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1. Introduction

The energy balance and its regulation is a mutbf@al, complex process. In
mammals, the energy balance is maintained basibgltyo regulatory circuits, and by
their interaction with each other. One of them serthe long-term, while the other the
short-term needs of the organism. They are insbpa@nd — as it will be described
later — compose a firm entity.

The long-term regulation is valid for all animalesges, it refers to the nutritional
status of the body in various stores of metabolazhbstrates (such as fat, glycogen,
protein). The common variable is, therefore, th@dsoand water-free body weight
(energy content), which is based on the balancgd®et food intake (energy intake) and
metabolic rate (energy expenditure). A positivegiderm balance (e.g., large food
intake with low metabolic rate) is regarded anahah contrast to the catabolic type
negative balance. This long-term regulatory systemanifested via repeated episodic
changes of the feeding status, which can initiatet@p food intake through hunger and
satiety and can also make intermittent adjustmentsetabolic rate according to the
actual need. Tonic effects of nutritional statug.(eobesity or cachexia) set the level for
the episodic changes, but satiety and hunger atey padependent of the nutritional
status? Accordingly, the short-term regulation of foodake (feeding status) does not
depend only from the nutritional status, but alsanf the feeding act itself, that is,
hunger and satiety can develop in both obese aduectc individuals. Based on the
aforementioned, it is also obvious that a longutesanabolic shift of the balance (e.g.,
excessive food intake with insufficiently enhanceetabolic rate) will result in obesity,
while a catabolic shift (e.g., a pathologically ieased metabolic rate with insufficient
food intake) will lead to cachexia.

The short-term regulation, in turn, is valid forypfor homeothermic species and it
refers to caloric (thermal) balance, i.e. to atrefeship between heat loss and heat
production (metabolic rate), the main autonomiartieeffectors of thermoregulation.
Due to the stability of the described balance,physiological core body temperature is
maintained in a relatively narrow range, within ewftenths of degree Celsitfs
Accordingly, decreased or increased heat loss @eig.to ambient heating or cooling)
results in a compensatory reduction or elevatiorthef metabolic rate. Conversely,
primary changes in the metabolic rate must be apeomd by commeasurable
compensatory changes in heat loss in order to maihbmeothermy and the short-term
energy balance. Imbalance can result in either thgomia or hyperthermia when an
exogenous/endogenous heat loss or heat load, tesbgc cannot be fully
compensated In contrast to such passive imbalances, primiifissn the set-point can
induce active imbalances of central orfgithese may result in either a rise in body
temperature, which is called fever, e.g., due tureé¢ prostaglandins in rdtsor a fall in
body temperature called anapyrexia, e.g., due ntraleserotonin in sheépBoth fever
and anapyrexia develop through coordinated chamgethermoregulatory effector
mechanisms: in case of fever hypermetabolism wébrehsed heat loss, in case of
anapyrexia hypometabolism with high heat loss. Wotéhy, the set-point based
thermoregulatory theory is being questioned nowstdaccording to the new concept,
which rejects set-point, the thermoregulatory systiinctions as a federation of
independent thermoeffector loops. This concept emighs the different activation
thresholds controlling a given thermoeffector angblains with this difference the
different thermoregulatory responses, which mayuoceither as coordinated or
incoordinated reactioft$



The two regulatory circuits of energy balance améctly interrelated via the
metabolic rate. On the one hand, changes of difleefeeding or nutritional status may
influence the thermoregulatory status; in this eesghe fasting- or starvation-induced
hypometabolism and tendency for hypothermia ard as characteristic as the
postprandial hypermetabolism and hyperthermia erdilet-induced thermogenesis and
thermic effect of feed® On the other hand, primary alterations of temieea
regulation also modify consumption behavior, dapd intake increases in the cold (the
excessive heat loss being compensated by high oietaséte to maintain homeothermy
— the high metabolic rate, in turn, is compensétetiyperphagia to secure a relatively
standard body weigHf) In contrast to cold exposure, febrile illnesses characterized
by concurrent anorexid— even though the fever-induced anorexia is uteelto body
temperature.

Individual factors of the complex system might b#uenced selectively, causing
functional alteration in either system and invoksgcondary alterations in the other
one. The regulations of these systems often ovetap the regulatory factors (e.g.,
neurotransmitters, neural elements) are many tidesgical or similar.

2. Aims and goals of the study

In the present study we aimed at investigatingategpecific — from a physiological
point of view principal — details of the thermoré&gory phenomena described in the
introduction by using animal models (rats and midahong the components of the
aforementioned complex energy balance, accordinigetanethodological profile of our
laboratory, we studied factors of both the longrteegulatory system (body weight,
food intake, metabolic rate) and the short-termulagry system (body temperature,
heat loss, metabolic rate), and their changes usplkecific environmental conditions.
The experimental plans were assigned to two, wabheother strictly correlated,
projects.

One of the projects was aimed to provide a betteletstanding for the roles of
capsaicin (CAP)-sensitive neural afferents andsieant receptor potential vanilloid
(TRPV)-1 channels in processes of the complex endaance: we studied their
significance in different thermoregulatory and fiegdmechanisms. In this part of the
study, we investigated the neural, TRPV1-dependdfgrent side of the complex
energy balance, specifically whether these fagbarsicipate in conveying information
from the periphery to the central nervous systerprocesses of the complex energy
balance, and if yes, how.

