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1.INTRODUCTION

Duringthepast decadeprevalencef metabal disorders increased dramatically
in populations all over the world. Both energy excess (e.g. obesity) and deficit (e.g.
cachexia, sarcopenia) are important worldwide challenges affecting more and more
people

Due to unprecedentddod abundancand tetinological progress developed
countries, overconsumption of calorieh food is combined with sedentary lifestyle,
thereforeobesity reached epidenycoportions in the modern worlth 2014 1.9 billion
adults were overweighand, among then00 million were obese all over the viadr
[WHO 2016] This prevalence is constantly growing, by 2Q386 billion and 573 million
individuals are projected to be overweight abése [Kelly et al. 2008]t is wellknown,
that obesity increases risk of a numbenwdical conditions including type 2 diabetes
mellitus, cardiovascular diseases, depression, certain cancers or resgisaalgrs

It is interesting that having lower or even normal body mesex (BMI) seems
to be more harmful itheelderly than bmg overweight [Wannamethee and Atkins 2015]
One of the possible explanations of this phenomentmeisiuscle lossgarcopenigin
the elderly. Aging societies and increasing expected lifespan contribute to the rising
occurencenf aginganorexia leadingo cachexia and/osarcopeniaQruzJentoft et al.
2014. According to estimations more tharl8% of peofe over 70 years ohgeare
affectedby sarcopenigvon Haehling et al. 2010This common clinical problem is the
precursor of several severe heglthblems, suchsfrailty, fractures, functional/physical
disabilities, poor quadiy of life and premature death [Thomas 2010]

The above mentionedbnormalities present considerable public health burdens
with seriousimpact on health status and healtistcdhat makeg essential tachieve
deeper understanthg regarding the functions and mechanismaf healthy and
pathological energy processes @nanderlines the importance mdsearch aimed at age

related alterations in energy metabolism.



1.1 Peptidergic regulation of the energy homeostasis

In anideal situationpody weight(BW) of adultsdoes not change significantly
overa period of timealthough energy intake and expenditure fluctuate every day. Thus,
regulation ofBW can be considereid bea homeostatic system. It is assumed, that an
individual set point is established foBW and energy storage, determined by
envionmental and genetickdctors[Keesey and Hirvonen 19975 z ® kaenldy Sz el ®ny
2009, [Arora and Anubhuti 2006]The control oBW appeargo maintain this sepoint
andits function is based on a feedback sysfedh u h 8§ s z  eThe @atral nen®0s0 7 ]
system receives various forms of afferent signals from the periphery, which modify the
activity of central neurotransmittersjodulator substancesind consequentlyefferent
mechanisms are activate@ihis way the system ensuwenearly permanenBW and
energy balance in the lorrgn.

Some afferersignals represent the actual feeding state and influence the sensation
of satiety andunger. Thesafferentsignals includenechanical signals indicating stretch
of the stomach and other areas of the intestigned hormonal signalgriginaing from
the gastrointestinal (GI) tract during a meslich ascholecystokinin glucagonlike
pepide-1, ghrelin or peptide YY{Morley 1987] [Wilding 2003,[Sz ®k el y and Sze
2003, [Woods 2005] Satietysignals, through the vagus nerve act at thdemscof the
solitary tract(NTS), which projecs amongst othergo the arcuate nucleus (AR@),the
ventromedial (VMN) and paraventricular (PVN) nuclei of hypothalamus the
circulating substances act directisimarily atthe ARC and area postrenjaSz ® k el y an
Sz el ®mply[Valasksi®kiDal2008]

The other type of feerent signas indicate the otritional state. fese are
proportional to thé8W andto theamount of fat in the body, thus they are coestd to
be signals offat mass[Baskin et al. 1999][Porte et al. 2002] The most important
adiposity signals are leptin and insulin, which aemsported from the circulation into
the brain through the blde brain barrier{Wilding 2002]. They bind primarily to the
ARC and gartly to some othestructurese.g.area postremaNTS, VMN or dorsomedial
nucleus of hypothalamdyPalkovits 2003]] Sz®kahd Szel ®nyi 2005]

The ARC is localisedhearthe third ventricle, where the bloobrain barrier is
specially modified to allowthe entry of peripheral peptideand proteins (median
eminence) [Ambach et al. 1976Due to its ideal positignthe ARC is the main

hypothalamic area involved in the control B¥V, where various signals for energy
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homeostasis are integrated, sashadiposityandsatiety signals or other hypothalamic
and suprahypothalamic inputs [Valassi et al. 2008].

ARC contains intercormmc t e d- o@ fdier £t neur ony logated u p s :
anorexigenic neuronsi.¢. those inhibiting food intak€éFl)] and medially located
orexigenic neurons (i.¢hose enhancingl) [Palkovits 2003] Elevated level of leptin
(e.g.in fat accumulation) stimlates the expression of anorexigenic neuropepaidds
inhibits the relase of orexgeniconesfrom the ARC [Palkovits 2003]. In contrastiw
adiposity signal €.g.in starvation) lads to orexigenic predominand&/ifding 2003,
[Valassi 2008. Orexigenicneurons in ARC express neuropeptide Y (NPY) agduti
related protein (AgRP)Bewick et al. 200p [Hahn et al. 1998]Anorexigenic neurons
produce cocaine and amphetamiagulated transcript (CART) and the alpha
melanocyte stimulating hormone (alphaMSH) precursor prapiomelanocortin
(POMC)|[Elias et al 1998, [Konturek et al2005}

Both neuron groupsder®jeetr ¢ s OSElt® nd
located in thdateral hypothalamic arggHA) and perifornical areavhere orexigenic
neuropeptides are produced, such as melanimcentrating hormone (MQHnd orexins
[Sobrino Crespo et al. 2014]They are inhibited by anorexigenic and stimuthtey
orexigenic peptides expressedire ARC [Konturek et al2005] The other main location
of6seeomder 6 n e BUYNoThese newond aneeactivated &yorexigenic
neurotransmitters from th&RC (e.g. pha MSH derivedfrom POMC), but they also
receiveimportant inputs from other hypothalamic nudlalkovits 2008 [Konturek et
al. 2005] PVN is responsible for the secretion of catabolic (i.e. anorexigenic and
hypermetabolic) thyrotropireleasing hormone (TRH), corticotropieleasingfactor
(CRP and oxytocin [Lu et al2003], [Valassi et al. 2008]These observatiorsuggest
that PVN plays a role in the integration of nutritional signals with the thyroidthed
hypothalamie pituitary axis and it has also an importaolerin reproductiveorocesses
[Neary et al. 2004]

For simplified schematisummarydrawing see Fig.1.
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Fig. 1. Schematic model of the peptidergic regulation of energy balastbespecial
emphasis on the activation route of corticotrop&heasing factor.
Abbreviations: alpha MSH: alphamelanocyte stimulating hormone; AgRP:
agoutirelated peptide; CART: coaa¢ and amphetamiaegulated transcript; FI:
food intake; Gl tract: gastrointestinal tract; LHAateral hypothalamic area
MCH: melanir concentrating hormoneMR: metabolic rate; NPY: neuropeptide
Y; POMC: preopiomelanocortin; PVN: paraventricular nucle of the
hypothalamus; TRHhyrotropinreleasing hormone
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1.2. Age-related changes obody weight

During the course of aging, losigrm trends emerge in the regulation of energy
balance resulting in middiaged obesity and aging anorexia leadindoss of active
tissues and caeltia andalso tosarcopenia in old age [Scarpace et al. 2000¢rley
2001a], [Morley 2001b],[Di Francesco et a2007],[P ®t er v 8 r i],[dr tail ® €10 1¢
2015, [Tay et al. 201p [WysokiEs k i e t [Jumaland Kdzdk 208.§]L.oenneke and
Loprinzi 201§. As mostmammals also show similar trends timeir longterm BW
developmen(Fig. 2)[ Skel@et al. 2011p dysregulation of energy homeostasis may

also contribute to these phenomena.

BW (9)
600

500

400

300

200

100 A R S T S S S

0 3 6 9 12 15 18 21 24
Age (months)

Fig. 2 Body weightBW)changesdurng aging in male Wistar r

Earlier studies demonstrated the potential role of-ragged shifts in the
responsiveness to such centrally administeagebolic mediators as leptiR[®t er v 8 r i €
al. 2014] oralphaMSH [ P®t er v 8§[r Ro ®tt § :a | entthedelklopphizd 1 5 ]
of the above mentioned BW trends.

Leptin, asan adiposity signals one of the most potenégulators of longerm
energy balance with a complex catabolic activity involviRg suppressin and
hyper met abol i sm [tiBalbeangdportedethat ita éffesho® Spacil] .
agerelated pattern in ratdn studies applyingintracerebroventricularIiCV) leptin
infusion the hypermetabolic and anorexigenic effects changed in despeag during
aging.Leptin-induced aorexia was maintaineduring the course of aginpowever is

strength varied across ageoups.It was strong in the youngest graypveaker in aging
11



rats and beaae more pronounced in the oldest group. In copttagpermetabolism
declined contmous !l y with agi ng . NoR@ergesporsivenessetd al
acutecentral leptin injectios showeda similar agerelated patterrregardingFl and
metabolicratdMR)[ Rost 8s et al . 2016]
Endogenous melanocortin@gst alphaMSH is also an important member of the
catabolic circuit. It has begoroven that central acute and chronic anorexigenic effects
of dphaMSH showsimilar pattern during aging to those of the leptin administration
(strong in young adults, dimished in middleaged and pronounced inoldrat®)®t er v 8 r i
et al. 2010]JP ®t e r v 8§ r i ]. Fartherradrethis ga@ietnlwias observed also in the
hypermetabolic effects of centrallpha MSH injectiors, as oposed to leptin
admi ni st r a tal 2015] I aBdatisnt IG\salpleaMSH infusion induced weak
hypermetabolic response in the youngest group and strong hypermetabolic effects in
middle-aged, which wamaintained also in old animaB[®t er v8r i]. et al . 20
Based orthesefindings, the gestion arises, whether other potent members of the
catabolic circuit, such as CRF may also contribute to the above mentionassageted

obesity and/oto thedevelopment odgng anorexiaandsarcopenia.

1.3. Urocortin family

The mammalian urocortin orodicotropin neuropeptide family includes four
peptide, namely CRRyrocortin 1 (Ucnl), urocortin 2Jcn 2) and urocorin 3 (Ucn 3).
These peptides are all encoded by separate genesons#irvedicross mammalian and
non mammalan species[Stengeland Tach &014, which provesthe physiological
importance of this system.

