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1. INTRODUCTION

Aging is associated with characteristic changes in the regulation of energy balance
leading to alterations in body weight and body composition. In the middle-aged, weight gain
and obesity presents challenging public health problems, while in the elderly anorexia and the
consequent muscle loss (called aging sarcopenia) promotes the development of cachexia and
frailty [1, 2].

The above mentioned aging-induced tendencies in body weight are shown in other
mammals, therefore in the background intrinsic regulatory mechanisms may also be assumed,
that may become pathologic during aging due to unhealthy lifestyle [3]. These regulatory
mechanisms play a very important role in the shifts of the balance of neuropeptides influencing
food intake and metabolic rate. A number of peptide hormones have been shown to influence
the components of energy balance (food intake, metabolic rate, body weight, body temperature,
etc.) by having either an overall anabolic (orexigenic and hypometabolic) or catabolic
(anorexigenic and hypermetabolic) effect [4].

This thesis focuses on the role of two neuropeptides, cholecystokinin (CCK) and alarin
in the regulation of energy balance.

1.1. Peptidergic regulation of the energy homeostasis and aging

Energy balance involves regulation of body temperature via heat production (metabolic

rate, MR) and heat loss (HL), and that of body weight (BW) via food intake (FI) and MR. This
can be described as a dynamic state.
On the short run, the changing level of MR and FI assign the feeding state (hunger or satiety),
on the long run, it determinates the nutritional state, the BW. From the point of view of BW, FI
and MR might show coordinated changes. Anabolic substances lead to weight gain by
increasing FI (orexigenic effect) and by suppression of MR (hypometabolism, usually leading
to hypothermia), while catabolic mediators induce weight loss via decrease in FI (anorexigenic)
and increase in MR (hypermetabolism usually with hyperthermia) [5]. In addition, in case of
imbalance between MR and HL, the core body temperature (Tc) will change (hypothermia,
hyperthermia).

Instead of a monotonous decline during aging, the effects of the anabolic and catabolic
regulators show characteristic alterations, that may result in shifts of their balance. Previous
studies demonstrated characteristic age-related shifts in both acute and chronic anorexigenic

effects of centrally applied leptin or melanocortins, with strong effects observed in young adult
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rats, diminished efficacy in middle-aged rats, and very pronounced effects in old rats [6-10].
These changes may promote obesity in the middle-aged and aging anorexia in the old
population. Nutrition and body composition have been found to influence these age-related

changes.

1.2 Cholecystokinin

Cholecystokinin is an anorexigenic brain-gut peptide [11], it inhibits the FI (after both
peripheral and central administration), gastric movement and the production of gastric acid for
a while, thus it has an important role in forwarding and digesting the consumed food and
inducing satiety [12]. The latter effect indicates that CCK can influence cerebral functions
related to energy balance. The biologically active form is an octapeptide (CCK-8) with o-
sulfated tyrosin residue found also in mammals [13].

Two types of CCK receptors are known (type 1 and 2). Peripheral type-1 CCK receptors
(CCK1R-s) are located mainly on the afferent fibers of the abdominal vagus [14, 15]. Some
CCK1R-s have been detected also in the brain, e.g. in the nucleus of the solitary tract (NTS).
The NTS serves as a portal for assessing and integrating visceral afferent signals (including
CCK-related signals).

The type-2 receptors are located primarily in the central nervous system [16-19].
Therefore, in contrast to peripheral administration, centrally applied CCK acts mainly on
CCK2R-s of hypothalamic and other nuclei [20]. The CCK2R-s are also expressed in vagal
afferents.

Food intake enhances CCK production not only in the upper gastrointestinal tract but
also in the hypothalamus [21, 22]. The peripheral administration of CCK induces satiety
through CCK1R [23, 24] in rats and also in other animals [25], thus the ,,meal size* will be
smaller. Activation of central receptors (both CCK1R and CCK2R) may also decrease FI [15,
24, 26, 27].

Concerning the thermoregulatory actions, peripherally applied CCK in pharmacological
doses elicited hypothermia [28] presumably by a vagal reflex causing hypometabolism, skin
vasodilation and consequently increased HL. The effect is mediated through CCK1R.

Centrally injected CCK is known to induce fever-like coordinated changes in energy
balance through CCK2R: an increase in MR, a decrease in HL, an elevation of Tc [29], and it
also evokes anorexia [30]. Later it was shown that in endotoxin fever CCK2R-s are also
involved [31].