The aim of the second project was to better unaedstiow the information that
already reached the brain from the periphery walfbrther processed in the central
nervous system, thus we studied one of the mosbritgupt central components in the
regulatory processes of the complex energy balamcaats, we investigated the
significance of the “pro-opiomelanocortin — melayteestimulating hormone (MSH) —
melanocortin” system via the thermoregulatory ambrexigenic effects of its
endogenous agonist-MSH. We analyzed the central effectscoMSH on different
thermoregulatory effectors, furthermore, on spomtais and fasting-induced food
intake. We wanted to shed light on the thermoefisctthrough which the
thermoregulatory effects of the most important lsalia system are brought about. We
studied whether intraperitoneal (IP) CAP deserdtitin influences the effects of
centrally administered anabolic and catabolic neeptides (neuropeptide Y, NPY and
o-MSH, respectively).



3. Materials and methods

3.1. Experimental animals and their housing

In most of our experiments Wistar rats were uselde Bnimals were housed
individually in plastic cages containing a smallamt of bedding. Standard rodent
chow and tap water were availaldd libitum, except for the experiments with food
deprivation. The animal house operated on a 12/lighk/dark cycle with lights on at
6:00 a.m. The ambient temperaturg) Was kept at 23-2&. The animals were adapted
to experimental conditions by regular body weigheasurements and extensive
habituation to the experimental confiners. Occaadigna rat was used in experiments
multiple times (e.g., for comparison of effectsfobd-deprivation + refeeding @-
MSH), then urethane euthanasia was induced andnedessary,post mortem
examination was performed. In experimental test$ iaterventions, the general rules
and special approval of the University of Pécs ¢&ghCommittee for the Protection of
Animals in Research, in agreement with nationaiddads (BA 02/2000-13/2006) were
strictly observed.

Housing of male Wistar rats and guinea pigs, whigdre used in experiments
performed abroad (Systemic Inflammation Laborat@mguma Research, St. Joseph’s
Hospital and Medical Center, Phoenix, Arizona, US#) not substantially differ from
the abovementioned conditions. These experimente wenducted under protocols
approved by the St. Joseph’s Hospital Animal Carkldse Committee.

In a series of experiments, C57BL/6 wild type dngvl knockout (KO) male mice
were used. Mice were housed individually in plastages kept at a;Tof 26-28C
(thermoneutral), or 23-2& (subneutral). Light and dark cycles were the sawe
described above. Except for the experiments, inciwviiood deprivation was applied,
standard rodent chow and tap water was availathlgbitum. The experiments were
executed according to the general rules set inHimegarian law on animals and the
experimental protocols were approved by the Unityerdf Pécs Ethical Committee for
the Protection of Animals in Research (BA 02/20@02006).

3.2. Surgeries

Surgeries were performed under anesthesia induckdtbmine + xylazine (78 + 13
mg/kg, IP). To prevent infections, 2 mg gentamyeuas administered IP. The
anesthesia was always the same regardless frornypbeof the surgery [intravenous
(IV) cannula implantation, intracerebroventriculgfCV) cannula implantation,
perivagal CAP treatment, IP radiotransmitter impéion]. The implanted, closed
cannulas were exteriorized at the nape. Most prgesd (ICV injection, food
deprivation, another surgery, e.g., ICV cannulaeitiesn after IP radiotransmitter
implantation, etc.) were executed at least one &vhvebek after the (first) surgery,
except the administration of lipopolysaccharide §),Pwhich was performed 3-4 days
after the surgery.

For the experiments abroad, rats and guinea pigs iwglanted with an IV cannula
inserted into the right jugular vein 5-7 days befan experiment under ketamine +
xylazine + acepromazine (55.6, 5.5, 1.1 mg/kg, eespely, IP) anesthesia. To prevent
infections, 1.1 mg/kg enrofloxacine was adminideife. During the same anesthesia, a
miniature datalogger (Subcue Dataloggers, Calgaanada) was implanted into the
abdominal cavity of guinea pigs in order to monkiody temperature.



3.3. Recordings of the metabolic rate, heat loss and core temperature

The metabolic rate of rats was determined by thip ted a Kipp-Noyons
diaferometer based on the analysis of the gas safmph the air flowing through a
metabolic chamber. In some experiments — by utdjzhe same principle, i.e. indirect
calorimetry — other instruments were used for measants of the metabolic rate:
Oxymax (Columbus Inc., Columbus, OH), Small Aninggistem (Sable Systems, Las
Vegas, NV).

For recording of core temperaturec),Ta copper-constantan thermocouple was
inserted 10-cm deep into the colon, while skin terafure (T) was measured by a
thermocouple attached to the tail skin by tape. describe heat loss, we used
calculation of an index, which was originally indieced by our laboratory and has been
used by numerous other groups. This index can dewded in the case of a suddenly
changing T and it is known as the “heat loss index” (HLI):

HLI =T s—Ta/ Tc-Ta

Based on the formula it is obvious that the HLIrodes always between 0-1, where
low (near-zero) values indicate a decreased and fulpse to 1) values indicate an
increased state of heat loss.