CRF was named for itsle in thehypothalamepituitary-adrenabxis(HPA axis)
since it is thereleasing factoiof adrenocorticotropic hormone (ACTHJsigos and
Chrousos 2002]This 4l-aa peptide was isolated from ovine hypothalamus by Vale and
coworkers in 1981 [Vale el al. 1981]. It is produced predominantly in the parvocellular
neurons of thé®VN of the hypothalamus [Morin et al. 1999], but it has been detected,
among other sitesnithe cerebral cortexpcus coeruleusmedial preoptic areastria
terminalis amygdala and in the hippocampus [Morin et al. 1998frjg et al. 201]1
[Janssen and Kozicz 2013]

Ucnlis a 40 apeptide characterized in 1995 [Vaughan et al. 1998jasnamed
based on its similarity to CRF and urotensinl (&Bl&ted peptide in fisHFekete and

12



Zorilla 2007. More recently described urocortins,-88 Ucn2 and 38a Ucn3 were
identified in 2001 [Reyes et al. 200[llewis et al. 200], [Hsu and Hsueh 2a). Highest
expression of dnl is found in th&dingei Westphal nucleuss mammalian braiand it

is also detected in tHateral hypothalamussuproptic andnotor nuclei of the brainstem
[Bittencourt et al. 1999[Fekete and Zorilla 2007]Kozicz et al 199§. The main central
localisation of Ucn2 is the PVNhé ARC the locus coeruleuand thesupraoptic nucleus
[Reyes et al. 20Q1[St enge | 2004dwhiledUcnB @pression is found among
other sites irthe amygdala,n the preoptic regionjn the PVN, in themedian preoptic
nucleus and in theostral preifornical hypothalamiidanssen and Kozicz 201,3Richard

et al. 20@], [Stengel and & ¢ B0®4. It should be notedhatCRF and other urocortins
are not restricted to the brathey have als been identified in several peripheral tissues,
e.g. in the placenta, in ti@&l tract, in the pancreas, in the adrenal glands, in muscles and
the liver[St eng el a n]dFeKete artd @orridal2QQd[Aubry 2013]

The urocortin familyhas been denmstratedo participate in the regulation of the
energy balance. Athembers of it reduce Bloth in centralind peripheral administration
[Heinrichs and Richard 199and they also elicihatching hyperthermibypermetabolic
effects [Fekete and Zorilla P@] therefore they mmote negative energy balance.

In addition totheir rolesin energyhomeostasis CRF and urocortins also take part
in stress processes and in the developmentoétynand depressive disord¢Bale and
Vale 2004],[Fekete and Zorill2007, [Janssen and Kozicz 2013Waters et al. 2015]
Urocortins havéeen proposed to be involvadthe modulatiorof glucose homeostasis.
For instanceUcn2 produced in the skeletal noles inhibits glucoseuptake Chen et al.
2004, [Kuperman and Che 2008]or Ucn3 expressed in pancreas coniiés to the
release of insulin Huperman ad Chen 2008] They also inhibit gastric emptying.
Moreover their participation isuggestedn the development of normal hearing and in
the protectia of the cardiovasdar system ffekete and Zorilla 2007[Kuperman and
Chen 2008]

13



1.4. Corticotropin - releasing factor (CRF)

1.4.1. Effects of CRF
a. Effects of CRF on the energy homeostasis

CRF participates in a great variety of regulatory processes in humans and also in
laboratory rodentsAlthough CRF is generally regarded as a peptide, whichsay
important role in thélPA-axis, it has a not less significant role in the regulation of energy
balanceThere is a considerable body of evidemu#icating that CRF ian endogeous
catabolic agenifs anorexigenic and hypermetabadifects result in weight loss [Krahn
et al. 1988][Richard 1999]

In the PVNCREF level is increased in states of energy excess (overfeeding) or poor
glucose utilization $eeley et al199q. Whereas, states of negative energy balance like
fasting or cold exposure reduce CRF and CRFeptxr level [Fekete et al. 2000],
[Hatalski et al. 1998 In such cases, the expressiohCRF binding protein (CRF
inactivating protein) is enhanced in brain areagolved in the anexigenic and
thermogenic actionsjichard 199].

During acute stress anorexigenic effeare elicited through stimulation of
POMC/CART neurons in the ARC by increased CRF levelsvamddditional decrease
of NPY secretion [Kyrou edl. 2006],[Chrousos 2000]

However, CRF is able tdecrease Feven in the absence of stress [Crespi et al.
2004] Acute central administration of CRF (injection into theNP&f into theventrides)
suppresssspontaneoufood consumptin and fastingnducedre-feeding [Cullen et al.
2007, [Morley, 1987], [Arora and Anubhuti 206]. These aorexigenic effectsare
accompanied by hypermetabolism and@ased browafiat thermogenesis [Brown et al.
1982],[LeFeuvre et al. 187], [Carlin et al. 2006]

Not only acute,but alsochronic central administrationof CRF has catabolic
effectswithout the development of functional tolerant®V CRF infusionenhanced the
weight of brown adipose tissue [Cullen al.2001] and caused a fall BW parly by
suppressionfd-l partly by enhancement of metabolism [Arase et al. 1988].

Besides central injection and infusigeripheral administration of CRiésohas
an effect on energy homeostasis. Peripheral CRF infusion and injection deéileased
increaseenergy expentlireand fat oxidation in humans and rodents [Smith et al. R001
[Hope et al. 2000]Thus central and also peripheral administration of CRF evokes

catabolic, i.e. anorexigenic ahgpermeabolic effects, whiclappearto be coordinated.
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Administration ofCRF alsostimulatescolonic motility, decreasgcolonic transit
time [Zorilla et al. 2008 and induces gastric stasigMaillot et al. 2000, [Zorilla et al.
2003, whichgenerates satiety signalMoreover largedose of CRF is proved to evoke
conditionedtasteaversion andiisceral illnesgKrahn et al. 1988 [Zorilla et al. 2004],

which mayalsocontributeto the anorexigenic effects

b. Other CRF effects

The main functions of CRF are thought to be the activation tiB#eaxis [Rivier
and Vale. 1983][Mugliaetal. 1995]and coor di nati on of the
[Koob and Bloom1985]. CRF inducgACTH release from thanterior pituitaryeading
to glucocorticoid expression the adrenal cortex, which exerts a negative feedbtiekt
on thehypothalamic CRFRelease/expressiofRivier et al. 1982], [Vale et al. 1983],
[Tsigos and Chrouso2003. Prolonged glucocorticoid secretion enhanédsby
inhibition of CRFandby stimulation of NPY expression [Chrousos 2Q@RF has also
been showio inducefear and is known to be involved in mood, anxiety and in depressive
disorders [Buwalda et al. 199TBale and Vale 2004], [Wasserman et al. 20Alibry
2013] [Kormos and Gaszne2013] [Waters et al. 2015]it also takes part in the
activation ofthe sympathetic nervous systéBrown et al. 1982]

It has beerproven that CRF plays an important role in thermoregulation.
increass the thermogenesis ithe brown adipose tissue through the activation of the
sympathetic nervous system [Brown et1#182] [LeFeuvre et al 1987RApart from the
phenomenorf stressinduced hyperthermifNakamori et al. 1993]both central CRF
injection and infusion were shown to inducepésthermia [Heinrichs et al. 2001
[Richard et al2003, [Buwalda et al. 1997hut the exact mechanismstill remain highly
cotroversial. Some studies suggest that fdiker coordinated hyperthermic effeabf
CRFdevelopin a prostaglandindependent wayHigueiredo et al. 20310while others
consider prostaglandins to be imp@ot factorsin it [Telegdy and Adamik 200B
Moreover, according to other studi€RkFis not only a febrigenic agent, but abos as
an endogenas antipyretic substance, i.e. it suppresses félademan et al. 1985].

In addition, this peptide is knowto influence the motor activifyfContarino et al.
2000],[Ohata and Shibasaki 2004he immune[De Souza 1995andthe reproductive
systens [Heinrichs and Richard 1999 reward[Koob 2013 and learningnechanisms
[Hashimoto et al. 2001]
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1.4.2. Receptors andCRF binding protein

Two receptorsubtypes (CRF1 and CRF2) mediate dffilects of corticotroms.
Both receptors belong to class B of the family of seivansmembrane @rotein coupled
receptors, sharing 668% overall hamology at the amino acid level [Vghan et al.
1995],[Chatzaki et al. 20041CRF elicits its effects by binding predominantly to CRF1
and to a lesser extent to CRF2 receptors [Vaughan et al. 1995], [Liaw et al. 1997], [Perrin
and Vale 1999], [Reul and Holsboer 2002], while Ucn1 shows airaiffinity to both
receptor types [Liaw et al. 1997R¢rrin and Vale 1999[Vaughan et al. 1995PDther
members of the corticotropin peptide family, suchUas2 or Ucn3 show enhanced
affinity to CRF2 receptors [Cullen et al. 2001], [Lewis et al. 20[Dhata and Sbasaki
2004], [ Ste204e(Fig3 nd Tach®

CRF Urocortin 1 Urocortm 2 Urocortm 3

CRF-BP / ,
Corticosterone / ) (X 77 AV‘(
Cortisol C.——«,( - y‘ B &
7)) D N 3
(i) ((2i2()
EERYR HRYYR
"\:.-&I I\'\\.—_:i‘ 7 \ W
- CRF Receptor CRF Receptor
Adrenal | type 1 type 2

A

Fig. 3: Membersof the urocortin family,their receptors andcorticotropin releasing
factor binding proteinlCRFBP). [Kuperman and Chen 2008]

Widespread expression of CRF1 receptor wescdbed in hypothalamic nuclei
[Potter et al. 1994], [Reul and Holsboer 2002], [Van Pett et al. 2000] and also in the
anterior pituitary [Van Pett et al. 2000]. Additionally, they are found in thebfaiin, in
the septal region, in thremygdala [Justicet al. 2008], in the cerebral cortex and in the
cerebellum [Reuland Holsboer2002], [Van Pett et al. 2000]. Anxiogenic actions,
depressie behavior, increased locomotor activisd hyperthermic/hypermetabolic
effects have been attributed to the activatd thisreceptor typdFig. 4) [Figueiredo et
al. 2010], [Reuland Holsboer2002], [Van Pett et al. 2000However, the dominant

receptorregardingthe anorexigenic effects is the CRF2 recepatthoughsomedata
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suggest that CRF1 receptor is also dblsuppress food intak&his receptor mediates
rapid onset, shorterm anorexiaindependently o€CRF2 receptoactivation[Zorilla et
al. 2003], Eorilla et al 2004][Kuperman and Chen 20Q8yvhich has been mainly
attributed to anxiety, fear and diffetéand of stress situati@especially emotional and
restrain stresfHotta et al. 1999]Richardet al.2002],[Zorilla et al 2003.

/ CRF1 receptor \ / CRF2 receptor \

A body temperature —  food intake
heart rate heart rate
locomotor activity locomotor activity
anxiogenic behaviour anxiogenic behaviour
depressive behaviour

\ depressive behavioy

Fig. 4: Schematic model of the mastevant roles of the maicorticotropin- releasing
factorreceptor types.

v
\ / Y,

CRF2 eceptor expression appeardeomore restricted in the bralative tothat
of CRF1 recepta It was detected ithe VMN, in thelateral septumin the PVN and in
the ARC[Van Pett et al. 2000][Currie et al. 2001][Fekete and Zorilla 2007]Chen et
al. 2013].Theseare proved to be important brain sitegolved intheregulatory effects
of the corticotropin system regardifapd intake and energy balan€&urrie et al. 2001],
[Richard et al2002] [Stengel and” a c 201@]. Moreover CRF2 receptaarealso found
in theamygdala, irthehippocampusin theNTS or inthearea postremgBittencourtand
Sawchenko 2000]Van Pett et al. 20007 his receptor typ has threéunctionalsplice
varians differing structurallyin the N terminal domainCRF2a CRF2b and CRF2c
[Hauger et al. 2003]CRF2b is predominantly found in mammalian speci#i-2a is a
betterconserved isoform, which is found even in more primitive species, @RE2C is
expresseanly in human brairfKostich et al. 1998], [Stengel afida ¢ h ®]. Varuds4
studies established the primary role of CRE2eptorin mediating the anorexigenic
actions of central CRF administration or that of other corticotropin agonistsddtith3
showing enhancedffinity to CRF2 receptar(Fig. 4)[Smaginet al. 1998][Cullen et al.

