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Abstract

Many studies have shown that, compared to younger adults, old individuals show a different
sensitivity to various pharmacological treatments. This phenomenon stems from a plethora
of physiological and pathophysiological changes associated with aging, from hormonal
regulation to brain functioning. Yet, most animal and human studies do not focus on effects
of experimental molecules in aged individuals. This includes drugs that affect appetite and
body weight, among which, only a handful have been investigated in the context of aging.
One appetite suppressant that has garnered recent attention is oxytocin (OT). In younger
adult humans and laboratory animals, peripheral administration of OT reduces eating to
satisfy hunger as well as the intake strictly for palatability (pleasure). The effects of OT on
food intake in aged individuals are unknown. Thus, the current project was aimed at
elucidating the effect of intraperitoneally (IP) injected OT on consumption of standard and
palatable food in aged male mice. This effect was compared to the outcome of the OT
treatment in younger adults. In order to identify differences in central mechanisms triggered
by OT treatment in aged versus adult mice, the feeding studies were followed by the analysis
of OT-induced activity of brain sites involved in appetite control in these animals. Brain
activation was assessed by an immunohistochemical detection of an immediate-early gene
product, c-Fos, in relevant brain areas. IP OT decreased food consumption in aged and adult
male mice. The lowest effective dose in supressing consumption of solid standard and
palatable diets in aged animals was 0.3 mg/kg, whereas a higher dose of 1 mg/kg was required
to elicit the same response in younger adults. Furthermore, OT in aged mice supressed
palatable sucrose solution intake at 1 mg/kg and milk at 0.1 mg/kg, whereas in young adults,

sucrose and milk intakes were supressed by 1 mg/kg OT. The effective dose of 0.3 mg/kg OT



in aged animals increased activation of the paraventricular nucleus, central nucleus of the
amygdala, nucleus tractus solitarius, and arcuate nucleus and decreased activation of
ventromedial nucleus of the hypothalamus and dorsomedial hypothalamus. On the other
hand, the 0.3 mg/kg dose in adults resulted in increased c-Fos IR only in paraventricular
nucleus, central nucleus of the amygdala, and nucleus tractus solitarius and a decrease only
in the ventromedial nucleus of the hypothalamus. The results allow me to conclude that
intraperitoneal OT is an effective appetite suppressant in aged individuals, however, a lower
dose of the drug is sufficient to generate a decrease in consumption at an old age. This likely
stems from a broader circuit of feeding-related brain sites activated by the low dose of OT in

aged animals compared to the younger adults.
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Chapter 1

Introduction

The molecular mechanisms underlying satiety and hunger have evolved in order to ensure
that an organism obtains the necessary nutrition to maintain internal milieu. Dysregulation of
appetite underpins the heightened risk for over- or under-eating, or eating the “wrong” foods,
i.e. ingestants that do not meet the current biological needs of the organism. Importantly,
this regulatory system controlling ingestive behaviour can be affected by certain
environmental factors®2. In an environment where food is plentiful, including palatable foods,
consumption is regulated by the combination of the physiological processes involving
homeostatic control of appetite and the control of eating for pleasure (reward). It should also
be emphasised that eating behavioural processes are shaped by the current physiological
state of the organism, including age. The following sections of the introduction will outline
the general principles of these two systems to provide an understanding of how food intake
is typically regulated in situations where ample food is available. It will be followed by a

description of the effect of old age on consumption-related mechanisms.

1.1 Homeostatic control of appetite

Homeostasis of an organism ensures the optimal functioning of all biological processes. These
functions include: regulation of body temperature, fluid balance and osmolality, gas
exchange, and energy management?. From the standpoint of ingestive behaviour and energy
homeostasis, the key facets of regulatory mechanisms include those that regulate the search
for and ingestion of the necessary energy, identification of safe and nutritious foods, the

ability to cease consumption when either the ingestant is recognised as a toxin or the capacity



of the stomach to hold more food has been approached, and consuming specific

macronutrients, to name a few.

The brain receives information from the periphery to determine the energy status of the
organism to properly coordinate consummatory behaviour and energy expenditure. A
schematic of the key hormone systems regulating food intake is shown in Figure 1. Details of

this regulation are discussed in the following sections.