1.3. Alarin

Alarin, named after the C-terminal residue alanine and its N-terminal residue serine, is a
25 amino-acid peptide. It is the newest member of the galanin peptide family, found first in
gangliocytes of human neuroblastic tumors [32]. It is an alternative splice variant of the galanin-
like peptide (GALP) mRNS. Alarin shows no affinity to the galanin receptors, but alarin
receptors have not been discovered yet [33, 34]. Alarin has also been shown to be localized
around the blood vessels with vasoactive actions [33] and may have a role in ocular blood flow
regulation [35]. In addition, it increases the secretion of luteinizing hormone (LH) in male mice
[36], has antidepressant-like [37-39] and antimicrobial [40] effects. The potential role of alarin
in the regulation of energy balance is raised by its immunoreactivity in the appropriate murine
brain regions controlling FI, metabolism and thermoregulation: such as the arcuate nucleus
(ARC), the dorsomedial (DMH), lateral and paraventricular (PVVN) hypothalamic nuclei and the
preoptic area [41]. Intracerebroventricular injection of alarin significantly increased the expression
of the immediate early gene c-fos, a marker for neuronal activation in different brain regions
including the PVN, DMH and the ARC of male rats. In accord with these observations, some
earlier in vivo studies raised also the possibility that alarin may participate in the regulation of
FI: they described orexigenic effects of alarin [34, 36, 42, 43]. However, this orexigenic effect
appears to be relatively weak compared to that of a major hypothalamic orexigenic mediator,
neuropeptide Y (NPY) [34]. Effects of alarin on spontaneous nighttime FI or on fasting-induced
re-feeding have not been fully investigated [34, 43].

The first 5 amino acids may be responsible for the Fl-related and LH-secretion inducing
effects of the peptide, because after enzymatic splicing of this sequence, the truncated alarin is
able to antagonize these effects [43].

Regarding another feature of energy balance, thermoregulatory effects of alarin were also
investigated: previous reports failed to reveal any change in body temperature in freely moving
mice [36, 43] or any change in oxygen consumption (indicating MR) in freely moving rats upon

a central alarin injection [42].



2. AIMS
2.1 CCK in the regulation of energy balance

In the course of aging energy balance changes in two phases: first age-related obesity [44]
appears followed by aging anorexia and weight loss [45].
Based on the earlier observed age-related shifts in the responsiveness of central catabolic
melanocortin system [6, 8] and in that of its peripheral regulator, leptin [9, 10], we can
hypothesize that the catabolic effects of CCK does not change in a linear fashion during aging.
A diminished effect could promote middle-aged obesity, while later on, an enhanced action of
CCK might contribute to aging anorexia. This late appearing rise in CCK action is also
suggested by the literature [11, 46-48], but to date, the effect of this peptide has not been
investigated in middle-aged groups. Nutritional state has been shown to modify the age-related
changes in the effects of the earlier investigated peptides [3, 10, 44, 49], therefore we
hypothetized that caloric restriction or high-fat diet could also influence the effects of CCK.
The aim of the present study was:
1) toinvestigate, how central CCK-related effects may contribute to changes of energy balance
in the course of aging.
2) toexamine, how peripheral CCK-related effects may contribute to changes of energy balance
in the course of aging.

3) to test, whether nutritional state can influence the effects of CCK.

2.2 Alarin in the regulation of energy balance

Although an acute orexigenic action of alarin has been described in rats and mice [34, 36,
42], its complex contribution to the regulation of energy homeostasis also involving
thermoregulation is still unknown.

Previous reports failed to reveal any change in body temperature in freely moving mice
[36, 43] or any change in oxygen consumption in freely moving rats upon a central alarin
injection [42]. Because of its orexigenic actions and due to the presence of the peptide in main
hypothalamic  regulatory nuclei, we assumed first an anabolic character,
hypometabolic/hypothermic thermoregulatory actions of this peptide. However, our pilot
studies (as reported in our conference abstract, see [50]) raised the possibility of its catabolic

rather than anabolic character. Our present study focused on the detailed analysis of the complex



effects of alarin on energy homeostasis in Wistar rats with special emphasis on FI and
thermoregulation.
1) First we planned to clarify the thermoregulatory actions of alarin injected
intracerebroventricularly (ICV) into the right lateral ventricles of rats.
2) We also aimed to test the effects of the truncated alarin: we hypothetized its
antagonistic effect also concerning thermoregulatory functions.
3) We aimed to investigate the mechanisms of the thermoregulatory actions of alarin. In
case of a coordinated hypermetabolic/hyperthermic response we assumed a
prostaglandin-mediated reaction.
4) If alarin induces hypermetabolic/hyperthermic reaction, then we could hypothesize, that
despite the earlier reports, alarin may act as a catabolic mediator and would suppress

spontaneous or re-feeding FI.

