RPa in order to indac state ofyntetic torpor;2 normothermic groupsNnR, warm
nortirradiated and WR, warm irradiated) were injected with aCSF in the RPa, matcthieg
hypothermic groupmjections Four hours after the first injection of muscimol or aG8E rats were
exposed to 3Gy total body of-raysor sham irradiated, according to the belonging experimental
group, and afteadditional4 hours of hypothermia or normothermia, the rats were euthanized and

their organs were collected
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Figure 8: Hypothalamic temperaturesduring the experimental day.
Mean value +SEM ofhe hypothalamic temperaturen(); recorded during the experimental day by
means of a thermistor, surgically implanted in the Lateral Hypothalamus.

Red dots: Warm irradiated amgarm non-irradiatedgroups(n = 8), blue dots: Cold irréated and

cold norvirradiatedgroups(n = 8).
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Figure 9: Principal Component Analysis of the sequenced genes.
Principal Component Analysis (PCA) conducted on the normalized gene expression values of the
samples. Xand Y-axes show the PC1 and PC2, respectively, with the amount of variance explained

by each component reported in parenthesis. Each point in theeptesents a sampleoxesof the

same colors are repates of a same experimentabgp.
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Figure 10: DEGs of synthetictorpor.

The Upset plots show the wpgulated (panel a) and dowegulated (panel bjenes overlapping
among the six evaluated organs of the synthetic torpid animals compared to the normothermic
animals.

For each plot, the bar plot on the left reports the count of the genes for each organ. Their distribution
among organs is depicted in thght part, where each column corresponds to a gene set: the bar
charts on top show the size of the set whereas the-ifll@bts below show the organ or the

intersection of organs where this gene set is exclusively expressed.
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Figure 11: Functional enrichment analysis of the genes significantly upegulated (log2 fold
change >0)in the liver during synthetic torpor.

The pathways upegulated in thdiver of synthetic torpid rats compared to normothermic saés
shown inthe treeplots wheren the enriched tersthave been hierarchically clustered accordmg
their similarities. In addition, each pathway is identified by a dot, whose size encodegeiee
numbes whereasts color encodests significance (p value adjusted).

The treeplot irthe red rectangle (panel a) has been produced by using KEGG datelhassaghe
treeplotssurrounded byhe blue framdiave beemproducedby usingORA analysisbased on @&ne
Ontologyclassification. In particulart hr e e OR A dhave begnalygeax bidlogicl process

(panel h), cellular component (panet)tand molecular function (paned)b
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Figure 12: Functional enrichment analysis of the genes significantly dowregulated (og2 fold

change <0) in the liver during synthetic torpor

The pathways dowregulated in the liver of synthetic torpid rats compared to normothermic rats are
shown in the treeplots, wherein the enriched terms have been hierarchically clustered according to
their similarities. In addition, each pathway is idestifiby a dot, whose size encodes the gene
numbers whereas it®lor encodes its significance (p value adjusted).

The treeplot in the red rectangle (panel a) has been produced by using KEGG database, whereas the
treeplots surrounded by the blue frame hasenbproduced by using ORA analysis, based on Gene
Ont ol ogy classification. | n p analyzedbieldgieal processh r e e

(panel h), cellular component (panet)tand molecular function (paned)b
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Figure 13: Functional enrichment analysis of the genes significantly upgegulated (og2 fold

change >0) in the spleen during synthetic torpor

The pathways upegulated in the spleen of synthetic torpid rats compared to normothermic rats are
shown in the treeplots, wherein the enriched terms have been hierarchically clustered according to
their similarities. In addition, each pathway is identifiey a dot, whose size encodes the gene
numbers whereas it®lor encodes its significance (p value adjusted).

The treeplot in the red rectangle (panel a) has been produced by using KEGG database, whereas the
treeplots surrounded by the blue frame havenlggoduced by using ORA analysis, based on Gene
Ont ol ogy classification. | n p analyzedbieldgieal processh r e e

(panel h), cellular component (panet)tand molecular function (paned)b
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Figure 14: Functional enrichment analysis of the genes significantly dowregulated (og2 fold

change <0) in the spleen during synthetic torpor

The pathways downregulated in the spleen of synthetic torpid rats compared to normothermic rats
are shown in the treeplots, wherein the enriched terms have been hierarchically clustered according
to their similarities. In addition, each pathway is ideedifby a dot, whose size encodes the gene
numbers whereas it®lor encodes its significance (p value adjusted).