Figure 1: Schematic of how ingestive behaviour is controlled through communication between the
brain and peripheral organs. Peripheral organs relay information about the metabolic state through
various hormones and mechanoreceptors to the brain stem and hypothalamus. Gastrointestinal
peptides include ghrelin and PYY, the pancreas produces insulin, and adipocytes produce leptin, which
act on the brain. Ghrelin and leptin act both on the arcuate nucleus of the hypothalamus (ARC) and
the nucleus tractus solitarius of the brainstem (nTS). The afferent portion of the vagus nerve
innervates the gastrointestinal tract, relaying immediate information about the alimentary state to
the nTS. OEA, produced in the duodenum, activates the nTS via the vagus nerve. ARC, via NPY and
POMC, and nTS project further into the brain to engage higher brain regions into ingestive behaviour.
The autonomic nervous system regulates energy expenditure from outputs from the brain. In the



sympathetic system, the preganglionic neurons are located in the intermediolateral cell column (IML)
which is innervated by POMC neurons from the ARC. In the parasympathetic system, the preganglionic
neurons are located in the dorsal motor nucleus of the vagus (DMX), for the efferent portion of the
vagus. This efferent innervation regulates glucose homeostasis through actions in the liver and skeletal
muscle. Adapted from Broberger 2005%.

1.1.1 Control of hunger

Hunger is controlled, in part, through neuropeptidergic systems that motivate behaviours
that lead to replenishing energy. The neurotransmitters involved in the process of promoting
consumption are termed orexigens, and they are synthesised largely within the hypothalamus
and the brain stem, the two key regions responsible for control of basic physiological
mechanisms that ensure the maintenance of the internal milieu. Consequently, any energy
deficit (and, under some circumstances, also macronutrient deficit), the levels of these
orexigens increase, encouraging the organism to consume energy®. Once energy levels are
restored, the activity within the pathways that encompass these molecules decrease. A few
examples of the neuropeptidergic systems that stimulate feeding for energy include

neuropeptide Y (NPY), Agouti-related protein (AgRP), and ghrelin, as discussed below.

NPY: NPY acts as one of the most potent orexigens involved in consumption for energy®. This
peptide is highly expressed in the neuronal cell bodies amassed in the arcuate nucleus (ARC).
Primary projections of these NPY cells target to the paraventricular nucleus (PVN), where a

high concentration of NPY and a high density of its receptors have been detected”’.

When injected intracerebroventricularly (ICV) in sated animals, NPY generates a feeding
response comparable to that of around two days of food deprivation, which underscores this
molecule’s potent orexigenic action®. Following food deprivation, messenger RNA (mRNA)
levels of NPY in the ARC and peptide levelsin the PVN are increased, particularly under chronic

energy restriction®. Even short-term deprivation elevates mRNA levels in the ARC, however,



chronic food deprivation, associated with long-term heightened drive to obtain calories, leads
to a particularly robust NPY response, as seen in a laboratory rat study®. Another study
demonstrated that after intense exercise and subsequent energy deficits in rats, NPY peptide
levels are also increased, linking the role of this peptide to a broad energy balance control*!.
Furthermore, NPY has been shown to decrease the rate of satiation, without affecting feeding
for palatability as shown in a study investigating intake of sweetened condensed milk in rats,

linking NPY to an increased motivation to eat for energy*?2.

AgRP: Along with NPY, the ARC co-expresses AgRP to promote energy intake, and it couples
the current nutritional state of the organism and the environmental cues to generate robust
consummatory behaviour'®'4, AgRP neurons receive considerable input of circulating
hormones and nutrients due to its proximity to the median eminence®®. The activity of these
neurons is modified by circadian as well as seasonal rhythms. As AgRP cells are affected by
insulin or leptin, they appear to be involved in generating both short-term and long-term
increases in seeking calories'®. As with the aforementioned orexigen NPY, AgRP also reduces

energy expenditure and increases adiposity to promote energy conservation?®.