3. METHODS
3.1 Animals

Male rats from the colony of the Institute for Translational Medicine were used in the
experiments. The lights were on between 06.00-18.00 h. The animals were kept at an ambient
temperature of 22-25 °C. Standard rat chow (11 kJ/g) and tap water were continuously available
(except the 24- or 48-h fasting periods). For the experiments on the effects of CCK, normally
fed (NF) Wistar rats different age-groups have been established: 2, 4, 6, 12, 18 and 24 months
old animals (NF2, NF4, NF6 and NF12, NF18 and NF24) represented juvenile, young adult,
younger and older middle-aged, aging and old age-groups, respectively. Some animals were
caloric-restricted (CR) from age 2 months onwards: they received 2/3" of the normal daily
amount of standard chow (16 g/day), with vitamin and mineral supplementation and unlimited
water intake. Some other 6 and 12-month-old rats were made obese by using a high-fat diet
(HF, using Diet Induced Obesity Rodent Purified Diet with 60% Energy from Fat, IPS
TestDiet®, 21.6 kJ/g) from age 2 months. For the experiments on the effects of alarin, young
age-groups of male Wistar and Long-Evans rats also from the Colony of the Institute for
Translational Medicine were used. For the investigation of regulatory peptides affecting Fl in
our laboratory 3 months old adult male Wistar rats are usually used. These young adult animals
have already finished the period of rapid growth. However, earlier studies, investigating the FI-
related effects of alarin, tested younger juvenile (6 weeks old) Long-Evans rats [42]. Such



animals have not finished the period of rapid growth and they may show altered Fl-associated
responses to regulatory peptides, therefore, we tested Fl-related effects of alarin in 3 months
old young adult as well as in juvenile, 6 weeks old Wistar and Long-Evans groups.

Rats used in the analysis of metabolic rate and body temperature were habituated for at
least a week prior to experiments to semi-restraining boxes in which they were able to move
somewhat forwards and backwards but not to change the head-to-tail position.

Following experiments, the left retroperitoneal and epididymal fat pads were removed
and weighed, along with the tibialis anterior muscle, as indicators of body composition [51].
All body composition indicators were calculated for 100 g body weight.

All experimental procedures and interventions were undertaken according to the general
rules of the University of Pecs Ethical Committee for the Protection of Animals in Research. In
general, the rules of this Committee are in accord with the main directives of the National
Ethical Council for Animal Research and those of the European Communities Council
(86/609/EEC). Special permission: BA 02/2000-11/2011, valid for 5 years.

3.2 Surgeries

Surgical interventions were performed under intraperitoneal (IP) ketamin + xylazine [78
mg/kg + 13 mg/kg] anesthesia. Animals received also 2 mg intramuscular gentamycin for the
prevention of infections. A 22-gauge metal cannula was stereotaxically implanted into the right
lateral cerebral ventricle (parameters: 1 mm posterior and 1.5 mm right lateral to bregma, 3.5
mm ventral to dura; coordinates according to the Rat Brain Atlas [52]). For IP injections, before
the tests, a polythene tube was acutely inserted into the abdominal cavity through a needle under
ether anesthesia; after withdrawal of the needle, the tube tunneled under the skin was

exteriorized and fixed at the nape.

3.3 Substances applied

Cholecystokinin-8 (Bachem) or solvent pyrogen-free saline (PFS) was administered
either by direct IP injections at a dose of 5 ug (4.4 nmol) in a volume of 0.5 ml for assessment
of anorexigenic effects, in other cases at a pharmacological dose of 100 pg (88 nmol, as applied
in earlier studies, [28] in a volume of 0.1 ml in metabolic studies, or by ICV injections at a dose
of 500 ng (0.44 nmol) in a volume of 5 pl for both anorexigenic and metabolic tests.

To test dose dependence, alarin (GL Biochem) was administered at doses of 0.3, 1, 3 or
15 pg alarin (in a volume of 5 ul, ICV) at 9.00 h at various environmental temperatures. In other

tests truncated alarin (alarin 6-25Cys, 2.5 ug) was administered with or without full-length
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alarin (3 ug) to investigate its potential antagonistic thermoregulatory effects. We also tested
the effects of a scrambled alarin (3 pg) containing the same amino acids as alarin, in random
order. To test the potential peripheral actions of the applied doses of full-length alarin, they
were also administered IP.

In order to investigate the potential prostaglandin-mediated mechanism of the
hyperthermic effect of alarin, indomethacin (Sigma, 2 mg/kg), a non-selective
cyclooxygenase(COX)-inhibitor and meloxicam (Sigma, 1 or 2 mg/kg), a relatively selective
COX-2 inhibitor were applied through an IP inserted polyethylene tube 30 min prior to ICV
alarin injection.

In Fl-related experiments, NPY (Bachem) was given ICV at 5 pg dose in 5 ul, as a

positive control.
3.4 Measurement of the thermoregulatory effects and the metabolic rate