2007, [Lewis et al. 2001][Ohata and Shibasaki 2004ktengeland Tach® 2014
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contrast withthat of CRF1 recept® CRF2 receptemediated anorexia is known to be
late- onset anckliciting prolonged effect [Zorilla etl2003. The geat majority of the
studies suggest thapecific CRF2 receptor agonists play an important role in stress
adaptatiorand in he late phase dhe stress respong®yabinin et al. 2012]. Moreover,
CRF2 recepta areknown to mediate anxiolyti, antidepressive behaviour (Fig. 4) [Van
Pett et al. 2000], [Reul and Holsboer 2002¢n 2 and 3 decreasecomotor activity,
blood pressure and heart réfeg. 4)[Richard et al. 2002]Ohata and Shibasaki 2004],
[Nakamura et al. 2009vhichmayalsoconfirm the role & CRF2 receptain anxiolytic
mechanismsHowever other studiesuggest that the two main CRF receptor types do not
show a simple dualismegardingthe stressresponsganxiety ordepressionThe CRF
system seems to be a more complieguit, the effectsof whichdepend orthebrain site
andtheneurontype [Janssen and Kozicz 2013].

The CRF2 receptor hassoluble isoformsCRF2awhich contain®nly thefirst,
ligand-binding extracellular domain of the CRF2 recepf@hen et al. 2005 It binds
CRF and Ucniwith high affinity, while it shows low affinity for type 2 urocortins, Ucn2
and Ucn3 Chen et al. 2005The localisation ofhis variant is similar to thatf the CRF1
receptor which suggestthatit may inhibit the signaling o€RF1 receptor [Chen et al.
2005].

In additionto receptors, effects of CRF are influenced by a 37 kD glycoprotein,
called CRF binding prein (CRFBP). CRFBP was firsisolated from blod of pregnant
womenand female primates[Petraglia et al. 1993]Jbutit is alsoknown to be widely
expressed irthe mammalian brain, includinghe hypothalamuscerebral cortex, and
amygdalaPotter et al. 1991 [Potter et al. 1992JAccording toin vitro experiments CR¥F
BP affinity for CRF and Ucnl is similar or even stger than those of CRF receptors,
while it has low affinity for both Ucn2 and Ucr{Big. 3) Heinrichs and Richard 1999
[Fekete and Zorilla 2007]The exact function of this glycoprotein is not entirely known.
It has been hypothesized that GRP limitsCRF and urocortirmediated processédsor
instance CRMBP is supposed to prevent the inappropriate agtofitHPA axis during
pregnancy [Linton et al. 199Fxpression sites of CRBP are partly identical with those
of CRF and CRF receptors, supportithg above mentioned hypothesis [Potter et al.
1992] On the other hand, CRBP is also found in brain regions, where CRF or CRF
receptorsare not expressefllanssen and Kozicz 2013kwggesting ther, CRF

independent functions
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1.4.3. CRF and aging
During the ourse of aging, characteristic changes of the corticotropin system have

been reported in humans and mammals [Hatzinger et al. 1996]. Most studies on animals
and humans have reported increased hypothalamic CRF expression in old age
compensated by s@rCRF1receptor downregulatiofiScaccianoce et al. 199(0Tizabi
et al. 1992], [Ceccatelli et al. 1996], [Bao and Swaab 200Xguifera 2011
Nevertheless, a few studies described unchanged or even reduced CRF expression in old
agegroups [Cizza et al. 1994],[Kasckow et al. 1999]. Post mortem
immunohistochemical angh situ hybridization studies in brain samples of men also
suggest an overactivity of the CRF system, a finding which is more marked in specimens
from depressed patients or those d@gpd with Atheimer's disease [Raadsheer et al.
1994],[Bao and Swaab 200./Qther investigators demonstrated that hyperactivity of the
HPA axis contributes to deterioration of the central and peripheral nervous system
associated with aging in humans and in experiailarimals [Sapolsky 1999], [Swaab
et al. 2005], [Ferrari and Magri 2008].

1.4.4. CRF and gender differences

An intriguing additional feature of the corticotropin system is that its functions
show not only age, but also gender differences [Gordon et al. 2Bifjslige etal.
1973], [ Mi Sk o @]i Bok insarice gentlerdepehd@r@changes were
demonstrated during a Adhy CRF infusion. CRF administration produced anorexia and
weight loss in male Wistar rats, while it failed to induce any significant change in females
[Gordon et al. 2016]. In addition, difference in the circadian rhythm of hypothalamic CRF
was also reported in male afeanale Wistar ratfHiroshige et al. 1973].

Moreover other elements ofhe HPA axis arealso provedto showage and
gender dependend¥eldhuis et al. 2013][Handa and Weiser 2014Therefore, age
related alterations of the hypothalamic corticotropin system may also show different
patterns in males and females. Such differences may also provide some explanation for
the gender differeres in the longerm BW development of male and female rats: in
contrast with males showing midedgjed obesity and a decline in BW in old -@geups,
females maintain a stable low BW throughout life [Ferreira et al. 20323, Pk el v et
20117).
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1.4.5. CRF and other catabolic mediators

As it was mentioned above, regulation of energy homeostasis is based on a
complex circuit of anabolic anchtabolicmediators Thus CRF and other peptides from
theurocortin family are also interconnected with these systems.

Leptin, acting as an adiposity signal, has been reported to stimuldtea@G®R
CRF2 recemr expression obrino Crespo et al. 2014 [Richard 1999] while
pretreatment with CRF antagonists desesbanorexigeniceffects of leptin[Sobrino
Crespoetal. 2014Sz ®k e dl yS ae | ®MoreoverZ@RPirkljced anorexia was
maintained inleptin receptor deficient rats [Kochavi et al. 2Q0dhich suggests that
CRF anorexia is partiypdependenof leptin.

Catabolic melanocortins activated among others by lepivance the acfity of
thePVN andincreaseCRF expression [Lu et al. 2008jrough melanocortin 4 recepsor
(MCR4). However catabolic effects of melacortinsare only partly mediated by CRF
[Tachibana et al. 2007][Kawashima et al. 2008[0n the othe hand both in M&4-
deficient mice and in specific MR4 antagonism catallio effects of CRFemainedntact
[Marsh et al. 1999[Vergoni et al. 1999]In fasting rats, after the refeedjnige decreased
MCR4 level normalized, exceph animalswith adreralectomy, wherCRF level was
continously high [Germano et al. 200g9]hese processes suggastegative feedback
relationship between CRF atite melanocortin system.dveoverthey alsademonstrate
thatCRF acts downstreato melanocortins.

Based orall these previous findings, the question arises, whether corticotropins
(downstream to melanocortins and leptin) may also contribute to the metabolic
dysregulation characterizing aging.
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2.PRIMARY HYPOTHESE S AND AIMS

l. According to our first hypothesisaute catabolic (i.e. anorexigenic and
hypermetabolix CRF effects contribute to middleaged obesity and aging anorexide
also hypothesized, that catabolic (i.e. anorexigenic and hypermetabolic) CRF effects vary
with aging similarly to those of melanocar$i and leptin. Moreover, acute catabolic
effects of CRF change different, norparallel,i.e. disparate ways in male and female
Wistarrats during the course of aging.

Thereforewe aimed

1. to assessanorexigenic anchypermetabolic effect®f ICV CRF injedion in

different agegroups of malerad female Wistar rats,
2. to analysehe potential involvement of acutentral catabolic CRF effeciis the

development of ageelated obesity and aging anorexia

Il. Wealsohypothesized, thagerelated changes in centcdronic CRF effecttake
part in the development of the special patterfonfrterm BW regulatiorin male rats
similar tothe catabolicactivators of CRF
Thus, we aimed
1. toinvestigate thanorexigenic and hypermetabolic responsiveness-ey CV
CRF infusion in differenagegroups of male Wistar rats
2. to analysewhether ageelated variations of CRF effects may also contribute to

middle-aged obesity and aging anorexia leading to weight loss in oldrages.

[l We proposedhat the agerelated banges oéndogenous CRé&ctivity in the PVN
contribute to thdife-long BW developmenin male rats

Thus, we aiméto analyze mRIS expressiornf CRF in the PVNn different age
groups of male Wistar ratéV/e also aimed tassesghe potential contribudin of theCRF

expressiorio the abovenentioned longtime BW development.
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3.MATERIAL SAND METHODS

3.1. Animals

Various age groups ofmale (M) and female (F) Wistar raigere used in the

experiments of the present studiesm the Colony of the Institute fofranslational
Medicine of the Medical School, Unmrander si t
older middleaged, agingnd old (3, 6- and 12, 18 and 24months old, respectively).
Maximal life-span of our Colony reaches 30 months, about 50% efgatvive 26
months, but after the age of 24 months surgical etd@rons involve high mortality
Following experimentsanimals were sacrificed; no repeated testing acrosgrages
was possible.

MeanBW of control vs. CRFtreated animals of these agedgendergroups
were as follows3-monthM: 380.8N14.9g vs.359.2N11.1 g,3-monthF:1 95 . 8g N 8. 4
vs.219. 9g;8mé&nthM:375. 1gwWwW.38218 g nbthF255. 2 N 4.1
gvs.2 4 7. 79; N-manthM: 515.9N22¢g vs.512.1N20.15g, 12-monthF:2 58 . 4 K
16.8gvs.2 6 1 . 8 gNi8rhodth\2: 516.8N13.8¢g vs.496.9N19.49, 18-monthF:

252. 6gVvBl2 B9 87 g;R4-mobthM2 465.2N12.8¢gvs.488.4N 1 4 , 22manth
F:27 3. 7 gNs.21851. .41 g. NitiabBW5s of reated and those of control animals
did not differ within agegroups, as shown by omeay ANOVA (p<0.05 in all cases).

In acute experimentBCV CRF or pyrogen free saline (PFSinjections were
administered toyoungadult Nm = 14,NF = 12), youngerNwm = 14, N = 16) and older
middle-aged Nm = 15,Nr = 13), aging lm = 16,Nr = 16) and old Klm = 10,NF = 18)
male and femaleats.However, n chronic experimenfsdaylCV CRF or PFS infusios
were appliedto 3- (Nu= 16), 12- (Nv=12), 18 (Nm=12) and 24months old(Nu=15)
male ratsFor CRF gene expression analysis different ageups(3-monthNy= 6, 12
monthNu= 6, 18monthNu= 6, 24monthNw= 7) of intact male rats were used.

After they have reached the appropriate age, ratsheersgedn individual dastic
homecageq375 x 215 mm, height 149 mropntaining wooethip beddingCages were
equipped with a steel grid top with feeder and bottle contaiier.animals were kept
under conditions otontrolledillumination (with 12:12 hours darkght regime,lights
were on from 06:00 am) arat an ambient temperature of-28 CA which provided a
thermoneutral temperature in the n&andard rat chow (11 kJ/g; CRLT/N rodent chow,
Szindb8d Kft., G°ed°Il IR, H uvad Igoitum eXceptdantde t ap w
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24-h fasting periodin acute experimentsvhen only water was provided for the
appropriate groups. Spontaneous d&ilyand BW were measured every day at 09.00 h
consequently the animals were habituated to regular handling.

3.2. Substancesapplied

During acute and chroniexperiments articotropinreleasing factor (CRB1,
Bachem, AG Switzerland) dissolved in PFS and PFSeafaa control) were delivered

into the right lateral cerebral ventricle.

3.2.1. Applied substances in acute experiments

In acute experimentSRFdissolved in PFS in a volume ofmbor 5m PFSwas
filled the proximal end of a 205 cmlong polyethylene tube attachment of the injection
cannulaA small bubble separated the substance prepared for ICV injection from the PFS
that filled the distal part of the tuball injections weregiven remotely, without causing
any acute discomfort to the rats and they were administered around 09.00 h, early in the
inactive phase of the day.