AgRP acts as a melanocortin receptor (MC3R/MC4R) antagonist to stimulate feeding'’. This
peptide acts in juxtaposition to the pro-opiomelanocortin (POMC) product, a-MSH, which
binds to these same MC3R/MC4R receptors, supressing feeding and enhancing energy
expenditure®®, By utilising these two opposing neural responses, the organism is able to
regulate its nutritional state. Studies in adult mice have shown that with a greater activation
of AgRP neurons, the drive to seek and ingest food is enhanced, while ablation of these

neurons leads to complete cessation of feeding!®:2°,



In leptin-deficient animals, hyperphagia and obesity are common?L. In line with that, POMC
neurons are depolarised by leptin, whereas AgRP neuronal activity is inhibited, leading to a
greater activation of AgRP with concurrent inhibition of POMC. In conditions such as fasting
or weight loss regimes in which leptin signalling is reduced, this effect on AgRP and POMC
systems underpins enhanced hunger®>?%22, Simultaneously, ghrelin, whose levels increase
during hunger and which is colocalised with NPY, also activates NPY/AgRP while inhibiting
POMC neurons?3. According to a study in mice, AgRP, in combination with the methods
mentioned above, directly inhibits POMC through y-aminobutyric acid (GABA) release, which

is co-expressed in the ARC%..

Ghrelin: An important hormone in feeding regulation is ghrelin, a feeding stimulant produced
both peripherally and centrally. Ghrelin is synthesised both in the gut and the brain and its
release from central nervous system (CNS) neurons and from the gastrointestinal (GlI) tract
coincides with meal initiation; as ghrelin crosses the blood-brain barrier (BBB), and both
central and peripheral pools of the peptide appear to act synergistically and concurrently to
promote feeding, this distinction can be overlooked for the purposes of this discussion?*.
Ghrelin is a ligand for the growth hormone secretagogue receptor and stimulates growth
hormone secretion, food intake, and decreases fat utilisation?>2>. The CNS receptor for this
molecule is predominantly expressed in the ARC, PVN, and ventromedial nucleus of the
hypothalamus (VMH) and similarly promotes expression of mRNA for NPY and AgRP, two

other key molecules that stimulate energy intake 2°.

The feeding response to exogenous ghrelin is similar to the potent orexigenic properties of
NPY?4. This molecule injected centrally or peripherally stimulates appetite and increases

short-term food intake in both rodents (central and peripheral injections) and humans



(peripheral administration)?”-28. Chronic administration causes an increase in adipogenesis,
and consequently body weight, and decreases energy expenditure and lypolysis?®?°. Intake of
carbohydrates supresses ghrelin more effectively than fats, promoting high-fat dietary weight
gainC. Circulating levels of ghrelin are at their highest before meals, when hungry, with levels
returning to the baseline after eating or when in a chronically positive energy balance, such

as in those who are obese?431,

The drive to replenish lacking energy is ensured by the dynamic interplay between hunger
and satiety mechanisms: while the release of ghrelin, NPY, and AgRP is increased as a result
of calorie deprivation, the levels of satiety neuropeptides and hormones (discussed in section
1.1.2) are low, supporting the robust feeding response. Though in this section of the
introduction these molecules have been discussed in relation to eating for energy, it is
important to recognise that ingestive behaviour overlaps with eating for reward (i.e., there is
‘pleasure’ associated with consuming energy and consuming specific macro- and
micronutrients). Consumption for energy can therefore intersect with palatability, neither

one acting in isolation32. A further discussion on eating for reward is seen in section 1.1.3.

1.1.2 Termination of food intake

As mentioned above, progression of a meal eventually leads to a cessation of the release of
neuropeptides and hormones that promote consumption. However, the reliance on this drop
in hunger signalling molecules alone does not equip the organism with sufficient protection
against excessive feeding. This is especially the case in scenarios when a rapid termination of
consummatory behaviour is required, for example, upon ingestion of toxic tastants, extremely
high volumes of food that approach the capacity of the stomach, or upon feeding-induced

changes in plasma osmolality that disturb tightly regulated water-electrolyte balance. Key



neuropeptides involved in satiety are alpha-melanocyte stimulating hormone (a-MSH) and
corticotropin releasing hormone (CRH), which are synthesised and released in the CNS33:34,
Neurons synthesising these molecules receive input from the brainstem, including specific
leptin-dependent nucleus tractus solitarius (NTS) neurons, such as A2 catecholaminergic
neurons, glucagon-like peptide-1 (GLP-1) expressing neurons, and POMC-expressing neurons
(in the commissural NTS)3>7%’, Signals from the periphery via the vagal sensors are relayed
from the NTS throughout the CNS, including the hypothalamus, amygdala, and cortex3®. Direct
projections from the NTS innervate the PVN, lateral hypothalamus (LH), ARC, and dorsomedial