Animals equipped with thermocouples (sometimes gnextensions) or implanted
with a miniature datalogger were placed into expernital confiners, which made them
unable to turn around, but allowed for free bac#-&orth movements. Due to the
preceding extensive habituation the animals wetestressed under the experimental
conditions: in our experience, theig Was only slightly different (with a maximum of
few tenths of a centigrade higher) from their fyemloving counterparts, in whichT
was recorded by telemetry at the same time intariville day. In the case of metabolic
rate recordings, the animals in the experimentalficers were placed into an open-
circuit metabolic chamber, the ®f which was maintained (or changed, if necesdayy)
a water bath or by an incubator chamber. The ektessof cannulas and the
thermocouples were passed through a sealable pditeohermetically sealed (air-
ventilated) metabolic chamber: through the canndtags could be administered during
the recordings in a non-stressful manner withosiiudbing the animals.

In a separate set of experimentg,aid general locomotor activity of the animals
were continuously monitored by telemetry. This roethlid not allow us to measure
metabolic rate andsI'but enabled us to perform recordings in freelymg@ animals
for an extended period of time (sometimes severakks). The signal from the
surgically implanted IP radiotelemetric transmittgR-4000 model VMFH, Minimitter,
Sunriver, OR) were collected by a metal-plate-Bkgenna beneath the plastic cage of
the animal and then stored on a computer. With neshod we were also able to
analyze the circadian changes g(@nd general locomotor activity).

3.4. Induction of fever, intravenous drug administration, cannulas

To induce fever, we used bacterial LPS [Coli (Sigma-Aldrich)], which was
administered at a dose of @/kg through a ppl0 polyethylene (Portex), or silie
(Baxter) cannula pre-implanted into the jugulamvdihe IV cannula was implanted 3-4
days before an experiment. At the time of LPS adstretion, the unanesthetized
animals were in sealed metabolic chambers, thegeyravas dissolved in 0.9% NacCl,
and then 0.5 ml of the solution was injected thtoag extension of the IV cannula
unnoticeable for the animal (control animals weeated with 0.5 ml of pyrogen-free
0.9% NacCl solution).

Similar IV cannulas were used for administration tbe TRPV1 antagonists
AMG517 (100pug/kg), capsazepine (CPZ; 65#no0l/kg), and their vehicles. In these



experiments, the substances were infused with e o&tl67 pl/min over 2 minutes
through similar extensions as described above.

3.5. Methods of intracerebroventricular injection and infusion

The effects of central administration @MSH were studied after ICV injection of
the drug. A 22-gauge stainless-steel guide canmakimplanted into the right lateral
cerebral ventricle of anaesthetized rats with tileWwing stereotaxic coordinates: A = -
1.0 mm, L =1.5mm, V = 3.8 mm. Through an insddabner 28-gauge injector needle
0o-MSH (2, 5, or 10 pg), NPY (2 pg) or vehicle wasnamistered in a volume of fl
not more than once per week. The injection wasopad through a pp10 extension of
the injector, thus without disturbing the animal.

3.6. Abdominal, perivagal desensitization (CAP pretreatments)

To achieve local, intra-abdominal desensitizatidR, CAP (Sigma-Aldrich)
pretreatment was used. CAP (dissolved in 96% ethand then diluted to contain 10%
ethanol, 10% Tween-80 and 0.9% NaCl at differenPG®ncentrations) was injected
into the abdominal cavity fractionally, in two sindoses (2 + 3 mg/kg, totaling 5
mg/kg) at 9:00 a.m. and 3:00 p.m. This treatmennatged only the abdominal
afferent$*'®> and the effect was reliable for a few (2-3) webkt starting from
approximately the Bweek it gradually relapsed. Mainly, the damagéhefchemo- and
mechanosensitive elements was important, becaugsopgical importance of the
abdominal heat-sensitive nerve terminals is ndgkgithus their impairment probably
has no physiological consequences — such treatmaeimo systemic effects.

In case of perineural CAP desensitization, a 3-4nuidiline laparotomy was made,
immediately below the diaphragm a 3-4 mm wide stfipotton wool was introduced to
surround the anterior and posterior trunks of thdoaninal vagus that was released
from the esophagus. The cotton wool was isolateth fthe surrounding tissues by a
small sheet of polyethylene, and then wetted wigstily prepared solution 1% solution
of CAP. This wrapping was kept in place for 20 ntes) before it was removed
carefully so as not to soil other tissues or damtmge vagus nerve mechanically.
Following removal of the cotton wool, the operatiarea was carefully rinsed with
0.9% NaCl; after absorbing the excess fluid anggtblylene sheet, the surgical wound
was sutured in layers. Control animals were treatitd CAP-free vehicle.

3.7. Food deprivation and refeeding, measurements of the food intake and body weight

Food deprivation started at 9:00 a.m. and it ladiad either 120-h or 48-h
(sometimes 24-h), whilst water remained availablaring fasting rats were kept in
their home cages, their body weights were measuegilarly. In a series of
experiments, we studied the metabolic state (basgibbolic rate and .J of food-
deprived rats in metabolic chambers at differeages of fasting. In another group of
animals, the fasting-induced daily loss of bodygheéwas investigated. After refeeding,
rats were allowed to freely move around in theimbeocages and their gain of body
weight was measured every 30 min for 3 h, whictagfsom the simultaneous weight
gain by water intake and weight loss due to uroratind defecation) strongly correlates
to the dynamics of food intake. We also measured 3th amount of rodent chow
consumption, additionally in some cases the chanfésod intake and body weight in
the following 21 h (to calculate 24-h values).