During acute experiments two different doses of CRF injection were used for
thermoregulatory analysis anar ftests ofI.

When testing anorexigenic effects, the animals receivedtD@GRF dssolved in
PFSor PFSafter 24h fasting The dose was chosen based on previous reports of the
literature[Semjonous et al. 2009 orilla et al. 2004]

Initially three different doses of CRF (0.3, 1 andng) were tested in the
thermoregulatoryexperiments of young adult male rats and all doses elicited similar,
significant hyperthermic responses. However, timg Hose elicited the largest increase
in oxygen consumption (p < 0.05). Therefore, tmgHose was applied in all subsequent
thermorgulatory experimentdn these studies CRF was injected at a thermal steady state

(usually 6690 min following the start of the experiment).

3.2.2. Applied substances in chronic experiments
In chronic tests CRF solution or PFS alone were administered intghitédateral
ventricle via Alzet osmotic minipumps at
dose of CRF (0.2 ©uingQd earliey obsemations[Rivest etral. a ¢ ¢
1989]
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3.3. Experimental protocols

For testing acute anorexigenic and theregulatory effects of CRBnICV guide
cannula was implanted into the right lateral ventricle afteat least-tlayadaptation to
the experimental systems amtdeas days before the ICV injectio®everal daybefore
the firstexperimentangiotensn 1l tess (see belowyerepeformed in order to check the
correct location of the cannul®uring experiments, eacanimal in each aggroup
received CRF and its solvent in random order. For thermoregulatory analysis and for tests
of FI separate groups @animals had to be useHor testing the anorexigenic effects of
CRF injection 24 h fasting was applied right before the injections, while in
thermoregulatory experiments fasting was not requisiter the experiments the
position of the injection sitewvere checkedagain post mortemusing brain coronal
sections(Fig. 5 a, b)

ICV CRF ICV PFS
A injection injection

ICV guide cannula
implantation

angiotensin IT test

adaptation to the
Feedscale system

postmeortemn examination

|

min. 7 days

. days

[ 24-nrasting

D measurementsin the FeedScale system o , o
ICV PFS ICV CRF
injection injection

Fig. 5a Schedule for food intake measuremencute experiments
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ICV CRF ICV PFS
injection injection

ICV guide cannula
implantation

angiotensin IT test

adaptation to the
Oxymax system

postmeortemn examination

|

min. 7 days

. days

D measurementsin the Oxymax system

I

7 days

ICV PFS ICV CRF
injection injection

Fig. 5b: Schedule for thermoregulatory measurementscuite experiments

In chronic experiments the measorents were performed in aotglemetric
system. After the adaptation and Bdays before the ICV cannula implantation an e
mitter was implanted intraperitoneall¥zollowing the full recovery ofthe surgical
procedurdCV cannula and osmotic mipump weresimultaneouslymplantedinto the
right lateral ventricle and underneath the nape ohtuk.After the Zdayinfusionrats
were ethanizd,indicators of body composition were determined and injection sites were

checked macroscopicallgFig. 6)

ICV cannula and osmotic minipump

implantation
E- mitter capsula
implantation ICV CRF
infusion
A
[
adaptation to the EEEEE
MiniMitter system
7days post mortem examinations
I I
min. 7 days 7 days t L1111
|
. days ICV PFS
infusion

D measurementsin the MiniMitter system

ICV cannula and osmotic minipump
implantation

Fig. 6: Schedule for chronic experiments
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3.4. Surgeries

3.4.1. Intra cerebroventricular cannula implantation

An ICV cannula (in acute experiments-gauge stainlessteel guide cannula
(with O.D. 0.72mm); in chronic experiments Alzet, Brakit) was implanted into the
right lateral cerebral ventricle of rats using a stereotaxic apparatus for the purpose of ICV
injections or infusion. The tip of the guide cannatahat of the Braikit (fixed to the
skull by dental cement) was positioned at A0 mm (to bregma), L: 1/Am (right lateral
to bregma), V: 3.5 mm (ventral to dura) (coordinates according to the Rat Brain Atlas
[Paxinos and Watson 2006

In acute experiments stylet closed the lumen of the guide cannula which was
replaced during the experiments by ag2figeinjection cannulgwith O.D. 0.36mm)
outreaching the guide cannula by about 0.5 mm.

In chronic experiments the implantBdain-kit was attached to ansultaneously
inserted osmotic minipump.

Beforethe first ICV injectionin order to check the appropealocation of the
guide cannula angiotensin Il (Sigma, A9525, 20 ng)j5wvas injected through BELO
polyethylene tube attachment around 3 days after the implantation. Appropriatenlocatio
was assumed if at least 5 mlteawas consumed within 30 mir ®er v 8r i J.et al
Experiments started 7 days after the cannula implantafeig. 5a, ) Rats with
inappropriately located cannula were excludéd.such test was possible in case of the
chronic experiments, the location of the Briincannula wasleecked onlypost mortem

After acute and chroniexperimets rats weresacrificed by intraperitoneal (IP)
overdose of urethane-8g/kg, Reanal)Post mortentheck of the injection sites were
performed by observing macroscopigéthe coronal sections tiie removedrains that
were fixed in 4% paraformaldehyde for 48 hours. Only rats with appromaaieula

location were included in the analysis.
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3.4.2. E- mitter inplantation

In chronic experimentsfi@r at least one week of adaptation to the biotelemet
systemand 57 daysprior tothe start of thenfusion, an emitter (HR E-Mitter, Sunriver,
OR) wasinsertedntraperitoneallynto the ratgFig. 6) Theimplantation was performed
according to our previous studiesSo - s eft[P@t er 2 8011]. Seich anee
mitter containgemperature activity measuring capsuénd two heart ratHR) sensors
extensiongFig. 7). During the operation the capsule was inserted into the abdominal
cavity andsutured to the abdominal wall, whiR sensorswerefixed subcutanously to

the chest at 450 degree angle to transverse plane of the Kigart7).

Fig. 7: E-mitterimplantation
1.:Core temperature and activity measuring capsule
2., 3.:Heart rate sensors
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3.4.3. Osmotic minipump implantation

After full recovery from the emitter surgery an Alzet osmotic minipump was
implanted simultaneously with the ICV canngifag. 6). It was inserted subcutaneously
underneath the nape of the neck which was attached to thelkgraline minipump was
filled with CRF dssolved in PF®r PFS and provided the delivery of these substances at
controlled rates (ir/h) for 7 days.

TheAlzet ozmotic mhipump consistedf asemipemeable membraraosmotic
layer,aflexible impermeable reservoir containing tiest solutiorand a flow moderator
(Fig. 8. Interstitialfluid fluxed into the minipump due to the osmotiessure difference
between the osmotic layer and the tissue environment in which the pump waseghplant
Theinflux of water compressetie flexible reservoiremovingthetested agerftom the
pump at acontrolled, predetermined rate

Agent Osmotic Semipermeable Impermeable Flow
Layer Membrane Reservoir Maoderator

Fig. 8 Structure of Alzet osmotic minipurspAlzet website]

3.4.4. Anesthesia
All surgical interventions wer@erformed undeidP ketamine+ xylazine [78
mg/kg (Calypsol, Richter) + 13 mg/kg (Sedaxylan, Euroatgsthesia, which provided
1-1.5 hours of deep narcotic stat€&sentamycininjection (2 mg IP) wasalso applied to

avoidinfections.
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3.5. Experimental methods

3.5.1. Assessment o€entral acute CRF effects on foodntake
At least 14 days before the experiments, rats were transferred to the automated

FeedScale system (Coflous OH, Fig. 9 to get habituated to the environment and to the
powdered form of rathow (Fig 59. The system allowed contiaus recording of the
amount of consumed foaghd preventedbod hoardingData were registered every 10
minutes. On day 1 at @3 h food was removed for 24(Fig 59. Five minutes before
the refeeding started (on day 2 at 09.00) assigned rat groups receiveg [CY CRF
or 5 m PFS injection to test the inhibitory effect of the peptide dncBmulative FI.

Fig. 9: Structue of the automatedbod intake measurinFeedScaleyystem.
1.Scale2 Feeding apparatus witlpowdered rat chow
3. Drinking apparatuswith tap water
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3.5.2. Assessmmt of central acute CRF effects on thermoregulationand
metabolic rate

During thermoregulairy analysis oxygen consumption (Y,®@epresenting MR),
core temperature (Tc) and tail skin temperature (Ts, indicating heat loss) were recorded
in an indirect calorimeter. The tests were performed between 09.00 h and 15.00 hon semi
restrained rats, singlenclosed in cylindrical wirenesh confinergFig. 10a)in separate
tightly sealed plexiglass metabolic chambers continuously ventilated with room air (size:
20 x 30 x 18.5 cmFig. 1M). Four chambers were used simultaneously that were
immersed into a #grmostatically controlled watdrath(Fig. 1(). Forthermoregulatory
analysis of CRF a slightly subthermoneutral environment [ambient temperature (Ta) was
25 UC] was maintained. As the animals we
restraining cages fot &east a week (Fig. 5b; startingttvia 126min, followed by a 180
, @ 240 and two 308min sessions), we could minimize the stress during the experiments,
as shown by the nor mal initial Tc values
gradual modetta decline in the Tc and \\@alues of control male (and to a lesser extent
of female) PFSreated rats indicates that some initial stress must have induced a slight
increase in these values that declined later in the familiar environment. During tests the

animals could not eat or drink.

i

Fig. 10a Semirestrained rat ina cylindrical wire-meshconfiner.
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Fig. 1(: Schematic model d¢iieindirect calorimetersystem
1.: Air supply pump; 2.: Mabolic chamber; 3.: Water bath;
4.: Extension of the intracebroventricular cannula;
5.: Thermocoupleecordingambient temperature;
6.: Thermocouple recordinthe tail skin temperature;
7.: Thermocouple recordintihe core temperature in the colon;
8.:Benchtophermometer; 9.: Gas sensors;.1Gomputer

Oxygen consumption (mkg/min) and carbodwlioxide production (ml/kg/min)
were determined by indirect calorimetry (Oxymax, Equal Flow, Columbus, OH) from the
air flowing through the chambe(Big. 1(). Data was registered in 40in intervals for
3 hours.

For the recording of Tc and Ts coppesnstantan thermocouples were applied and
temperature data were collected by a EBghse Benchtop Thermometer (GBlermer)
for electronic processing and evaluation. The colon thermocouple was inserted 10 cm
beyond the anasphincter and it was fixed by tape to the ftglg. 10b) The Ts
thermocouple was fixed on the dorsal skin of the distal part of thé~tgil 10b) One
thermocouple recorded Ta of the chamf@gg. 1(). The rate of heat loss (heat loss
index, HLI) wascalculated from the relationship of the monitored temperatures=HLI
(TsTa) / (TecTa) [Romanovsky and Blatteis 1996]. HLI near 0 (when the Ts value
approaches Ta) suggests vasoconstriction as a heat conserving mechanism, HLI near 1
(when the Ts value gpoaches Tc) indicates vasodilation as indication of heat loss. In the
semtirestraining cages the animals could not turn around or reach the thermocouples. The
thermocouples and the extensions of the ICV cannula were pulled through a tightly sealed
port of the metabolic chamber allowing the remote administratiosubktancegFig.
10b).
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3.5.3. Biotelemetric measurements ircentral chronic CRF administration

The biotelemetric systenconsisted ofintraperitoneally implanted -mitters,
MiniMitter chambes equipped with feeding and drinking apparatuseceives
(MiniMitter-VMFH series 4000, Sunriver, ORplaced under the MiniMitter chambers
and a computethatprocesedand stord the measuredata (Fig. 11)E-mitters detected
Tc andHR (representindVR, [Butler 1993)) andsent signals about these parameters to
the receiver Any change in the signal strength from the implantechitter was
interpreted as an indication that the transmitter has horizontally miwvéds way the
receiver wascapable ofregisteringspontaneous horizontal locomotor activity (Act),
which wasrecordedas an activity couniThe reeivergeneratd electrical fields, which
poweed the emitter. Thus, the transmittelid not require batterieand allowed long-
term monitoring.