The treeplot in the red rectangle (panel a) has been produced by using KEGG database, whereas the
treeplots surrounded by the blue frame hlagen produced by using ORA analysis, based on Gene
Ont ol ogy classification. | n p analyzedbieldgieal processh r e e

(panel h), cellular component (panet)tand molecular function (paned)b
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Figure 15: Functional enrichment analysis of the genes significantly upgegulated (og2 fold

change >0) in the heart during synthetic torpor

The pathways upegulated in the heart of synthetic torpid rats compared to normothermic rats are
shown in the treeplots, wherein the enriched terms have been hierarchically clustered according to
their similarities. In addition, each pathway is identiflegd a dot, whose size encodes the gene
numbers whereas it®lor encodes its significance (p value adjusted).

The treeplot in the red rectangle (panel a) has been produced by using KEGG database, whereas the
treeplots surrounded by the blue frame havenlpreduced by using ORA analysis, based on Gene
Ont ol ogy classification. | n p analyzedbieldgieal processh r e e

(panel h), cellular component (panet)tand molecular function (paned)b
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Figure 16: Functional enrichment analysis of the genes significantly dowregulated (og2 fold

change <0) in the heart during synthetic torpor

The pathways downegulated in the heart of synthetic torpid rats compared to normothermic rats are
shown in the treeplots, wherein the enriched terms have been hierarchically clustered according to
their similarities. In addition, each pathway is idestifiby a dot, whose size encodes the gene
numbers whereas it®lor encodes its significance (p value adjusted).

The treeplot in the red rectangle (panel a) has been produced by using KEGG database, whereas the
treeplots surrounded by the blue frame hasenbproduced by using ORA analysis, based on Gene
Ont ol ogy classification. | n p analyzedbieldgieal processh r e e

(panel h), cellular component (panet)tand molecular function (paned)b
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Figure 17: Functional enrichment analysis of the genes significantly upegulated (og2 fold

change >0) in the kidney during synthetic torpor

The pathways upegulated in the kidney of synthetic torpid rats compared to normothermic rats are
shown in the treeplots, wherein the enriched terms have been hierarchically clustered according to
their similarities. In addition, each pathway is identifiey a dot, whose size encodes the gene
numbers whereas it®lor encodes its significance (p value adjusted).

The treeplot in the red rectangle (panel a) has been produced by using KEGG database, whereas the
treeplots surrounded by the blue frame havenlggoduced by using ORA analysis, based on Gene
Ont ol ogy classification. | n p analyzedbieldgieal processh r e e

(panel h), cellular component (panet)tand molecular function (paned)b
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Figure 18: Functional enrichment analysis of the genes significantly dowregulated (og2 fold

change <0) in the kidney during synthetic torpor

The pathways downegulated in the kidney of synthetic torpid rats compared to normothermic rats

are shown in the treeplots, wherein the enriched terms have been hierarchically clustered according
to their similarities. In addition, each pathway is ideedifby a dot, whose size encodes the gene
numbers whereas it®lor encodes its significance (p value adjusted).

The treeplot in the red rectangle (panel a) has been produced by using KEGG database, whereas the
treeplots surrounded by the blue frame have been produced by using ORA analysis, based on Gene
Ont ol ogy classificati on. Havebgeanalyzedbieidgiealprocesshr e e

(panel h), cellular component (panet)tand molecular function (paned)b
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Figure 19: Functional enrichment analysis of the genesignificantly up-regulated (og2 fold

change >0) in the prostate during synthetic torpor

The pathways upegulated in the prostate of synthetic torpid rats compared to normothermic rats are
shown in the treeplots, wherein the enriched terms have beanchieglly clustered according to

their similarities. In addition, each pathway is identified by a dot, whose size encodes the gene
numbers whereas it®lor encodes its significance (p value adjusted).

The treeplot in the red rectangle (panel a) has pemtuced by using KEGG database, whereas the
treeplots surrounded by the blue frame have been produced by using ORA analysis, based on Gene
Ont ol ogy classification. | n p analyzedbieldgieal processh r e e

(panel h), cellular component (panebpand molecular function (paned)b
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