In a further series of experiments, instead of daath rodent chow pellets the rats
were adapted to powdered rodent chow and their fowake was continuously
measured as cumulative-powdered-chow consumption abyFeed-Scale system



(Columbus Inc., Columbus, OH) for 3 h, occasionddly further 21 h at regular time
intervals. The collected data were stored on a cwenpTo assess spontaneous food
intake, recordings started at 6:00 p.m., i.e. atlibginning of the active, dark cycle,
while fasting-induced refeeding was investigateehperiments beginning at 9:00 a.m.

In the mice experiments, food deprivation starte@:80 a.m. at least 1 week after
the implantation of the IP radiotransmitter, andrthasted either for 48 h in case of a
subneutral T, or for 72 h in case of a thermoneutral The longer (72-h) fasting
allowed for longer observation of the changes ie #nimals’ energetics without
significantly influencing the extent of fall in tindbody weight.

3.8. Satistical analyses

Based on the design of the actual experiment, fatisical analyses ANOVA
repeated measures, one-way ANOVA withst hoc test, or Student t-test was used, as
appropriate. All results are presented as meang MS

4. Results

4.1. Roles of CAP-sensitive abdominal vagal afferent fibers in endotoxin-induced
polyphasic fever

IV injection of the vehicle was without effect irefineurally or IP CAP pretreated,
as well as in sham-operated or IP vehicle pretdeategmals. In sham-operated rats, the
febrile response to LPS was similar to the usuphasic fever course in control (IP
vehicle treated) animals: it started about 35 nitareLPS injection and exhibited the
characteristic three phases. In rats with perineGwP treatment, the fever course
following a similar LPS injection differed from thiever course of sham-operated
animals in that the third febrile phase appearedet@ttenuated (although this was not
statistically significant). However, the beginning$é the febrile response remained
unaltered. This response was different from thahse rats with IP CAP pretreatment:
in IP desensitized rats, mainly the first phase deayed and inhibited, later parts of
the febrile response were not affected.

4.2. Roles of CAP-sensitive abdominal afferents in the energetic processes during food
intake and food deprivation

An IP desensitized statuser se, did not result either in lasting enhancemeninor
lasting suppression of daily food intake, nor itedd rate of body weight gain: both the
daily food intakes and daily weight gains were &amin control and IP CAP pretreated
rats. A small number of rats exhibited a minor emament in the rate of body weight
rise for one or two days after CAP treatment.

Food deprivation for 48 h resulted in 7.3 £ 0.8 + 0.4% loss of body weight in
control vs CAP desensitized rats; 120-h food depiiw caused 15.9 £ 1.0 vs 18.9 *
0.8% loss, respectively, i.e., almost 20% greatait fn desensitized animals,
significantly larger (p < 0.05, t-test) than in tahs. In either group, hardly more than
half of the lost body weight was regained on tinst filay of refeeding; desensitized rats
regained more of their weight loss during this day.

In a different group of animals, we investigatedtireg daytime T and metabolic
rate in control and desensitized animals priorrtd at the end of a 48-h or 120-h food
deprivation period, as well as 1-day after the Idegrivation. Both metabolic rate and
T. declined significantly by the late (but not earpgrt of the fasting period, however
no significant differences were observed betweerctntrol and desensitized groups.



In another two animal groups, we continuously messthe metabolic rate and T
for ca. 10 days and nights, which time period atuded the 120-h food deprivation.
In order to better observe the fasting-induced hyg@bolism, measurements of
metabolic rate in these experiments were conduated subneutral (2C) T, In
accordance with our results above, fasting induaedradual fall in the day-time
(inactive period) and night-time (active period) taimlic rate both in control and
desensitized rats. With the applied conditiongjrigsinduced falls of the metabolic rate
were significantly more pronounced in the contnalugp than in desensitized animals on
the 8" day of food deprivation. The respiratory quotidetreased in all rats from pre-
fasting values (0.97 = 0.01 at night and 0.91 £2Qd@ring day-time) to 0.71 + 0.02
(with negligible day/night differences), suggestipgedominant fat utilization during
food deprivation, but no significant differencesrev@bserved between the control and
desensitized groups.

Next, in freely-moving animals we have found thasting also induced a gradual
fall in the T. of control rats, first affecting only the day-tinfeom the third day also the
night-time T-s. In desensitized animals the fall at day-time was minimal and
fluctuating, while the night-time JTremained normal until the last day of fasting. The
difference between the two groups was significaimder these subneutral conditions,
both the night-time maxima and the day-time minwvadues of T were significantly
lower in control rats than in IP CAP desensitizedrals in the late phase of food
deprivation (4-8 days).

Upon refeeding after 48-h food deprivation, theQRP desensitized rats ate more
than their control counterparts (6.2 £ 0.6 vs 4@.3 g, p < 0.05, t-test) during the first
3 h of refeeding, while in the subsequent 21-hquketihe food intake was smaller in the
desensitized group than in controls, as if compérgdor the earlier overfeeding.
Similar results were observed after 120-h fastlhgs striking that, despite consuming
less during this 21-h period, the body weight vises still highly significantly greater in
desensitized rats, suggesting delayed passage dbald and water consumed. Similar
results were found in the case of 120-h fastingedntrast to the early (first 3-h) period,
in this period the food intake and body weight desdid not run parallel in either
group.