The biotelemetc system registered data every 5 minutes that were integrated into
12-h periods (two mean values per day), equivalent to the daily inactive and to the
nighttime actie phase. For primary data analysis, the VitalView software provided by
the manufactureiMiniMitter) wasused. Data recorded on the day of the implantation of
the osmotic minipump and ICV cannula and also on the following night, were excluded
from the analysis because of the inflammatory response induced by the surgical
procedures [Buwalda etl. 1997] In this system Fl and BW were measured manually

daily.

Fig. 11 Structureof the biotelemetric system
1. Minimitter Chamber2. Receiver 3Drinking apparatuswith tap water
4. Feeding apparatus with powdered rat chow
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3.5.4. Sampling, RNA isolationand quantitative real-time polymerase chain
reaction (QRT-PCR)

Intact normally fed male Wistar rats of each -ggeup were decapitated. The
brains were quickly dissected aftdzen in liquid nitrogenPVN samples were punched
from 1 mm thick stes €2 to-3 mm from the BregmdPaxinos and Watsa200€) of
the brains cut on a brain matrix (Ted Pella, CA, USA) by two razor blades. Sections were
placed on a chilledmat and the hypothalamic area containing the PVN was
microdissected by a 1mm diameter Harrisighing needle (§maAldrich Budapest,
Hungary),samples were stored@ 0 AC unti |l further processir

The total RNA was isolated with the Pure LinkTM RNA Mini Kit (Life Sciences,
Carlsbad CA, USA) according to the protocol suggested by the manufa&aneples
were homogenized, RNA was purified by ethanol treatment, and eluted from the
membrane. The total amount of RNA was determined by NanoDrop (Thermo Scientific).
High-capacity cDNA kit was applied (Applied Biosystems, Foster City, CA, USA) to
performc DNA synt hesi s, usi ng Jlordidygto tleefofficialo t a | F
protocol.

For CRF gene expression analysis, ¢RIR was performed using SensiFast
SYBR Green reagent (BioLine). Amplifications were run on ABI StepOnePlus system.
StepOne software waused to analyze gene expression, which was normalized to
glyceraldehyde phosphate dehydrogenase (GAPDH) housekeeping gene. Based on the
quality of previous PCR reference curvesnimale Wistar rats and other rodents, the
GAPDH was chosen as a referergene Pibiri et al.2015],[ F¢r e d i eThe al . 2
primer sequences are shown in Table 1. PCR conditions were alaocsetling to
previous studies dnFe rceydcil eet95AC ,f @2r0 126 Jmi nu
5 seconds an dnd§ Tha anplification & PCRpm®ducts were calculated

according to the 2 ®'method.

Primers Forward Reverse

CRF 5 €CGGGCAGAGCAGTTAGC 5 -&AACATTTCATTTCCCGATAATCT
GAPDH 5 -dGCCATCACTGCCACTCAGAS -&TCAGATCCACAACGGATACATTG

Table 1 Primer sequences of the tested corticotrep@leasing factor (CRF) gene and
glyceraldehyd&-phosphate dehydrogenase (GAPDH) housekeeping gene.
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3.5.5. Other post mortemexaminations
After the experimentsatswere euthanized and the injection sites were checked
macroscopically by coronal sections of the rentbwnd fixed brains in all cases.
Moreove, epididymaland etroperitonealfat pads of theanimals that received ICV
infusionwere removed and weighed, along with the tibialis anterior muscle, as indicators

of body composition.

3.6. Statistical analysis

Each animal groupontained at leastréits SPSS 11.0 for Windows was used for
the statistical analysis of the data with application ofwag, twoway (univariate or
repeateemeasures analysis) or repeate@ asur es ANOVA compl ement
post hoctest, when more than two groups were compaifidresults are presented as

me a 18.E.N1. The significance was set at the level &f 0.05.

3.7. Ethical issues

All experimental interventions and procedures were undertaken according to the
general rules and following the special permission of the Usivet y o f P®cs E
Committee for the Protection of AnimalsResearch (BA 02/20001/2011, valid for 5
years).Theserules are ingood accordvith the main directives of the National Ethical
Council for Animal Research and those of the European Comiemin@ouncil
(86/609/EEC, Directive 2010/63/EU of the European Parliament and of the Council).
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4. RESULTS

4.1. Results of acute intracerebroventricular administration of

CREF in different age-groups of male and female Wistar rats

Table 2shows BW value®f different male and female ageoups. Values of
male Wistar ratgTable 2 were in accord with those observed in our previous studies
[ Bal ask:- [@®teael v 82 § Lpad18 mdnths olagelB¥V showed a rising
tendency, then it declined ithe oldesanimals. Body weights (Table »f male rats
exceeded those of corresponding females of the sarmgrage.

Following 24h fasting, weight loss of rats ranged from 7% to 9% of initial BW

in malesand from 3% to 10% in females.

oirage, | EWO e
(age ard gender) BW (g) treatment) before fasting re-feeding
- M3 PFS 387.4 N 359.3 N
M3 384. ONI U= CRF 360.5 N| 346.5 N
. _| M6 PFS 416.5 N 382.8 N
M6 411 1NSueCRE 405.7 N| 375.1 N
M12 PFS 507.3 N 477.0 N
M12 506. 88 o crr 505.8 N 274.8 KN
M18 PFS 532.8 N 493.6 N
a, =
M18 543. 41 5oy 554.0 N| 511.8 N
M24 PFS 526.3 N 494.8 N
a 1
M24 514. 014yt 284 4 N 1| 477.6 N
. | F3PFS 233.2 N 219.9 N
F3 220. 3N6 F3 CRF 207. 4 N 195.8 N
F6 262 B0 F6 PFS 260.5 N 247.7 N
: F6 CRF 263.9 N 255.2 N
F12 »75 01 LFL2PFS 278.0 N 261.8 N
1 F12 CRF 272.08 N 258. 4 N
F18 78 BN F18 PFS 276.5 N 259.7 N
: F18 CRF 279.5 N 252.6 N
F24 PFS 304.4 N 281.1 N
a
F24 298. 210 crF 293.9 N 273.7 N

Table 2: Body weighvalues (BW) of different aggroups of ma (M) and female (F)
Wistar rats. Groups are listeaccording to age and genderala and female rats were
divided into five-five agegroups.In addition to the initial BW values characterizing
male and female aggroups, prefasting and pree-feeding BWs of corticotropin
releasing factor (CRF)or pyrogenfree saline (PFS)reated animals are also shown.

Val ues

ar e

expressed

rregght mats b ea8h gEoupM .
Regarding initial BWs, the following statistically significant ééfrences were denoted:

2 3-month male or female rats vs. other gennatched aggroups (p<0.005),
b 6-month male or female rats vs. other genaeatched aggroups (p<0.05).
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4.1.1. Acute anorexigenic CRF effects

In young adult (M3) and younger and older médged (M6 and M12,
respectively) male rats the ICV administered acute CRF injection caused a strong
suppression of -B cumulative FI during Heeding following 24h fasting [repeated
measures ANOVA for the-B refeeding period from 10 to 180 min for MB(1,14) =
10.280, p = 0.006, for M6: F(1,12) = 17.339, p = 0.001 and for M121# (¥ 16.700, p
=0.001 Fig. 13. The peptide failed to induce a significant anorexigenic response in aging
(M18) and old (M24) rats (Fig. )2These results suggest thize anorexigenic effects of
an acute central injection of CRF show a gradual decline with aging [F(4,63) = 3.410, p=
0.014, as indicated by twway ANOVA repeatedneasures analysis].

Cumulative 3h refeeding of control female rats reached similar vakgshose
of correspoding agegroups of males (Figs2, 13). In female rats, anorexigenic effects
of an acute ICV CRF injection (Orfly) were maintained at a significant level in all age
groups from F3 to F24 [repeatattasures ANOVA for the-B refeedingperiod from
10 to 180 min for F3: F(1,10) = 21.365, p = 0.002, for F6: F(1,14) = 67.986, p < 0.001,
for F18: F(1,10) = 10.210, p = 0.010, for F24: F(1,10) = 5.550, p = 0.040 and from 40 to
180 min for F12: F{,10) = 5.749, p = 0.043, Fig. [L3rherefore,in females no age
dependence of acute central CGRfiorexia was found within the observed -ggeups
[F(4,54) = 1.287, p = 0.287, as indicated by way ANOVA repeatedneasures

analysis].
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Fig. 12: Cumulative food intake (FI) value
during 3h refeeding following 24

fasting upon an intracerebroventricule
(ICV) cotticotropin- releasing factor
(CRF) or pyrogen free saline (PFS)
injection in different aggroups of male
Wistar rats. M3, M6, M12, M18 and M2
indicate 3month, émonth, 12month, 18

month and 24month male Wistar rats. Th
groups consisted of minimurm86animals.
Asterisks (*) indicate significant (p<0.05
differencesbetween & refeeding FI of
CRF vs. PFStreated male rats (repeatec
measures ANOVA).
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Fig. 13: Cumulative food intake (FI) value
during 3h re-feeding following 24 fasting

upon an intacerebroventricular (ICV)
corticotropin- releasing factor (CRF) or
pyrogen free saline (PFS) injection ir
different agegroups of female Wistar rats
F3, F6, F12, F18 and F24 indicateronth,

6-month, 12month, 18month and 24

month female Wistar ratsThe groups
conssted of minimum-8 animals Asterisks
(*) indicate significant differences (p<0.0&
between FI of CRFvs. PFStreated female
rats [repeatedmeasures ANOVA for th
whole 3h re-feeding period (from 10 to 18
min)]. Hashmark(#) indicates gnificant

difference (p<0.05) between FI of CR¥s.

PFStreated female rats [repeatec
measures ANOVA (from 40 to 180 min)].
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4.1.2. Acute hypermetabolic/hyperthermic CRF effects
The young adult male aggoup showed a CRiAduced increase iMR
[represented by the change in ¥@VO,) , at 2with akc@hsefuert significant
rise in Tc (shown aBTc in Fig. 14. The rise inVO, and Tc started diregtlupon the
ICV injection. Fig. 14demonstrate€RFinduced hypermetabolic/hyperthermic effects
(lmy dose) at 25 AC in young adDVvoiF(I1a)t s
= 21.335, p = 0.001DTc: F(1,12) = 1@.208, p <0.001]. No compensatory rise in heat

loss was detectable, as indicated by HLI. Based on these datan@REd hyperthermia

[ AN

appears to be coordinated, in which case both heat production and heat conservation (lack

of vasodilation) promote these in Tc.