hypothalamic nucleus (DMH)32,

a-MSH: This peptide is derived from POMC and is expressed in the NTS, pituitary gland, and
ARC33, Infusion of this molecule decreases food intake and body weight by acting at their
receptors, MC3R and MC4R3%4%, MC3R are distributed in the hypothalamus and limbic
structures while the MC4R are more broadly found throughout the thalamus, striatum,
hypothalamus, hippocampus, ARC, PVN, LH, VMH, and brainstem, among other sites*'. a-
MSH receptors are co-localised in areas with ghrelin receptors, indicating a shared, but
opposing pathway*>3, Central administration of the MCR agonists, either general ICV or into
the PVN, is effective at decreasing the re-feeding response in short-term deprived rats*:.
Particularly, ghrelin-induced hyperphagia was inhibited by a low dose of a-MSH, lower than

what is required to inhibit deprivation-induced feeding**.

In the hypothalamus and the dorsal vagal complex (DVC), extracellular glucose concentrations
are monitored by excitatory and inhibitory glucose sensing neurons to maintain glucose
homeostasis. Chronic administration of a-MSH leads to a reduction of food intake and body

weight, without the feeding rebound effect which is typically seen after deprivation®. A study



in rats demonstrated that a-MSH excited glucose-excitatory neurons and inhibited glucose-
inhibitory neurons. The anorexic action of a-MSH is due to the inhibition of the LH, as these

neurons juxtapose orexigenic agents in that area, namely NPY and orexin?’.

CRH: CRH regulates the HPA axis and glucocorticoid response. Glucocorticoids affect
peripheral and central control of energy homeostasis, but CRH’s role in food intake regulation
is also proposed to be independent from its role in the HPA*8. CRH is highly expressed in the
PVN neurons and is a potent anorexigen when injected centrally®®. When administered
acutely, CRH increases sympathetic activity and reduces food intake, whereas chronically
administered CRH reduces body weight while increasing sympathetic activity without a
consistent decrease in food intake®. When injected peripherally, it enhances energy
expenditure and fat oxidation, promoting a negative energy balance:. Leptin stimulates CRH
expression and these neurons are important mediators for the regulation of feeding and
adiposity®2. CRH, and the related peptide urocortin, bind to the receptors CRHr1/2. Both
peptides bind to CRHr1 in the pituitary, but CRHr2 has a higher affinity for urocortin, found in
the periphery as well as in several brain regions3**. The binding protein CRH-BP is co-

expressed with the peptides and receptors.

CRH and related neuropeptides are involved in mediating the behavioural response to
stress®3. Intense stressors, physiological or psychological, inhibit feeding, in favour of more
practical behaviours to escape or avoid these stressors®*>>. This contrasts the mild stress
response, mediated by opioids, which causes spontaneous feeding as an anxiolytic®®>’. Acute
stress-induced appetite suppression is resolved with a CRH antagonist treatment; with

chronic CRH administration, or he endogenous chronic elevation in CRH levels, long term



anorexia occurs®®°%, This decrease in food intake is accompanied by reduced food hoarding

in rodents®.

Peripheral control of satiety: Feeding behaviour is also influenced by the peripheral system,
particularly the Gl tract. As food enters the Gl tract, the vagal afferents to the NTS sensitive
to touch, stretch, and tension are activated3®46, The macronutrient composition of ingested
food is also detected through the use of peptides and transmitters released in the Gl tract
and periphery3®. This information is relayed to the CNS to inform the individual of its current

nutritional state.

It is not just the lack of food that generates a peripheral hormone release, but also fullness
that is accompanied by a unique endocrine Gl response. For example, cholecystokinin (CCK),
a feeding inhibitor which delays gastric emptying and signals gastric distention, when
administered, causes an increase in plasma oxytocin (OT) to promote satiety®!. CCK may also
play arole in eliciting taste aversions (avoidance of tainted foods) due to the nauseating effect
of the peptide. The vagal afferents expresses CCK-1 receptors, and CCK release activates the
vagal afferents with the presence of luminal nutrients, particularly fats and proteins3®. There
is also an anorexigen, peptide YY (PYY), produced in the distal portion of the digestive tract
and once released, is truncated into two forms. PYY3.36 is anorexigenic, with a greater anorexic
response to protein ingestion over other macronutrients. This peptide is able to cross the BBB
and as such, the anorexic properties of PYY are mediated not only via the vagal afferents, but
also through receptors in the ARC36. Glucagon-like peptide 1 (GLP-1) release is stimulated by
all three macronutrients, and GLP-1 regulates glycaemic homeostasis through its actions at