Upon refeeding, rats that had fasted longer andlbstdmore weight did not eat
either faster or more than those rats that hacedagir a shorter period only. The
fractional weight gains of longer-fasting animadxfressed either in grams or in % of
initial weight) were not larger, as compared witle tshorter-fasted ones, and the 3-h
cumulative gains were similar in the two fastingups. However, after either shorter or
longer fasting, the body weights increased morédhapn CAP desensitized than in
control rats, indicating that immediately upon egfing the desensitized animals ate
more than the controls. Still, satiety was alwagached (eating stopped) before
regaining all of the lost body weight, i.e. satieigpended on the amount of consumed
food (and resultant stretch of the stomach) rathan on the extent of regained active
weight.

Fractional analysis of the regained weight withie 8-h refeeding interval after a
48-h deprivation revealed most weight gain to oauning the first 30-min period both
in desensitized and in control animals. For thisgak a significant difference could be
demonstrated between the two groups: desensiteaechte more. Further weight gains
at later periods were much smaller, without stiaadliy significant differences between
the groups. Although the initial difference was ntained for the rest of the 3-h period,
the difference between cumulative weight gains edeshsitized and control rats (6.0 +
0.8 and 5.0 £ 0.5%, respectively) failed to react kevel of statistical significance,



despite that the 3-h cumulative food intake valese different. In case of longer food
deprivation, the pattern was similar, except tihat ¢arly enhancement of food intake
upon refeeding was somewhat smaller, but the efésteéd longer both in desensitized
and control rats. In the longer fasting animals, differences between weight gains of
desensitized and control rats were statisticatipificant not only in the first but also in

the second 30-min fraction, while the cumulativeighe gains also proved to be

significantly larger in desensitized than in cohtaaimals (6.3 + 0.5 vs 4.3 + 0.5%,

respectively, p < 0.05, t-test). Apparently, degeration may induce an increase in the
first meal, rather than in total mean consumptiomdeeding time after fasting.

4.3. Role of the TRPV1 channel in food deprivation

The overall response of. To 48-h-long or 72-h-long complete fasting carreed at
a cool or a thermoneutral, Trespectively, consisted of a progressive falflay minima
with maintenance of night maxima at or close tofpsting values. Locomotor activity
showed parallel changes tg Goth during day-time and night-time.

As compared tdrpvl KO mice, wild type mice responded to 48-h fastmith a
more pronounced day-time hypothermia, which furtheygressed when fasting was
extended to 72 h. Iirpvl KO mice, the second peak value of locomotor agtivi
recorded on the"2 day of fasting — was significantly higher than fivst peak (p <
0.05, HSD-test). This progressive rise in locomaiciivity may have contributed to the
ability of Trpvl KO mice to reach normal:Teven on the third night of fasting. Food
deprivation resulted in the enhancement of nighttiocomotor activity also in wild
type mice, but this enhancement did not grow furitve the second, or third day of
fasting.

Analysis of difference in locomotor activity betwe¢he two genotypes revealed
that in Trpvl KO mice the rising phases of @nd activity occurred around the same
time just before the start of the dark period. ifdwype mice, however, there occurred
a progressive advance in the appearance of risesand activity well before the start
of the dark period of the day. frpvl KO mice, mean duration of daily cycles of T
were 24-25 h in the fed state and 24 h duringrigstin wild type mice, these values
were 23-25 vs 17 h before food deprivation andrdufasting, respectively.

Upon refeeding, immediately after the return ofddo the mice, J started to rise
and reached normal values independent from thala€fobserved at the last morning
of fasting. The speed of the rise ig Was very rapid in both genotypes of mice and
reached normothermia within 30-50 minutes. In reittype of mice did increased
activity accompany the sharp rise i, Tndicating that a markedly increased heat
production can be behind this phenomenon.

4.4. Role of TRPV1 channelsin maintaining normal body temperature

In a thermoneutral environment,(¥ 26°C), IV infusion of 100ug/kg of AMG517
(selective TRPV1 antagonist) caused significarg a6 T; in rats, while infusion of its
vehicle was without any effect.

Due to the thermoneutral environment, the partiedstrained animals were able to
utilize both physiological autonomic thermoeffestgre. heat loss and thermogenesis),
thus allowing us to investigate the thermoregujatoechanisms of the hyperthermia.
We have found that simultaneously with the ris8dnAMG517 elicited a decrease in
heat loss and an increase in metabolic rate, wtsleehicle had no effect on either
thermoeffector.



4.5. Role for the inhibition of proton activation in the TRPV1 antagonist-induced
hyperthermia

In guinea pigs, IV infusion of 65./@mol/kg of CPZ significantly increased By 0.5
+ 0.2°C (p < 0.005). When the same dose of CPZ (pBn®l/kg), was infused to rats
IV, we did not record any changes in either thejrof HLI. The latter is important
because vasoconstriction of the cutaneous vesseleifirst autonomic cold-defense
effector to be recruited in a response, thereftiis,the most sensitive parameter of the
TRPV1 antagonist-induced hyperthermic reaction.

4.6. Coordinated energetic effects of centrally administered a-MSH

In three-month-old rats, there was a significarppsassion of spontaneous food
intake in the first 4 hours of the active, dark ghafter central injection af-MSH.
Food intake of the-MSH treated animals did not catch up to that aftags in the
following 24 hours either. The 2 and 5 pg dosesewezjually effective, while in the
case of 10 pg-MSH, the suppression was somewhat more pronounced.