DT, ( AC) IcV M3 —e— CRF
25 F nianti —o— PFS .
o | 'niection Fig. 14 Changes of core temperatul
: \ _ .
15} ! (Ore), oxygen consumptio
1LoF ' . (DVOzand heat loss index (HLI
05} l . . .
00k ' induced by a intracerebroventalar
-05 | : -~ (ICV) corticotropin releasing factor
DVO, (ml/kg/min)! (CRF) or pyrogenfree saline (PFS)
15 ! injection in young adult male Wists
10 | ! rats (M3). The groups consisted
5t ! - minimum 68 animals. Asterisks (*
- ! J* indicate  significant  difference:
=N ! (p<0.05) betweenOrc and OVO:of
-10 - ! CRF vs. PFStreated male rats
HL o0 ¢ ! (repeatedmeasures ANOVA).
05F
|
0.0 F WOOMW
|
-05F |
|
_10 1 | 1 1 1 1 1 J
30 0 30 60 90 120 150 180

TIME (min)
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Regarding ageelated varidons of theseaeactions (Fig. 15 in addition to the
strong response of young adult rats to CRF concerning maximal Tc (p < 0.08tapne
ANOVA) and VO, changes (p < 001, oneway ANOVA as compared with their
respective controls), similar CRRduced hyperthermic and hypermetabolic reactions
were observed in older rats, as well [@rcmax M6: p = 0.003, M12: p < 0.001, M18: p
< 0.001 and M24: p= 0.004; f@VO,max M6: p= 0.005, M12: p = 0.007, M18: p =
0.023 and M24: p = 0.040).

0
DTcmax ("C) CRF
2571 —— PFS
20t
* * * *

15+
10+t
O l
0.0 i
-05
-1.0

M3 M6 M12 M18 M24

AGE (months)

DVO,max (ml/kg/min)
125+
*
100 |
75+t
507
257t

0.0

i

M3 M6 M12 M18 M24
AGE (months)

-25 ¢

501

Fig. 15 Maximal increases in core temperatur&f¢max) and oxygen consumption
(OvO2max) induced by intracerebroventricular corticotropneleasing facto(CRF) or
pyrogen free saline (PFS) injection idifferent agegroups ofmale Wistar rats. M3, M6,
M12, M18 and M24 indicate-Bonth, émonth, 12month, 18month and 24nonth male
Wistar rats. The groups consisted of minimur8 @nimals. Asterisks (*) incate
significant differencegp<0.05) betweenOrc and OVO-> of CRF vs. corresponding
PFStreated male rats (orneay ANOVA).
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Although these responses proved to be significant in albemgps, the maximal
increase in Tand VO (Fig. 195 declined with aging (twavay ANOVA univariate
analysis for mximal rises in Tc or V@ F(9,55) = 3.929, p = 0.007 or F(9,55) = 2.67, p
= 0.041, respectively). Heat loss mechanisms did not show afrglaged alteration.

Young adult female rats showed a weaker @fRfuced increase INIR and Tc
(at 25 A Ce cormsponding anale afggoup. The rise in V@and Tc started
directy upon the ICV injection. Fig. 16 demonstrates CRiduced
hypermetabolic/hyperthermic effects iffy dose) in young adult female rats [ANOVA
repeateemeasures fobvVO> from 10 to 180 min: F(1,12) = 8.254, p = 0.014; Dirc
from 10 to 180 min.: F(1,12) = 13.342, p = 0.003]. No vasodilation, indicated by HLI

occured in these femalaats (Fig. 18.

DT.( AC) IcV F3 —e— CRF
;g injection o~ PFS
15} i Fig. 16: Changes of core temperature
(1)-2 I ! (Ore), oxygen consumptior
00} wmm :l* (DVOz)and heat loss index (HLI)
-05 | : induced by an intracerebroventriculai
DVO, (ml/kg/min)! (ICV) corticotropinreleasing factor
15 (CRF) or pyrogeffree saline(PFS)
10 | injection in young adult female Wista

|
|
:
5t ! rats (F3). The groups consisted c
oFf ! “]* minimum 68 animals. Asterisks (¥)
:
|
|
|
|
|
|
|
WOOOO%OOOOOO%

S5r indicate  significant  differences
-10 * (p<0.05) betweenOrc and DV O: of
HL o CRF vs. PFStreated female rats
05 | (repeatedmeasures ANOVA).
0.0 F
osf
|
10 1 | 1 1 1 1 1 J

-30 0 30 60 90 120 150 180
TIME (min)
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The maximal increase in Tc aN@®: (Fig. 17) showedsome variations with aging
in female rats. The peptide induced hyperthermia @bcmax: F3: p < 0.001; F6:
p=0,017; onevay ANOVA) and hypermetabolism (fivVO.max: F3: p = 0.004; F6 p=
0,047; oneway ANOVA) in the young adult and younger mida@dlged females.
However, this response was weaker than in the corresponding male groups. Older female
agegroups failed to show any significant change in Tc or2VQhus, the
hyperthermic/hypermetabolic effects of CRF showed a gradualgqgendent decline in
female rats [twawvay ANOVA univariate analysis, F(9,59) = 3.309, p = 0.03Diicmax
and F(9,59) = 2.731, p = 0.016 ©DYO.max].

0
DTcmax ("C) CRF
2.5 r [e—) PFS
20

15+ * *
1.0
0.5 J

0.0 Ur- *‘—:F.-’-—:F#

-0.5

-1.0

F3 F6 F12 F18 F24
AGE (months)
DVO,max (ml/kg/min)
125+

10.0

75+ % *

50

251 J

0.0 T —— _P#
| L
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50+r

F3 F6 F12 F18 F24
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Fig. 17 Maximal increases in core temperaturélicmax) and oxygen consumption
(DVO2max) induced by intracerebroventricular corticotropmeasing factor (CRF) or
pyrogenfree saline (PFS) injection idifferent agegroups offemale Wistar rats. F3, F6,
F12, F18 and F24 indicate-Bionth, 8month, 12month, 18month and 24nonth female
Wistar rats. The groups consisted of minimurB8 @nimals. Asterisks (*) indicate
significantdifferencegp<0.05)betweenOrc andOVO- of CRF vs. corresponding PFS
treated female rats (on@ay ANOVA).
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4.2. Results of chronic intracerebroventricular administration

of CRF in different age-groups of male Wistar rats

4.2.1. Effects ofchronic CRF administration on body weight and body
composition

Body composition values (calculated fbd0 g BW)(Tables 3, 4, § and mean
BW-s of different agegroupsof control animalsvere in accord with those observed in
our previous studig®® ®t er v8r |, Bal as$ k - 2ENMoDywlng ad@ratd 3 ]
was significantly lower than that of older animals (p < 0.05). Concerning body
composition indicators, epididymal fat values were found to be different between young
adult (3month) rats vs. 1:8r 12month groups and between the d218month vs24-
month group (p<0.(b, Table 3) whereasretroperitoneal fat pad of young adult rats
differed significantly from values of i®onth, aginganimals (p < 0.05; Table 4No
difference in muscle mass was detected in any group, except for the oldesir(B}
sarcopenic animals (p < 0.05 for rats 24 12 months of age; Table.5)

Regarding the ageelated effects of a-day ICV CRF infusion on BW values,
CRF treatment suppressed BW throughout the infusion period (as shown by repeated
measures ANOVA compang the curves of treated vs. control rats) in thedhth, 18
and 24month agegroups, but not in middiaged (12month) animals [8nonth: F(1,14)
=10.58, p = 0.006; 18nonth: F(1,10) = 23.436, p = 0.001;-2&%nth: F(1,14) = 44.239,
p < 0.001] (Fig. 18) By the end of the CRF infusion, significant reduction of
retroperitoneal fat developed in the oldest groupafip®th: p = 0.009; 24nonth: 0.036,
oneway ANOVA; Table 4], while no change occurred in epididymal fat or muscle mass
in any group (Table 3).
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Group epididymal fat (g/100 g body weight)
(age) PFS CRF
3-month 0.35 N 0. 0.43 N 0.
12-month 0.53 "N 0. ( 0.46 N 0.
18-month 0.55RK% 0.0 0.47 N 0.
24- month 0.39 N o. 0.46 N 0.

Table 3: Epididymal fat values at the end @ 7-day intracerebroventricular
corticotropinreleasing factor (CRF) or pyrogeinee saline (PFS) infusion in different
agegroups ofmale Wistarats. Asterisks{) indicatethe significant differencg<0.05)
from 3 month old PFSreated animalsHashnarks (#) referto significant difference
(p<0.05)from 24month old PFSreated animals.

Group retroperitoneal fat (g/100 g body weight)

(age) PFS CRF

3-month 0.29 N 0.41 N O.
12-month 0.47 N 0.49 N oO.
18-month 0.60N 0.1 0.32 *R o.
24- month 0.44 RN o0 0.28 "N 0.

Table 4: Retroperitoneal fat values at the end of alay intracerebroventricular
corticotropinreleasing factor (CRF) or pyrogeinee saline (PFS) infusion in different
agegroups ofmale Wistarats. Asterisk t) indicates the significant differen¢p<0.05)
from 3 month old PFSreated animalsHashmarks (#) refeto significant difference
(p<0.05) between corresponding retroperitoneal fat values of OREFPFStreated18-
or 24-monthrat-groups.

Group tibi alis anterior muscle (g/100 g body weight)
(age) PFS CRF

3-month 0.16 N o. 0.18 N 0.
12-month 0.19 RN 0. 0.17 RN 0.
18month 0.18 N 0. 0.18 N 0.
24- month 0.15 ‘N 0. 0.17 N o0.

Table 5: Values of tibialis anterior muscle at the end of-day intracerebroventricular
corticotropinreleasing factor (CRF) or pyrogeinee saline (PFS) infusion in different
agegroups ofmale Wistarats. Asterisk t) indicatesthe significant differencg<0.05)
from 12 month old PFSreated animals.
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Fig. 18 Changes of body weightBBW) prior to and during the course of aday
intracerebroventricular infusion of pyrogdree sline (PFS, open symbols) .or
corticotropinreleasing factor (CRF, closed symbols) in different-ggmips of male
Wistar rats Asterisks(*) indicate significant differences (p < 05) determined by
repeatedmeasures ANOVA.
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4.2.2. Chronic anorexigenic CRF effects
Concerning the anorexigenic effects, the CRF infusion elicited the strongest

suppression during the first two days in all rats. Significant anorexialetasted for 2
days in the 3nonth, for 7 days in the 1&nd 24month animals [3nonth: F(1,14) =
7.430, p = 0.016; t&onth: F(1,10) =6.803, p = 0.028;-Aonth: F(1,14) =19.771, p =
0.001, repeatetheasure&ANOVA] (Fig. 19. Fig. 20describes-day cumlative energy
intake in CRHreated vs. respective control groups demonstrating thelegendence

and shorterm feature of CRfinduced anorexia (:Bonth: p = 0.035; 24nonth: p <
0.001, oneway ANOVA). Accordingly, anorexigenic effects of the CRF intusivere
strongest in the oldest rats.
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Fig. 19. Daily food intake (FI) values prior to and during the course of
intracerebroventricular infusion of pyrogdree saline (PFS, open bars) or
corticotropinreleasing facto(CRF, closed bars) in different aggoupsof male Wistar

rats. The fall at day0 was due to the surgical interv@n. Asterisks(*) indicate
significant differences (p < 0.05) in the variables during the indicated period between the
CRF treated versusontrol groups, as determined by repeatedasures ANOVA.
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Fig. 20 Cumulative food intake (FI in kJ) values froraydl to day 7 in the course of
intracerebroventricular infusion of pyrogenfree saline (PFS open bars) or
corticotropinreleasing factor (CRF, closed bairig) different aggorups of male Wistar
rats. Asterisks(*) indicate significant differences (p < 0.05) between GRB. PFS
treated rats as determined by eway ANOVA. Above the bars the rates of GRfuced
suppressior(the difference between values of corresponding control andt@REed
groups expressed as percentage of the control energy intake) are also indicated.
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4.2.3. Results of biotelemetric measurements in chronic CRF administration

Our present data demonstrate that mean nighttime control HR values of young
adult rats differed from those of older ag®ups [3 versus 12 18, 24month: F(1, 23)
= 7.808, p = 0.001, repeatetkasures ANOVA, p values of post hoc analysivs312
mont i 0.002, 3vs. 18monthi 0.025,3- vs. 24monthi 0.003 (Fig. 21). Theseesults
are in accord with our previous findings that demonstrated a decline in the control
nighttime HR values of rats in the course of aging ®t e r \2@14.iDuriagtithel€V .
CRF infusion mean daytime HR (inactive period, nadir of the circadian rhythm) failed to
show significant increase during the infusion. The slight rise in HR in malyded and

old rats on day 1 of the infusion is likely to be attributable to the surge
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Fig. 21 Heart rate (HR) values averaged for-h2oeriods before and during the course
of an intracerebroventricular infusioof pyrogenrfree saline (PFSgrey lines) or
corticotropinreleasing factor (CRF, black lines) in diffeteagegroupsof male Wistar
rats. The mean daytime (inactive phase) values apeesented by open symbols, the
mean nighttime HR values by closed symbols. The -bfsitk bars underneath the
abscissa refer to the dayght periods, respectively.
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Mean basal (prenfusion) day and nighttime body temperature values did not
change across our ageoups. Regarding hyperthermic effects of CRF, the infusion
induced a ay elevation of mean daytime temperaturesn{$th: F(1,12) =7.836, p =
0.016,repeateemeasures ANOVA(Fig. 22 in young adult rats. The slight rise in the
mean daytime Tc value of day 1 in aging animals is probably due to the surgery, while

differences in other groups did not reach statistical significance.