Measurements took place between 09.00 h and 15.00 h, and during this period the
animals could not eat or drink. In metabolic chambers of an Oxymax indirect calorimeter
oxygen consumption (VOy), respiratory quotient (RQ) and carbon-dioxide production (to
determine MR) were measured by the help of an Oxymax gas analyzer and the data were
electronically processed. During experiments the rats were semi-restrained in a cylindrical wire-
mesh confiner. Together with this cylinder, they were placed into an open-circuit metabolic
chamber, which in turn, was immersed into a thermostatically controlled water-bath to secure
a standard ambient temperature (Ta) in the chamber. At a Ta of 28 °C regularly vasodilation is
observed, at 25 °C there is vasoconstriction and no fluctuations in tail skin temperature (concept
of thermoneutrality [53]), but — in contrast to the cold 20 or 15 °C — they allow to evoke either
skin vasodilation or heat loss. On the other hand, at the colder Ta values the cold-induced
hypermetabolism allows the observation of a possible hypothermic effect. Copper-constantan
thermocouples were attached to the rats for measuring colonic (core) and tail skin temperatures
(Tc and Ts, respectively): these — together with the cannula and the thermocouple for the
chamber — were exteriorized from the sealed chamber. All temperature data were collected by
a Digi-Sense 12-channel scanning Benchtop thermometer for electronic evaluation. Heat loss
state (“heat loss index”, HLI, as used in earlier studies; [54] was assessed from the relationship
of the three monitored temperatures [HLI = (Ts-Ta) / (Tc-Ta)]. For administration the materials

an injection cannula inserted into the chronically preimplanted ICV cannula was connected to



a 20-25-cm-long ppl10 polythene tube [29]. At injections, 5 ul PFS was slowly injected at the
outer end of the tube, thereby the substances were injected ICV without disturbing the animal.

For IP injections the cannula was acutely inserted (through the lumen of a needle) prior
to the experiment to the abdominal cavity, fixed by sticky tape and the animal was placed into

the restraining box.

3.5 Measurement of the food intake

For two weeks before the experiments rats were transferred into the automated Feed-
Scale system to get habituated to the environment and to the powdered form of rat chow. This
form of chow prevented food hoarding. A special digital scale under the cage provided precise
automated measurement and continuous recording of the amount of consumed food. Data were
registered every 10 minutes, in case of the measurement of the cumulative 24-h FI, data were
collected every 30 minutes.

The anorexigenic responsiveness to IP or ICV CCK injections was assessed in a number
of rats (6-8 rats per group) from different populations according to age and nutritional state via
measuring their inhibitory effects on 3-h cumulative FI (per unit BW) induced by 48-h food
deprivation (from 09.00 on day 1 until 09.00 on day 3). In control experiments PFS was used.
Normally fed animals at ages 2, 4, 6, 12, 18 and 24 months, a group of CR animals (CR12 with
unlimited access to powdered chow during the 3-h re-feeding), and two groups of HF rats (HF6
and HF12) were tested in the experiments.

Food intake-related alarin actions were tested in different settings: 1) alarin was given
in the early phase of the inactive daytime period at 09:00 h and the 3-h and 24-h cumulative FI
values were measured and compared with the effects of a NPY-injection as a positive orexigenic
control; 2) alarin was injected at the onset of the active nighttime period at 18:00 h and 24-h
cumulative FI was measured; 3) alarin effect was also tested on 24-h fasting-induced, 3-h and

24-h re-feeding FI, in this case alarin was given at the onset of the re-feeding period at 09:00 h.

3.6 Statistical analysis

All experimental groups contained at least 6-8 rats. One-way ANOVA or repeated-
measures ANOVA tests with Tukey’s post hoc test using SPSS for Windows 11.0 software
were applied for the statistical analysis of the data and SigmaPlot for Windows version 11.0
was applied for regression analysis. Differences were accepted as statistically significant at the
level of p < 0.05.



4. RESULTS AND DISCUSSION

4.1 Effects of CCK — a catabolic peptide
4.1.1. Results

Young adult NF4 rats responded with hypothermia to IP injection of a pharmacological
dose of CCK, in line with data of the literature [28] due either to skin vasodilation (at a
thermoneutral ambient temperature) or to decrease in metabolic rate (at a cool ambient
temperature). In young adult NF4 rats the hyperthermic effects of ICV injected CCK appeared
to be coordinated: immediate significant rise in oxygen consumption with skin
vasoconstriction.

This  metabolic response to ICV CCK was age-dependent. The
hypermetabolic/hyperthermic response that was characteristic for the NF4 rats became smaller,
though still significant in NF6 and NF12 animals compared with the PFS-treated controls, but
with further aging the response became even smaller and non-significant in the NF18 and NF24
old age-groups. A negative linear correlation was shown between age and the CCK-induced
change in Tc of individual rats.

In young adult rats the IP administered CCK caused significant suppression of 3-h
cumulative FI during re-feeding after 48-h fasting. Compared to the suppression seen in the
young adult group, the most pronounced effect was observed at the age of 6 months. However,
CCK was ineffective in juvenile (NF2) animals and in middle-aged ones (NF12). Interestingly,
at later ages (NF18, NF24) the suppression of re-feeding energy intake became again
pronounced and statistically significant (Figure 1).