For studies with fasting-induced refeeding, we uded5 g dose. We found that
during the refeeding following 24-h food deprivatjofood intake of rats treated
centrally witha-MSH was significantly reduced as compared to VeHi@ated rats.

To clarify the presence of a coordinated catabeffect, we also registered tloe
MSH-induced thermal effects, and then we compatesl time dynamics of the
thermoregulatory effects to the abovementionedceffen food intake. We found that
ICV injection of 5 pga-MSH at the lower end of the thermoneutral zonehadow that
(Ta = 25°C, or lower) resulted in an immediate increase ¢nif a different series of
experiments, on a similar time scale, the same dbseMSH caused a significant
suppression of food intake upon refeeding followiddrh fasting as compared to
controls.

4.7. The roles of CAP-sensitive abdominal afferents in the effects of centrally
administered NPY and a-M3H on food intake

ICV injection of 2 ug NPY induced feeding in othése satiated animals. However,
in contrast to the data on fasting-induced hypeg@hand weight regain, neither the
food intake, nor the cumulative/fractional weighairgs induced by such NPY-
administration were significantly greater in desgérsd animals than in non-
desensitized controls. Interestingly, the daytimerfeeding for a 3-h period was
followed by a “compensatory” attenuation of foodake in the next 21-h period (as
compared with desensitized rats injected with Mehicbut there was no difference
between desensitized and non-desensitized aninf&ls. early NPY-effects were
gualitatively similar as the effects of 48-h fagtitut the absolute amount of consumed
food was much smaller. Due to the hypophagia, ¢ 2hanges of body weight were
different: in contrast to fasting rats, the bodyigi® of NPY-treated animals effectively
decreased.

In accordance with our previous findings in thespré study, ICV injection ofi-
MSH significantly reduced the fasting-induced foimtiake during refeeding in both
desensitized and non-desensitized control anintdle. magnitude of the anorexigenic
effect showed no significant difference between PReCAP desensitized and control
groups.
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5. Discussion

5.1. CAP-sensitive abdominal vagal afferents and fever

Based on our results described in 4.1. we can udeclthe effects of IP and
perivagal CAP desensitization on LPS-induced farer different, inasmuch the latter
does not attenuate the first phase of the polyphaser. This dissimilarity provides a
certain proof for the opinion that CAP-sensitivéeednt vagal fibers do not participate
in the early febrile response, furthermore thaCWeP exerts its fever-modifying effect
by non-vagal mechanisms. Based on earlier reswlts dbur laboratory, it is known that
both IP and perineural CAP treatment influencespibstprandial hyperthermia, which
confirms that vagal afferent fibers are, indeedpined in thermoregulatory responses
to events in the abdominal cavity, but bacterialataxin appears to act in a different
way, not using the vagal afferent nerves, for eXartirough mechanisms carried out in
the liver®’

We can conclude that vagally conveyed chemonogieepand mechanical
information may originate from substances/factorgrients, gastrointestinal hormones,
osmotic effects, stretch, etc.) that are thought b® important in non-febrile
manifestations of thermoregulation and energy ltaamhese non-febrile changes may
be important in the metabolic/thermal adaptatiothofeeding status (e.g., fasting) and
to other effects influencing the gastrointestingtem. In contrast, in the pathogenesis
of fever, vagal afferent functions play, at mostiaor role.

5.2. CAP-sensitive abdominal vagal afferents: food intake and fasting

From the difference in the fasting-induced foodk& between IP CAP desensitized
and control animals — CAP treated rats developewie pronounced hyperphagia and
weight gain — we can draw the conclusion: damagsratdtly local and afferent fibers is
able to attenuate satiety. Since such desenstizadioes not affect physiological
thermoregualtiolf"*> the effect can not be explained by temperatune@balities. The
fact, that at a later time CAP desensitized animie expressed satiety suggests that
the abdominally — probably vagally — carried sign@om stimulation of either stretch-
or chemoreceptors of the gastrointestinal/hepatstes) are likely to influence meal
size rather than the duration of feeding or thaltamount of consumed food and that
the CAP-sensitive processes are not exclusive.

CAP-induced damage of afferent abdominal fibpes,se, did not cause and did not
prevent hunger, but attenuated satiety. Comparefospontaneous courses of body
weight gain in control and desensitized groups eatgthat a deficiency of vagal satiety
signals may have, at most, a moderate and transitutnce on food intake regulation.
It is possible that in the course of spontaneoadifiy the meal size remains larger and
the overeating episodes are compensated by a dedreseal frequency in CAP-treated
animals, but the present experiments cannot praxedeincing data for or against such
suggestion.

Upon refeeding, in desensitized rats the 3-h pedbdanarked hyperphagia was
followed by a relative “compensatory” hypophagic-t21period. Presumably, the
hypophagia can be explained by an unusual strgiphed at an unusual time, which
initiated strong and lasting satiety sigrals

Interestingly, after longer period of food deprieat the food intake in the first
periods of refeeding did not exceed the correspundalues observed in response to
shorter fasting in non-desensitized rats. This wewmarkably in contrast with the
observations that in many other cases — e.g.,viollgp an ICV administration of large
NPY or orexin doses — much greater fractional anthudative weight gains were
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possiblé®?® Therefore, the meal size at refeeding was prgbalok mechanically
limited but it appeared to be regulated by hungner satiety signals. Thus, the present
findings might indicate that longer food deprivatidid not induce more severe hunger
sensation than that developing already duringitse48-h of fasting.