the pancreas and on gastric emptying3%%2. GLP-1 receptor locations comprise several brain



regions, including neurons in the NTS with projections to the hypothalamus, and the area

postrema®3,

The vagal afferent fibres in the stomach are also involved in detecting the locally released
hormones ghrelin (see section 1.1.1) and leptin. Leptin is a hormone produced by adipocytes
to signal satiety and increase energy expenditure. This hormone activates the vagal afferents
and is mobilised by exogenous CCK3664 Leptin acts on a population of parvocellular OT

neurons in the PVN, among other sites, to mediate leptin®°.

Control of food intake to prevent damage: An important aspect to ceasing feeding is when the
food presents a danger to the organism. The vagal afferent fibres that innervate the liver aid
in preventing excessive energy storage, which would cause metabolic harm3®. Meanwhile,
high plasma osmolality signifies dehydration or excessive consumption of highly osmotic
foods, which pose a threat to fluid homeostasis. This high level of plasma osmolality increases
OT activity in the PVN and supraoptic nucleus (SON)®. Dehydration itself reduces feeding
behaviour, as well as the increased release of OT to aid in bringing fluid concentrations back
to acceptable levels®’. In response to these damaging effects of improper nourishment, the

reduction in consummatory behaviour aids in the return to normal homeostatic function.

Another reason to stop feeding is to prevent the build-up of toxins. If toxins are present in
food, an organism is encouraged to avoid this food, known as conditioned taste aversion, to
avoid future harm. This develops when a substance causes unpleasant Gl sensations, such as
sickness or nausea. This process can be induced through the injection of a toxin concurrently
with the consumption of a harmless food. OT plays a part in this response, however, it does
not produce an aversive response on its own®®%8, By encouraging the cessation of feeding

behaviour in these instances, the harmful effects of the ingested material are subsided.

10



As indicated previously, the neuropeptide OT also plays a role in feeding termination, in part
regulated by the gut hormones. With OT’s role in taste aversion, plasma OT levels can quantify
the activation of nausea pathways in the brain®. Both nausea and satiety have a similar
hypothalamic pathway through OT. The role OT plays both in feeding and non-feeding related

behaviours is discussed in more depth in section 1.2.

1.1.3 Eating for reward

Feeding activity ensues not just to satisfy energy and homeostatic requirements of the
organism (see section 1.1), but also for pleasure or reward. Palatable foods are eaten
regardless of energy needs, even when foods of higher nutritional quality (in terms of
chemical composition or calorie density) are available. These palatable foods are typically
high in fat and/or sugar. This can affect the homeostatic function of the animal leading to

health problems such as those related to obesity.

The reward pathways in the brain aid in determining many behaviours. Positive association
with these essential behaviours, such as with eating, ensures the individual maintains or
increases the likelihood of performing these behaviours. Inappropriate stimulation of reward
pathways may, however, lead to maladaptive actions such as addictive behaviours or
cravings’®. In the context of reward, food consumption can be split into a distinct sequence:
“wanting” or anticipating food, “liking” food, when food is actually consumed, and “learning”
where future food decisions and tastes are developed after satiety’!. Any stage in this system
is liable to acquire inappropriate action. While hunger and satiety are governed by the
hypothalamic and brainstem neuropeptides, including orexigenic NPY, ghrelin, and AgRP, and
anorexigenic a-MSH and CRH, feeding for reward is controlled by opioids, endocannabinoids,

or dopamine, which work predominantly, though not entirely, through the reward circut’2.

11



Opioids: Opioid agonists increase ingestion of preferred and palatable diets; they are
particularly effective in elevating fat consumption over other macronutrients’3. This feeding
preference can be enhanced based on the perceived palatability of the foods, not just the
caloric content; opioids and their receptors play a greater role in the hedonic properties
associated with feeding’*. These neuropeptide and their receptors are located throughout
the brain, including several regions associated with food intake control; such regions include
ARC, PVN, LH, ventral tegmental area (VTA), and nucleus accumbens (NAc), among other
sites’>. Opioid receptors in the VTA occur on GABAergic neurons and inhibit dopamine
signaling’®. When morphine is injected into specific NAc shell locals, taste reactivity in rats in

increased, but this effect is not seen if injected elsewhere””.