Suppression of re-feeding
FI (% of control FI)
50

40 -
30
20
10
0

2 4 6 12 18 24

Age (months)
Figure 1. Age-dependent changes in anorexigenic action of IP applied CCK
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Alterations in body composition influenced this pattern of CCK efficacy. Obese HF6 rats
were resistant to the anorexic effect of CCK already at the age of 6 months, but the anorexic
effect became again significant in HF12 animals. In contrast, CR12 rats consumed during re-
feeding much more food than age-matched controls (they appeared to be hungrier than rats of
the NF12 group), but CCK almost halved the consumption, unlike in NF12 animals.

The ICV injected CCK was also without significant effect on FI in juvenile rats, but
caused extreme anorexia in NF4 and NF6 animals (peak suppression in NF6). The effect was
attenuated but still significant in the middle-aged NF12 group, and — in contrast to the IP
administration — it further decreased and became non-significant in the old NF24 animals

similarly as seen in case of the age-related decline in the metabolic effect of ICV CCK.
4.1.2. Discussion

Our results regarding the peripheral administration of CCK show that aging did not
cause a gradual continuous decline in the efficacy of the peptide, rather age-related phasic
changes were demonstrated for the anorexigenic CCK effect.

Both IP and ICV administrations of CCK were ineffective in juvenile NF2 animals,
suggesting the presence of an extremely strong orexigenic tone at this age. In juvenile rats
similar “resistance” was demonstrated for the anorexic effect alpha-MSH — this was also
explained by a high orexigenic tone, that is specific for this age of fast growth [6].

The anorexic effect of IP CCK observed in young adult rats is in line with data of the
literature [55, 56]. Signals representing information from stretch of the stomach and from the
nutrient composition of its content are conveyed by fibers of the abdominal afferent vagus [15,
57, 58] to the NTS, brainstem, and further structures of the brain. The anorexic effect of IP
CCK in young adults appears to be related to the actual feeding state rather than the more
chronic nutritional state, still, in rats the lack of CCK1R-s is connected with obesity [Otsuka
Long-Evans Tokushima (OLETF) rats], suggesting a possible long-term role of CCK1R
activity in energy balance. These rats eat more and become obese, probably due to lack of
satiety and to a high hypothalamic NPY tone [59].

Brain CCK2R-s might also be mediators of anorexia. Following food intake CCK is
released in the hypothalamus [21], probably due to signals from stretch of the stomach which
signals are conveyed by afferent vagal activity. Exogenous CCK given ICV or to various
hypothalamic nuclei suppressed Fl in a number of species [60]. Other studies demonstrated that
CCK2R knockout mice are hyperphagic and obese [61] — their hypothalamic NPY expression
was also high [62].
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We hypothesized that after the young adult age either the peripheral or the central CCK
effects may vary with further aging and possibly contribute to the alterations of energy balance
during aging. Age-dependence has already been demonstrated for the effects of a number of
peptides involved in the regulation of energy balance. For example, ICV alpha-MSH has a very
strong anorexic and body weight decreasing action in young adult and again in old animals, but
not in the middle-aged ones [6]. Such alterations in activity may contribute to the explanation
of the two basic age-related anomalies of energy balance, i.e. the age-related obesity and the
late-appearing anorexia of aging that often leads to senile cachexia and sarcopenia — both
anomalies having far-reaching health effects. In contrast, for some other peptides, e.g. NPY,
ghrelin, orexin [26] another pattern of age-related change, a continuous attenuation of the
effects has been demonstrated suggesting a stepwise deterioration with age for the regulatory
role of the peptide. Our present data suggest that, depending on the site of action, both patterns
are possible for CCK.

Although IP injected CCK suppressed the ingestive behavior in young adult (NF4, NF6)
rats, by the age of 12 months this effect of CCK was practically lost. Later on, however, in old
animals (NF18, NF24) the anorexic responsiveness to IP administered CCK increased again.
The application of one single intraperitoneal dose of CCK (5 ug) in our study (instead of varying
the dose in proportion to body weight of the animals) may constitute certain limitations of
interpretation of our data. However, when regarding the CCK dose normalized to 100 g BW, it
appears that the highest relative dose in juvenile animals remained inefficient, while the lowest
relative doses in old age-groups or middle-aged diet-induced obese rats reduced FI
significantly. In addition, within the young adult group the dose of 1 pug was also able to induce
similar and significant suppression of food intake in a similar setting as the 5 pg dose.
Moreover, body weights of all NF adult age-groups were rather similar to one another, while
showing significantly different responses to an identical dose of CCK. These latter findings also
support our conclusion that CCK-resistance in our middle-aged groups is based on lack of
responsiveness and not on an insufficient dose.

It may be of particular importance that — according to most human data — the fasting
plasma levels of CCK are higher in the elderly than in young individuals [11, 46, 47]. This
results in suppressed level of hunger that is not altered very much by the relatively small
postprandial CCK-release in old persons [47]. Animal experiments similarly show higher CCK

levels in old animals: in synaptosomes of brain samples from old rats the CCK-content was
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higher than in young ones, although the CCK-release in brain samples upon stimulation was
smaller [48].