Hunger-related signals (and not simply lack of edgtisignals) could normally
contribute not only to food intake after fasting liso to the metabolic suppression and
fall of T, during fasting (as an inverse of postprandial hymgabolismj**2 However,
the vagal damage by CAP desensitization could plyssesult in defective metabolic
adjustment to fasting and to a lack of approprtatpometabolism. In fasting, resting
metabolic rate starts to decrease characteristiaalphase 2 starvatioh i.e. relatively
late — suppression of this process in desensitis#d might explain a gradual
enhancement of weight loss during food deprivation.

In fasting rats the concurrent hypometabolism amdiéncy for hyperphagia point to
an anabolic pattern of energy status. As in comtitd, in IP CAP desensitized animals
fasting elicited an anabolic regulation, the hypagia upon refeeding was, indeed,
more pronounced. A hypothermia also developed, easared by indirect calorimetry
hypometabolism was present as well. By 24-h contisuegistration in freely-moving
rats, we were able to demonstrate the significasmigller fasting hypometabolism and
hypothermia of IP CAP desensitized animals in #te phase of fasting at a subneutral
Ta The defective hypometabolism (or abnormal re@athwpermetabolism), in turn,
allows the maintenance of a relatively high Turthermore it can contribute to an
enhanced weight loss of IP CAP desensitized anithaisg food deprivation.

In conclusion, in IP CAP desensitized rats the ifalbody weight in the course of
food deprivation is aggravated, suggesting a rolefésting-induced hunger signals
(which normally might also cause hypometabolisnat ire conveyed by vagal afferent
fibers. At the same time, upon refeeding desemsitiats ate more and regained more of
the lost weight, suggesting defective function abally transmitted satiety signals,
which should exert a negative feedback action.vidgal satiety signals appear to act on
the short-term only, and they influence meal sether than total food intake; on the
long-term both the food intake and the weight gaile are similar in desensitized and
control animals.

5.3. The TRPV1 channel and food deprivation

The difference between the responsedmggvl KO mice and the wild type ones
were twofold: on the one hand, the extent of desgrea T. on fasting was significantly
greater in wild type mice, on the other hand, dyfasting there appeared an advance in
the circadian rises of:Tand activity in wild type mice well ahead of tharkl period.
The latter can be explained as a sign of resettirthe circadian pacemaker caused by
the anticipatory activity otherwise occurring inno@ction with food intake. In the
present experiment the phase-advance caused hwpgfastcurred in spite of the
maintenance of the 12-12 hour light-darkness sdkedu can be assumed that the
rapidly developing energetic insufficiency inducbkyg complete fasting might have
induced a strong speeding up of the need for fowtlthus masking the effect of the
main pacemaker stimulus that is the darkness due aftenuated hypothermia Tfpvl
KO mice during food deprivation agrees with the poomised energetic adaptation
ability of fasting IP CAP desensitized rats (i.ecdl abdominal loss of functioning
TRPV1 channels). During the inactive period, tharebteristic fall in T was more
pronounced in wild type mice than in th@mpvl KO counterparts. This indicates that
the TRPV1 channel can influence the energetic adiaptto fasting — in the lack of the
channel, the hypometabolic periods are attenuated.
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Based on the fasting-induced — to a different exterboth genotypes occurring —
daytime hypothermia, we can conclude that our tesldscribed in 4.3. support those of
others regarding the food deprivation induced egteghanges, furthermore they agree
with our findings with fasting IP CAP desensitizadimals via the function of TRPV1
channels in food deprivation.

5.4. The TRPV1 channel and normal thermoregulation

By studying the AMG517-induced hyperthermia, we nduhat both autonomic
cold-defense thermoeffectors (heat loss, metalvate) participate in the rise ot.Tin
accordance with a coordinated thermoregulatoryamesp, at a thermoneutral, Tthe
hyperthermia is brought about by a decrease oflbsatand a simultaneous increase of
the metabolic rate. These results exclude a defett on a specific thermoeffector,
instead they suggest an involvement of the affepementral sites of body temperature
regulation. The antagonist-induced changes inditatethe substance evoked its —~ T
increasing — effect via an inhibition of a tonigadictivated regulatory systent*

Our results suggest that the TRPV1 channel is &digiactivatedin vivo. Through
its tonically activated state, TRPV1 continuousifibits the autonomic cold-defense
thermoeffectors (heat conservation, thermogenedis)s maintaining J in its
physiological range. By blockade of this tonic @aation, i.e. by administration of a
TRPV1 antagonist, the heat conservatory and theemogprocesses will be released
from their inhibition, thus leading to hyperthermighis phenomenon could have also
contributed to an attenuated fasting-induced hypabwism (relative
hypermetabolism) in IP CAP desensitized rats.

5.5. Factors responsible for tonic activation of the TRPV1 channel

When we infused the same dose of CPZ to guinea gmgsrats, we found that,
while in guinea pigs this TRPV1 antagonist caudggdiicant hyperthermia, in rats it
had no thermoregulatory effects. By comparing treerhal effects of CPZ in these two
species, we investigated the role of proton in ma@&mg the tonic activation of TRPV1
channelsn vivo.