Tc (°C) 3- month —o— Crr | Tc (°C) 12- month
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Fig. 22 Core temperature (Tc) values averaged forhl@eriods before and during the
course of an intracerebroventricular infusiof pyrogenrfree saline (PFSgrey lines) or
corticotropinreleasing factor (CRF, black lines) in different agy@upsof male Wistar
rats. The mean daytime (inactive phase) values are represented by open symbols, the
mean nighttime Tc values by closed symbols. The -blaitk bars underneath the
abscissa refer to the dayght periods, respectively. The deep fall in Tc at-day all
age-groups was due to the surgicaltervention. Asterisk*) indicates the significant
difference(p < 0.05)for mean daytime body temperature values ef®nthPFStreated
versus aganatchedCRF~treatedrats fordays 2 and 3 determined by repeatedasues
ANOVA.
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Act of young adult rats exhibited some diminishment on day 2 of the infusion that
did not reach statistical significance. Otherwise no €&&ted alteration ofct was
detectablgFig. 23.
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Fig. 23 Spontaneous horizontal locomotactivity (Act) values averaged for 42
periods before and during the course of an intracerebroventricular infusion of pyrogen
free saline (PFS, grey lines) or corticotropieleasing factor (CRF, blacknes) in
different agegroups of male Wistar rats. The mean daytime (inactive phase) values are
represented by open symbols, the mean nighttime Act values by closed symbols. The
white-black bars underneath the abscissa refer to therdglgt periods, resgctively. The

falls at dayO (both for the daytime and nighttime values) were due to the surgical
intervention.
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4.3. CRF gene expression in thearaventricular nucleus in

different age-groups of male Wistar rats

In our study gqRTPCR measurements reveatédt in the PVN of different age
groups of raa, CRF mRNA expression showed significant chamgsaging (p = 0.036,
oneway ANOVA). CRF mRNA expression appeared to incraagéd 18 monthswith a
subsequent slight decline in the-@®nth animalgFig. 24). Post hoc analysis showed
significant difference between the young and aging groupsef3us 18month rats: p
=0.006). In addition, a rising tendency was observed between the ragitieand aging

groups (12versus 18nonth animals: p =.051) (Fig.24).
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Fig. 24:Relative mRNA expression of corticotropneleasing factor (CRF) gene by
quantitative RT PCR in the paraventricular nucleus (PVN) in differentigageps of
male Wistar rats. Data were evaluated by the delta delta Ct miefitvogRFPCR
analysis. CRF mRNA expression was normalized to glyceraldeyaleosphate
dehydrogenase (GAPDHgxpression. Asterisk (*) indicates significant difference
(p<0.05)between dnonth and 18nonth animalas determined by ongay ANOVA
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5. DISCUSSION OF FINDINGS

5.1. Acute anorexigenic CRF effects in male and female rats in

the course of aging

In males, acute ICV CRF administrattorduced suppression of -feeding
showed ag&lependence, as it was significant in the young adult and also inuhgefo
and older middleaged groups, whereas this effect failed to develop in alderals(Fig.
12). This agerelated pattern of acute central GRRorexia distinctly differs from that of
acute central alphBISH- and also leptininduced suppression of-feedingreported in
mal e Wi star rat s[RoR®t8er @8Accadirg to thefdki6diea 0 1 0 ]
male rats showed a strong decline of melanocoatil leptin induced anorexia in the
middle-aged group (as compared with that seen in yound§ adimals) but pronounced
effects were observed agai n[Rostghedbol alra
Such an ageelated pattern potentially contributes to the explanation of mialgkel
obesity and aging anorexia. In contrast, the-ratpged pattern derived from our
experiments, characterizing acute central @iRbBrexia is unlikely to promote the
development of either the middéged obesity or the aging anorexia in male Wistar rats.

Regarding the potential involvement of the major CRiepeor subtypes in the
above described agelated pattern, CRF2 receptors (rather than CRF1 receptors) may
play a decisive role in it. Although CRF shows much higher affinity to CRF1 receptors,
their contribution to CRfinduced anorexia is mainly attrilme to emotional stress [Hotta
et al. 1999]. Moreover, these receptors activate the HPA axisRetret al. 2000] and
therefore they are responsible for the dramatic increase in peripheral plasma
corticosterone level upon an acute ICV CRF injection, desgrin previous studies
[Cullen et al. 2001]. A rise in peripheral corticosterone level or even an ICV
administration of the hormone failéol change FI in mice [Debons &. 1986], whereas
a CRFinduced increase in peripheral cortisol has been showmetacoupled with
increased FI in healthy humans [George et al. 2010].

In addition, the vast majority of the related literature also attributes anorexigenic
CRF effects to CRF2 receptor mediation [Cullen et al. 2001], [Lewis et al. 2001], [Ohata
and Shibas& | 2004] , [ S R2GL4.gTkuk, o presenfTfiadings@nay have
implications for the potential lack of involvement of CRF2 receptors in agohgced

variations of BW in male rats.
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In females, CRHEnduced anorexia did not exhibit agependence wiin the
studied ageayroups, as it was maintained in all fematemals(Fig. 13. Thiscontinuous
efficacy of acute ICV anorexigenic actions of CRF may have helped to prevent rapid
weight gain in middleaged and older female animals, but apparently fadethduce
weight loss up to 24 months of age. However, it cannot be excluded that even older age
groups of female rats (e.g. -B@onth), not studied in the present work, would show
anorexia and weight loss as a result of this maintained efficacy. In sumengender
difference emerges in the agdated patterns of CRiRduced anorexia and of CRF2
receptor responsiveness in Wistar rats: these CRF effects decline in males, but they are

maintained in females during aging (until 24 months of age).

5.2. Acute hyperthermic/ hypermetabolic CRF effects in male

and female rats in the course of aging

Concerning hypermetabolic/hyperthermic effects in young adult males, ICV CRF
administration elicited a prompt rise in YOnducing a steady rise in Tc. This
hyperthermia \&s accompanied by continuous heat conservation as indicated by the HLI
(Fig. 14. Thisthermoregulatory response appears to be coordinated, i.e. similar to fever
like coordinated hyperthermias, in which increased heat production is accompanied by
suppress@ heat loss coordinated by thermoregulatory centers of the hypothalamus
[ Bal ask - &teinepetal. 20920 1 3 ]1S,z®kel y and Szel ®nyi
in thermoregulation is still controversial. Some studies suggested a role of CRF in the
devebpment of fever [Holdeman et al. 1983Rdthwell 199Q. However, other findings
contradict the hypothesis of the participation of CRF in febrigenesis. Neither non
selective cyclooxygenase (COX) inhibitors, nor G@Xantagonists suppressed GRF
induced hypehermia [Figueiredo et al. 2010Rfthwell 1990, although prostaglandin
E>, a product of COX, is a key mediator of fever (for review see [Blatteis 2007]).
Antipyretic effects of centrally applied CRF were also demonstrated previously
[Bernardini et al.1984]. However, the present test also failed to detect compensatory
vasodilation during the course of CHRlyperthermia arguing for a coordinated
hyperthermic response. The mechanisms of this seemingly coordinated hyperthermia still
remain unknown.

Regardiny the ageelated pattern of hypermetabolic/hyperthermic acute central

CRF actions in males, these effects are maintained at a significant level across all age
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groups, although a decline begins in the early middled group continuing in the course
of aging (Fig. 19. This pattern is similar to those of leptin injection in male Wistar rats
[Rost 8s ¢ andmal contrb@ielt® the development of middiged obesity. In
addition, the low hypermetabolic responsiveness of old rats to CRF may contithde t
diminished capacity of olgopulations to develop fevefFhese findings may also have
implications for the potential involvement of CRF1 receptors in agidgced variations
of BW, since acute central hyperthermic CRF effects were shown to be edediat
predominantly by CRF1 receptors [Figueiredo et al. 2010].

Young female rats exhibited a much weaker hypermetabolic/hyperthermic
response upon acute central CRF administrakan (6§ as compared with that of males.
Even an elevated dose of CRFn@) failed to elicit an equivalent CRRyperthermia in
females. This phenomenon cannot be explained by a diminished thermogenic capacity of
females, as febrile responses of male and femaldgadtsxic agents did not differ in
previous studies [Gordon et al997], [Gordon and Mack 2003]. Moreover, heat
production capacity of the brown adipose tissue was even enhanced in female rats [Justo
et al. 2005]. It may be concluded that the hypermetabolic responsiveness of female Wistar
rats to acute central CRF adnstmation is weaker than that of the males. The decline of
the response during the course of aging was faster than in males: from 12 months of age

no significant rise of V@ or Tc was observed in oldmale animalg¢Fig. 17).

5.3. Chronic CRF effects on bodyweight and body composition

in male rats in the course of aging

Concerning responsivenessprolonged administration axogenousCRF, our
results regarding the effects of the CRF infusion on parameters of energy balance in
young adult rats were in amrc with previous observationRjvest et al. 1989[Buwalda
et al. 1997] Compared with the weak, but significant GRBuced BW reduction in
young adult rats, the oldest animals-(134month) showed strong weight loss during
the course of the infusipwhile middle-aged animals failed to loseeight(Fig. 18). This
pattern was similar to those of alpMdSH andleptininfusiors[P ®t er v8r i], et al
[P®t e etwal8201i4 and it suggestshe potential contribution oERF in agerelated
body weightchanges.
Accordingly, at the end of the infusigmpst mortenbbody composition indicators

demonstrated the biggest changes in the two oldesjrages: retroperitoneal fat mass
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wasfound to be reduced in CRFeated animal¢Table 4) whereas epididymdat did
not show any decline (bte 3. Although CRFinfusiori induced decreases in fat mass
were reported previously by other researchers in youngraggs of different rat strains
[Arase et al. 1988[Cullen et al. 2001]in our study no change in faiass indicators was
detected either in young adult, or in middiged groupg¢Tables 3 and 4)n addition,
failure of fat accumulation in rats of our study by the end of the CRF infgsipports
the dominance of CRF2 receptactivation. In previous exgsiments chronic CRF1
receptoractivation (using a X8ay ICV CRFinfusion with similtaneous administration
of CRF2 receptoantagonist) was shown to increase fat mass by the end ioftiseon
[Cullen et al2001] In contrastin our study aging and olcts showed a loss of fat tissue
by the end of the-day infusion.