Concerning our data, the above demonstrated changes in the efficacy to IP CCK during
the course of aging may contribute to insufficient satiety, overeating and obesity in middle-
aged rats (age-related obesity) as well as to enhanced satiety and aging anorexia in old animals.
As a first approach, the satiety-inducing effect of CCK seems to suggest that it influences the
short-term rather than the long-term regulation of food intake. Still, it has been repeatedly
reported [14] that not so much the number, rather the duration of feeding bouts (determining
meal size) is decreased by the peptide what is apparently not fully compensated by feeding
frequency. This allows for long-term shifts in energy balance as cumulative effects of changing
CCK activity or efficacy. This is likely to be the explanation of obesity in OLETF rats.

There are limited and controversial data concerning CCK production/effect in high-fat
diet induced obese rat models even in the young adult age-group. Such dietary interventions
were shown to lead to elevation of plasma CCK-concentration in rats [63]. Nevertheless,
various effects of exogenous CCK are not necessarily simultaneously enhanced [64, 65]. Other
reports described suppression of gastrointestinal CCK gene- and protein expression [66] and
reduced satiety in response to CCK [67, 68]. No relevant information regarding age-related
alterations in CCK level or activity are available in high-fat diet-induced obese rodent models.

The effects of long-term caloric restriction have not been investigated on peripheral
CCK expression or activity either in young adult rats or during the course of aging. According
to our previous observations caloric restriction appears to enhance some aspects of neuropeptide
effects [51, 69].

In the present studies CCK-responses were decreased in dietary obese rats already at the
age of 6 months (HF6), unlike the pronounced anorexic CCK effects in normally fed rats of the
same age (NF6). Contrary to this, in CR rats of probably low plasma CCK levels CCK-
resistance did not develop even at the age of 12 months (CR12), when normally fed middle-
aged (NF12) rats were “resistant” to CCK-anorexia. In NF rats a rebound of CCK-
responsiveness was observed with aging after middle-age (i.e. in NF18-NF24 groups), in HF
rats the rebound was present already at the age of 12 months. Apparently, caloric restriction
seemed to postpone, obesity to speed up the age-related changes in CCK-responsiveness.

It may be concluded that peripheral CCK-actions seem to be important in the overall
energy balance by determining food intake and consequently the nutritional state. These actions

change with phases of aging and they also depend on body composition.
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The ICV injected CCK suppressed the ingestive behavior in young adult rats, but —
unlike in case of IP administration — this effect of the peptide became gradually weaker with
the aging process and by the age of 24 months (NF24) there was practically no effect.
Apparently, not only the anorexic, but also the hypermetabolic and hyperthermic effects of ICV
CCK vanished with increasing age. This pattern of change in neuropeptide effects is
characteristic for some peptides like NPY, ghrelin, orexin, etc. [26]. Considering that a decrease
in metabolic rate is characteristic for old age [70], the lack of effect of centrally applied CCK
suggests that the central CCK activity may have but little importance in determining metabolic
rate, at least in old animals, while the lack of anorexic effect in old rats suggests that the age-
related anorexia is probably also independent of central CCK activity.

Cerebral CCK2R-s are likely to have some catabolic role in energy balance of young
adult animals: the CCK2R-dependent postprandial anorexia and hypermetabolism possibly play
a role in the metabolic adaptation to calorie intake, to maintain energy equilibrium. Studies in
older men have shown that, unlike in their young counterparts, an excessive calorie containing
diet of the same length was not readily compensated following the dietary period (dysorexia)
[71].

Central CCK (CCK2R-s) may also participate in fever and sickness behavior [29, 72].
Aging is associated with diminished fever response [73].

Our present findings raise the hypothesis that age-related decline in the central
hyperthermic and anorexic effects of CCK may contribute to the age-related diminishment of

fever, alterations in sickness behavior and insufficiency of metabolic adaptation to feeding.

4.2 Effects of alarin — a catabolic peptide
4.2.1. Results

An acute ICV injection of 3 ug full-length alarin elicited a delayed significant increase
in VO2 at 25 °C. This hypermetabolism and concurrent continuous tail skin vasoconstriction,
induced a slow but significant rise in Tc that reached 0.5 °C by 120, and 1.0 °C by 180 minutes
after the injection.

Different doses of alarin (1, 3 or 15 ug) induced significant hyperthermia at 25 °C, i.e. no
dose-dependence was observed. The hyperthermic response was significant for each dose as
compared with the effects of scrambled alarin. Scrambled alarin failed to induce any response.
At cooler ambient temperatures the administration of 3 ug alarin resulted in similar Tc rises as

those seen at 25 °C (i.e. no hypothermia/hypometabolism).
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Around the vasodilation threshold (28 °C) a pronounced alarin-induced vasoconstriction
was accompanied by a significant hyperthermic effect. Upon peripheral injections, full-length
alarin failed to induce hyperthermia or vasoconstriction.

Truncated alarin, when administered together with ICV full-length alarin (3 png),
abolished the hyperthermic action of full-length alarin. Thus an antagonistic effect of alarin 6-
25Cys was demonstrated.