The TRPV1 channel can be activated by heat, protms$ molecular ligands the
latter commonly summarized as vanilloids includitige aforementioned CAP,
resiniferatoxin and endovanilloids. If inhibitiorf the proton activation mode plays an
important role in TRPV1-antagonist-induced hypanthia, or in other words, in the
maintenance of the tonically activated state ofitR€V1 channeln vivo, then it can be
expected that guinea pigs will be much more sefesit the hyperthermic effect of CPZ
than rats. This is based on the fact that in r&Z Goes not block the proton activation
mode of the TRPV1 channel, in this mode the 50%bitdry concentration of CPZ >
40000 nM?® on the contrary, in guinea pigs CPZ inhibits #wivation of TRPV1
channels by protons relatively strongly (50% inttibj concentration = 355 ni? It is
important to mention that CPZ also blocks the laeat vanilloid activation modes both
in rats and guinea pitfs*".

In accordance with our expectations, we found ith@uinea pigs, in which species
CPZ blocks the proton activation mode, it causegkehynermia, while in rats, in which
species CPZ does not block the proton activatiodeni was thermally ineffective. We
can conclude that blockade of the proton activatimrde of the TRPV1 channel is
crucial in TRPV1 antagonist-induced hyperthermi&joh is in harmony with earlier
findings of other authof& Therefore, these findings suggest that it is pieton
activation mode that is responsible for the tomycactivated state of the TRPV1
channein vivo.
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5.6. Role a-MSH in energetic processes

Exogenous, centrally injectea-MSH reduced both the spontaneous and fasting-
induced food intake in adult rats. This findinginsaccordance with earlier reports by
other group®* The daytime spontaneous food intake was unaffémyethe substance,
the reason for which is that spontaneous food enthking the inactive, light phase s,
priori, minimal in ratd", and its significant further decrease was notalabée with the
methods of the present study. In contrast to thegh the spontaneous food intake
during the active, dark phase, which is substaitiabdentd', and the fasting-induced
food intake during the light phase were signifitameduced by the substance in
accordance with the related literature.

At the lower end of the thermoneutral zone, celytiaiiministeredx-MSH caused a
significant rise of T as compared to controls. By comparing the timeadyns of the
thermoregulatory and anorexigenic effects, we uivegally demonstrated the
occurrence of a coordinated (catabolic) energetction, which is in accordance with
previous data in the literatdfe? The hyperthermia found in the present study finds
support in an earlier repd¥t but contradicts the results of another studywhich
antipyretic effects were foull It is important to note, that in our study, inme
animals the latency and the extent of the hypemieresponse substantially differed
from those of the average. Presumably, the varimumsinance of peripheral core- and
skin temperature signals of the actual thermordégujastatus could explain these
contradictory phenomena.

In summary, by using young adult rats, we demotedréhe coordinated catabolic
energetic (simultaneous anorexigenic and hyperticgreffects induced by central
administration ofn-MSH, furthermore we determined the optimal dosedus the rest
of the experiments in our study.

5.7. CAP-sensitive abdominal afferents and the (feeding) energetic response to NPY and
a-MH

In our experiments we successfully reproduced theeahyperphagic effetand
the subacute hypophagic effédbllowing NPY administration. We have found thet |
CAP desensitized rats responded normally (indifféyefrom their vehicle treated
counterparts) to central administration of exogendPY anda-MSH. We can
conclude that IP CAP desensitization does not imgae central elements of the
complex energetic regulation: in accordance with expectations IP CAP treatment
causes damages exclusively in the abdominal attsien**> The lack of vagal satiety
signals did not influence the central NPY-, amdSH-induced — from the literature
well known hyperphagf®®® and hypophagft*°— feeding response. In summary, these
results suggest that in the development and mantenof satiety/hunger other (non-
vagal) signals also play an important role.
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6. Summary

1. CAP-sensitive abdominal vagal afferents playaie in the development of the
LPS-induced polyphasic fever response, the effeci® CAP desensitization are not
mediated by the vagal nerve.

2. IP CAP desensitization exaggerates the fastidgded weight loss, nevertheless
it enhances the early weight gain upon fasting-tedurefeeding, which suggest the
existence of both vagal hunger and vagal satigtyass.

3. In Trpvl KO mice, the fasting-induced hypothermia is atedad compared to
their wild type counterparts, furthermore duringdadeprivation their circadian. Bnd
activity rhythms are shifted. The attenuated hypotha is in accordance with our
results with IP CAP desensitization.

4. The TRPV1 antagonist AMG517 causes hypertherwigch — as a coordinated
thermoregulatory reaction — is the result of a €ase in heat loss and an increase in
heat production. The TRPV1 channel is tonicallyivatéd in vivo, continuously
inhibiting the autonomic cold-defense thermoeffesto (heat conservation,
thermogenesis), thus maintaining the physiologieslp body temperature.

5. Blockade of the proton activation mode of thePWR channel is undoubtedly
needed for the occurrence of the hyperthermic efd@cCPZ. Hyperthermia develops
only in that case (species), in which CPZ blocles dbtivation of TRPV1 channels by
protons (e.g. in guinea pigs). This suggests thatbps are responsible for maintaining
the tonic activation of the TRPV1 chanmnebivo.

6. ICV administereda-MSH causes a dose-dependent suppression in thegfas
induced food intake upon refeeding and in the spwdus nighttime food intake,
parallel it increases cTwith similar time dynamics, which is a coordinateatabolic
energetic reaction.

7. The lack of vagally conveyed hunger and saséjypals has no influence on the
feeding response to centrally administered NP¥-0SH.
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