Muscle mass indicators did not show any CRF PFSinduced change in any
group(Table 5, indicatinga lack of sarcopenic effects of omd@y CRF infusion. This
lack of sarcopeniéa typical consequence ofveractivity of glucocorticoids[Millward
et al. 197§ [Kayali et al. 1987 in all our CRFtreated aggroups also indicates that
effects of RFinduced HPA axis activatiorRjvest et al. 1989 [Cullen et al. 2001and
those of thenevitable rise in pripheral corticosterone leveRivest et al. 1989 [Cullen
et al 2001]did not influence our results significantly. On the other hand, enhancement of
CRFinduced weight loss in the oldest ag@ups in our study may be, at least artp
ascribed to the relative diminishment of peripheral glucocorticoid release in old rats, as
demonstrated by previous studiddbuffat et al. 1992] Zambrano et al. 2015

5.4. Chronic anorexigenic CRF effects in male rats in the

course of aging

With regard to CRFAnfusionrinduced anorexia, the FI suppression was of short
duration in the young, but strong and persistent throughout the infusion in the two oldest
agegroups (Figs19, 20. Theabove described findings strongly support the contribution
of age-associated alterations in anorexigenic responsiveness to CRF in aging anorexia
and cachexia and they do not contradict a potential role of these changes inagettile
obesity This agerelated pattern wasimilar to those ofactivators of CRF such as
medanocortin agonist alphdSH or adipose tissue derived leptih®t e r al. 80114, e t
[P®t er v 8r i]. Ireadditianlagerel&edl Hekcline in the activity of antagonistic
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orexigenic/anabolic mediator systeswgch as that of neuropeptide Y [Sahuletl888]
may be also found in the background.

As CRF also activates the HPA axis, the question arises, as to what extent would
the inevitable rise in peripheral corticosterone lg®lest et al. 1989 [Cullen et al.
2007 contribute to the CRF infusieimduced changes energybalance. Previous reports
demonstrated that a 4y ICV CRFinfusion (applying a dose of 44y or 1 nmol/day
using an Alzet osmotic minipump, similar to that in our study) increased the serum level
of corticosterone substantialfyom the 4.37.5 ng/dl measured in controls to -B®.5
ny/dl [Rivest et al. 1989[Cullen et al2001] These data suggest that effects of the high
peripheral corticosterone level would contribute to the outcome of a CRF infusion.
However central injedbns of CRF proved to be efficient in suppressingef#n in
hypophysectomized rafMorley and Levinel983. This finding argues against a crucial
role of peripheral corticosterone in CRF effedtkoreovercorticosteron is reported to
increaser| by inhibition of CRFandstimulation of NPY expressiofChrousos 2000
Thus, agerelated diminishment of glucocorticoid release (antagonizing central
anorexigenic CRF effects) from the adrenal cortex of old rats 4&rH activation
[Rebuffat et al. 1992] matake part inthe enhanced anorexigenic effects of CREhin
older agegroups.

Potential contribution of other factors, such as divergent@géd alterations in
the activity of different subpopulations of CRF receptors may be also considered. In the
preent study an important role of the CRF2 recep&nerges. Central CRF infusion
induced anorexia in young rats and especially the-teng suppression of Fl in the aging
and old ageggroups suggest that thefusion must have activated CRF2 recegt@ur
results are in accord with previous observation€aftarino and coworkef€ontarino
et al. 2000, who found that CRF decreaselddgually in wild type and CRF1 receptor
deficient mice, demonstrating that CRF eato induce anorexia via CRF2 receptor
Other studies also support the role of @R&ceptoin anorexigenic CRfeffects[Cullen
et al. 2001{Pelleymounter et al. 20D0
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5.5. Chronic CRF effectson metabolic rate and locomotor

activity in male rats in the course of aging

A transient moderatCRFinduced hyperthermia was observed in the young adult
group, but no change of Tc (dagr nighttime) developed in middieged or older rats
(Fig. 22). In addition, increase of HR failed to reach a significant extent in angrage
(Fig. 21).

Hyperthermiaghypermetabolism induced by ICV infusions of leptin or aipha
MSH differedfrom those induced by the CRF infusifd ® t & et &.2011b [P ®t er v 8 r |
et al. 2014 In case of middlaged (12month) rats, CRF infusion failed to elicit
hyperthermia. Havever our previous reports demonstrate that in similar miaigksl
male Wistar rats a similar-day ICV infusion of a melastortin agonist alphaMSH
successfully induced hyperthermia feb4lays. The duration of the alpMSH-induced
increase in HR alspeached 5 dayid® ®t a et al 20114 A 7-day ICV leptin infusion
was also capable of increasing Tc ari®l éf 12month male Wistarraf#® ®t er v8r i et
2014. Thus, hypermetabolic effects of theldy CRF infusion, at a dose appropriate for
induction of anorexia in young adult rats, appear to be much weaker than those of
corresponding doses of melanocortins or le@r®ft er v 8r i],[P®t e@d v 8§ r2i0 1d ta
2014 and did not show any remarkable agéatedvariations(Fig. 22).

The lack of increasén HR during the CRF infusion supports the potential
contribution of CRF2R activation to the observed effects. Previous studies reported acute
elevations of HR upon acutentral CRF injections Isad on the aivation of CRF1
receptofNijsen et al. 20000 whereas Ucn3 possessirgpecially high affinity to CRF2
receptor injected into the nucleus tractus solitalicited bradycardigNakamura et al.

2009. Here again, we hypothesize the naltquenching of effects of CRF1 and CRF2
receptos concerning HR.

Apart from some surgat procedurenduced suppressiofct failed to change in
CRF, alpha MSH- or leptintreated rats, aliken all agegroups(Fig. 23) [P ®t er v 8 r i €
al. 20114, [ P®t e r v § r .iPrewvous stadies refifed ity -enhancing décts of
CRF1 receptoand also those of acute centC®F injection Contarino et al2000], while
others demonstrateti¢ inhibitory influence of CRF2 recepton motor activityyOhata
and Shibasaki 200450, the lack of rise in nighttim&ct in anyof our animal groups

may indicate CRF infusiemduceal additional activation of CRF2 receptor
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counteracting the locomotor activitpducing effects of the inevitable CRF1 receptor

activation.

5.6. CRF gene expression in the paraventricular nucleus in

male ratsin the course of aging

In the PVN, CRF gene expression increas&tt aging until 18 months with a
subsequent slight decline in the-@®nthgroup(Fig. 24). Theseesults suggest an age
related rise in the endogenous gene expression of CRF i@uaténdings are in accord
with several previous studies demonstrating maintained or even increased CRF
expression irold age Scaccianoce et al. 199(QTizabi et al. 1992][Bao and Swaab
2007], JAguilera 201]. These findings support the potential contribotof endogenous
CREF effects to aging anorexpait not to middleaged obesity.
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6. SUMMARY OF NOVEL FIN DINGS

Novel findings of aute experiments:
Anorexigenic effects adfCV CRF injectiors declined with aging in both male and
female Wisar rats although CRHnduced anorexia remained significantat
female groups
Regarding hypermetabolic effects, female and male rats appear to share the
tendency for ageelated declinen the responsiveness to acute central CRF
administration neverhelessall agegroups of male animals showed pronounced
hypermetabolic responsiveness.
Only agerelated decline in the hypermetabot&sponsiveness toentral CRF
injectionwas proved to beimilar to the effects atentralleptin injectiors. Other
CRF induced changes differed from th#ects ofcentral alphaMSH or leptin
injectiors.
The maintained anorexigenic efficacy of CRF in females may contribute to their
lack of middleaged obesity and may possibly promote later weight loss in older
female animals. In males, no such association may be observed.
However, hypermetabolic effects declined with aging in both males and females,
the high remaining level of CRiRduced hypermetabolism of old male rats, may

contribute to the ageelated weight loss.

Novel findings of tironicexperiments
1 Chronic ICV CRF administration induced pronounced anorexia and BW

loss in young adult, aging and old male rats in contrast with matg#d animals.

1 Central CRF infusion did not show any remarkableraigted changes in

hypermetabolic/hyperthermic effects.

1 Unlike hyperthermiddypermetabolism CRFinduced anorexia and

consequent weighbss, appears to show similar agelated patterns as those
previously described in casef chronic central melanocortin and leptin

adminstrations

i With regard to our hypothesis, our results confirm the potential

contribution of ageelated changes in the anorexigenic responsiveness to a CRF

infusion to aging anorexia and consequent weight loss in the olgragps.
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[l Novel findings of tle investigation oCRFgene expressioim the PVN

1 In the PVN, CRF gene expression increased with aging until 18 months
with a subsequent slight decline in ther@dnth group.

1 Age-related changes in CRF gene expression in the PVN may contribute

to the pheommena of aging anorexia.

60



7. LIMITATIONS AND PERSPECTIVES

Despite our positive results, our studies had numerous limitafitwese is a lack of
internal positive controls such as alpMSH in both acute and chronstudies however
the effets of alpha MSH injection and infusion were investigated earBeparately
Acute and chronic effects were not possibldémexamined in the same experimental
model due to technical difficultiegn addition, @ute effects of the CRF infusion could
not be assesse&d our experimental model, sintdge infusion started already -2 hours
following the implantation of the osmotic minipump. Therefore, effects of surgery
influenced data recorded during the first day of the infusion.

Gender differences raise the podgipof the involvement of sex hormones in leng
term BW regulation and in CRF effects. Although a previous report [Rivest et al. 1989]
described similar baseline serum levels of plasma corticosterone in male and female
Wistar rats and a similar increasetheir respective serum values by the end of-dal3
CRF infusion, to date the effects of estrogen or testosterone on CRF activity (from
hypothalamic immunoreactivity to serum levels of the peptide) remain controversial
[Haas and George 1989], [Handa &Mdiser 2014]. Ovariectomy in different ageoups
of rats (carried out a month before the experiments) may help identify the special
contribution of estrogen to these gender differences. However, the contribution of sex
hormones would decrease during ttweirse of aging, as their levels decline following
menopause or by old age in males.

Another important question that could not be addressed by the pnas&r(due to
technical obstacles) inwés ageelated changes in CRF1 receptor and CRF2 receptor
sydgems in the hypothhlamus. The role of CRF2 recepgromises to be more important
from the point of view of this topic, as anorexigenic, but not hypermetabolic
responsiveness to CRF seems to be involved inrelgeed body weight changes.
Unfortundelly, as yet, no specific CRF2 receptortibody is available (probably due to
the high rate of homology of CRF receptor subtyp€batzaki et al. 20Q4[Lukkes et
al. 2011.

In the future differential involvement of CRF1 and CRF2 receptors in central CRF
effects should be further investigated by the application of specific agomigttl¢n2
for CRF2 receptors) and antagonists (e.g. antalarmin for CRF1 recgptengel and
T a ¢ h ®] akdGaitigauvagind0 for CRF2 receptorsSt e n g e | an]joftiecac h® 2
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two majorreceptor types. In addition, differential aggated variations in the signal
transduction pathways may also be assumed and investigated

Our results suggest thiédite CRF system plays an important roletie development
of aging anorexia and chexia However, corticotropin receptors s widespread
presencén the brain withdiverse effectsthatare not explored in all detaygt. Therefore
in order to identify clinically relevant, specific and safe new targets in the prevention or
therapy ofaging anorexiafurther investigatios are necessargspecially regarding

specificreceptor subpopulations and sigtrasducton pathways
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