Acute ICV injection of alarin (1, 3 or 15 pg) induced a significant increase in VO as
compared to vehicle treated animals at 25 °C. This hypermetabolism was associated by a
simultaneous tail skin vasoconstriction (heat conservation). These coordinated changes resulted
in a significant fever-like rise in Tc that exceeded 1.0 °C by 180 min post-injection. Even this
high increase in Tc failed to elicit any compensatory vasodilation.

We investigated the possible prostaglandin-mediation in this fever-like hyperthermia.
The effects of COX inhibitors were tested on the hyperthermic/hypermetabolic response to 3
ug alarin. Neither applied COX inhibitor per se induced any thermoregulatory response.
Peripheral pre-treatment of indomethacin (2 mg/kg, IP), a non-specific COX-inhibitor given 30
min before the ICV injection prevented alarin-induced hypermetabolism and hyperthermia.
Both applied doses of meloxicam, a relatively selective COX-2 inhibitor, given 30 min prior to
the ICV injection effectively reduced hypermetabolic and hyperthermic responses to alarin.
Such a thermoregulatory effect would rather characterize a catabolic mediator and not an
anabolic one, although previous studies reported some orexigenic effect of the peptide.

We tested the potential orexigenic effects of alarin as compared with those of NPY.,
Alarin (1 or 3 ng) given at 09:00 h (in the early phase of the inactive daytime period) failed to
induce FI in non-deprived rats. In contrast, NPY (5 ug, as positive orexigenic control) was able
to induce FI in the same animal group. However, cumulative 24-h FI following alarin
administration (at 3 pg, but not 1 ug dose) was found to be suppressed. Similarly, a central
injection of NPY also reduced cumulative 24-h FI after its short-term orexigenic action. As
these tests indicated a surprising anorexigenic action of alarin, we decided to test it in other
settings.

Alarin (3 pg) given at 18:00 h (at the onset of the active nighttime period) strongly
reduced spontaneous nighttime cumulative FI without any compensation in the following
daytime period in non-deprived rats.

Finally, alarin (3 ng) was given at 09:00 h to 24-h fasted rats at the onset of their 180-

min re-feeding. The peptide suppressed re-feeding FI efficiently. In addition, this anorexigenic
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effect also proved to be long-lasting, as shown by the significant suppression of 24-h FI of these
animals.

Our results diverged from those of the literature. As those studies used younger (6 weeks
old) Long-Evans rats [42], we tested Fl-associated effects of alarin in Wistar and Long-Evans
rats of similar young age to investigate potential causes of these differences. A lack of
orexigenic effects of alarin (0.3 and 3 pug) was demonstrated in both strains. NPY significantly
enhanced FI both in Wistar rats and in Long-Evans rats.

4.2.2. Discussion

The first part of the experiments investigated the thermoregulatory effects of alarin, a
25 amino-acid peptide, the newest member of the orexigenic galanin peptide family that shows
structural and functional similarities to 60-amino-acid GALP [36, 43, 74, 75].

Although a previous report failed to reveal any change in body temperature upon an ICV
alarin injection in freely moving mice using biotelemetry [36], and no change in oxygen
consumption has been detected in adult male freely moving Long-Evans rats upon a similar
alarin administration either (in freely moving rats locomotion itself may raise metabolic rate)
[42], as yet no conclusive thermoregulatory tests involving alarin have been conducted in rats.

The present data show that centrally administered alarin appears to elicit a slow but
significant hypermetabolic, hyperthermic thermoregulatory response, further enhanced by a
suppression of heat loss in rats. The rate of this thermoregulatory response is similar at different
doses and at a wide range of ambient temperatures (from 15 to 28 °C). Similarly to food intake-
related observations [43], the thermoregulatory actions of alarin were also lost when the first 5
amino acids were removed, and the truncated peptide also acted as an antagonist in our
thermoregulatory tests.

Based on the long latency of the central hyperthermic response and on previous reports
about cutaneous vasoconstriction induced by peripheral alarin injections [33], the question
arises whether the observed delayed thermoregulatory effects of full-length alarin are partly due
to its peripheral actions following passage of the peptide from the lateral ventricle to the
peripheral circulation. However, our data show that direct peripheral IP administration of the
peptide at doses used also ICV failed to show any thermoregulatory response.

Alarin induces NPY release from hypothalamic explants similar to GALP, suggesting
that alarin may exert its effect on feeding mediated by similar pathways [34]. However, no
conclusive evidence (such as successful application of NPY antagonists to inhibit alarin effects)

have been proposed for NPY mediation of alarin actions. With regard to the potential NPY

16



mediation of alarin effects, the thermoregulatory effects of alarin appear to differ from those of
NPY in a cool environment, where acute ICV NPY administration elicits acute hypometabolism
and hypothermia before leading to some delayed rise in body temperature. Moreover, NPY does
not induce vasoconstriction within a similar range of ambient temperatures [76].

The thermoregulatory effects of alarin described in our study appear to be somewhat
similar to those of GALP. Upon acute ICV GALP injection Tc rises promptly lasting for 6-8
hours in rats [77]. So far, GALP seems to elicit a fever-like hyperthermia [78], because it elicits
hypermetabolism associated with a reduced heat loss [79]. Lawrence and her coworkers found
that IP applied flurbiprofen, a non-selective COX inhibitor, reduced the increase in core body
temperature after ICV GALP injection [77] indicating the involvement of prostaglandins. Fever
involves activation of the arachidonic acid cascade and finally synthesis of prostaglandin Eo.
Therefore, fever can be suppressed by selective or non-selective COX inhibitor substances [80].
Similarities between the thermoregulatory effects of alarin and GALP and also the delay in the
onset of alarin-hyperthermia raised the potential involvement of prostaglandins as secondary
mediators in the responses elicited by alarin.

In our study, both the non-selective COX inhibitor indomethacin and the relatively
selective COX-2 inhibitor meloxicam reduced hypermetabolic and hyperthermic effects of
alarin, suggesting potential involvement of the peptide in fever. Moreover, fever appears as a
component of sickness behavior accompanied also by anorexia [81]. In addition, the fever-like
response to alarin would characterize a catabolic (i.e. hypermetabolic and anorexigenic) rather
than an anabolic mediator.

Indeed, regarding Fl-related effects, in our present study alarin failed to induce FI in the
daytime period, but it also led to a reduction of cumulative 24-h FI. Surprisingly, alarin showed
its anorexigenic character also in other experimental settings. The ICV injection of the peptide
given at the onset of the active nighttime period slowly but strongly suppressed spontaneous
nighttime cumulative FI without any compensation in the following daytime period. After 24-
h fasting, ICV alarin injection significantly decreased re-feeding FI and this anorexigenic effect
persisted up to 24 hours. These slow anorexigenic responses resemble the dynamics of the
thermoregulatory changes induced by alarin. Two earlier studies showed some orexigenic
action of alarin in rats. One of them was performed in younger (6 weeks old) Long-Evans rats
[42]. Although younger juvenile age groups of rats may exhibit different reactions compared to
those of young adult (3 months old) animals [6], in our present study similar doses of alarin
failed to induce any FI even in 6 weeks old Wistar rats or in similar juvenile Long-Evans rats.

The difference between the earlier and present observations concerning Fl-related effects of
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alarin may be explained by the different methods of measurements. Spontaneous daytime 180-
min FI measured by our specialized FeedScale system allowing precise automated
measurement of consumed powdered rat chow without spillage remained below 1 g, whereas
the earlier study [42] detected a much higher value (about 3 g at 180 min) under similar
conditions. In addition, detected FI difference between control and alarin-treated groups
remained in the region of 1-2 g. The results of the other study obtained from the experiments in
adult male Wistar rats demonstrated orexigenic action of alarin only during the first hour upon
injection of a very high dose (30 nmol or 84.6 ug) of the peptide into the third cerebral ventricle.
There was no significant effect of alarin on FI at any other dose or time-point studied [34].

In summary, according to our present observations, alarin seems to be a central catabolic
peptide. Based on its combined parallel anorexigenic and fever-like, prostaglandin-mediated
hyperthermic/hypermetabolic effects the potential involvement of alarin in sickness behavior

may be assumed.
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5. SUMMARY OF THE NOVEL FINDINGS

Both the peripheral and the central CCK-effects (anorexigenic as well as hypermetabolic
effects) are age-dependent. The peripheral effects change with age and may contribute to the
age-related phasic changes in overall energy balance and consequent changes in body weight,
I.e., to the age-related obesity in middle-aged and the aging anorexia in old subjects. The central
effects may change in a way that the metabolic compensation of calorie intake (postprandial
hypermetabolism) becomes attenuated or is lost completely in old age. Diet-induced obesity
appears to accelerate, caloric restriction to slow down these age-related processes.
Accordingly, our main conclusions concerning effects of CCK on the regulation energy
homeostasis:

e Both peripheral and central CCK-effects are age-dependent.

e Peripheral anorexigenic CCK effects are low in middle-aged, but they are enhanced in
old rats.

e Peripheral CCK plays a role in the development of midle-aged obesity and aging
anorexia.

e Central CCK plays a role in postprandial hypermetabolism.

e Central hyperthermic and anorexigenic CCK effects decline with age.

Concerning effects of alarin on the regulation of energy homeostasis, our main conclusions are
the followings:

e Alarin elicits a centrally coordinated, fever-like hyperthermic response in rats.

e Inhibition of prostaglandin synthesis suppresses thermoregulatory effects of alarin.

e Alarin reduces spontaneous night-time and fasting-induced re-feeding food intake.

e Alarin appears to be a catabolic neuropeptide.

e Alarin may participate in the development of sickness behavior.
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