Opioid agonists, like morphine, prolong meal duration of preferred foods. Meanwhile, opioid
antagonists, such as naltrexone or naloxone, reduce consumption when palatable food is
provided’®. This suggests their effect on palatability, rather than energy- driven ingestive
behaviour, as they do not affecting feeding initiation, only maintenance, and mainly of
palatable diets>”°. Naltrexone reduces the perceived palatability of sugars and decreases
consumption. Meanwhile, morphine reduces the aversive properties of quinine, a bitter

solution®°.

Chronic exposure to palatable foods causes a repeated release of endogenous opioids.
Withdrawal-like behavioural changes observed during forced abstinence from palatable
foods are mediated by opioid receptors’>8l, For example, intermittent access to sugar in rats
results in withdrawal symptoms during periods of sugar unavailability and causes a

concurrent decrease in the endogenous opioid release®.
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Dopamine: The biogenic amine pathway is involved in determining food and drug reward
responses®?, The mesocorticolimbic dopamine transmissions is an important pathway for
reward and addiction®*®4, During palatable food intake, or upon food predictive cues,
dopamine is released in the striatum®. In mouse studies, elevated extracellular dopamine
was correlated with a higher motivation, or “wanting”, to consume sucrose®®. In humans, the

pleasure associated with food is proportional to the striatal dopamine release®’.

Similar to the neural changes that occur in drug addicts, food reward processing is altered by
maladaptive environmental cues, as well as the BMI status of the individual. When obese
individuals (whose obesity was mainly caused by overeating rather than by the lack of physical
activity) are presented with cues predictive of food, they experience more cravings and a
stronger urge to eat than in lean individuals®3. This is due to increased activation of the
corticolimbic-striatal area and the dopamine signalling in the NAc, resembling the
sensitisation of the midbrain dopamine neurons in drug addicts®#. In sucrose-dependant
animals, extracellular dopamine in the NAc shell is increased and they consume far greater
amounts of sugar than non-dependant animals, similar to what occurs in classical drug-

dependance®.

The dopamine receptor D; is reduced in obese individuals, or after long term access to
palatable foods, and a blunted striatal dopamine response to these foods is observed, leading
to greater risk of overeating®3®°, A study in rats observed a downregulation of the D1 receptor
expression in NAc after intermittent exposure to palatable foods. After forced abstinence
from these palatable foods, the rats showed an increase in mRNA expression of the dopamine

transporter in the VTA%, In a D, knock-down model, the rats compulsively ate palatable foods

13



even in the presence of aversive stimuli®’. The impaired dopamine system activity causes

compensatory overconsumption.

Endocannabinoids: As with the opioid system and dopamine pathway, the cannabinoidergic
system is altered with access to hedonic foods. The type 1 cannabinoid receptor (CB1), whose
ligands include the endocannabinoids, such as anandamide, or exocannanbinoids, like
tetrahydrocannabinol (THC)?2, is activated in response to palatable foods in the
hypothalamus, brain stem, and striatum®*°4, Endocannabinoids are produced in the
hypothalamus after short term deprivation to aid in the regulation of other neurotransmitter
appetite mediators3%°>, The orexigenic effects of these receptors are linked to the inhibition
of glutamatergic input in the ventral striatum?3. By interacting with the mesolimbic pathway,

endocannabinoids reinforce the motivation to find and consume palatable foods3?.

After long-term access to palatable foods, CB1 binding in the NAc, hippocampus, and
entopeduncular nucleus is inversely correlated to the palatable food intake and weight gain®®.
In obese mice, endocannabinoids and CB; binding are elevated in the hippocampus®’. Long-
term exposure to palatable foods causes an increase in CB1 binding in the mouse midbrain;
whereas a short-term exposure leads to a decrease in CB; binding in the hypothalamus®®.
Cannabinoidergic activity in the hypothalamus is elevated in leptin-deficient rodents while
the opposite is true when leptin levels are increased®. A CB; antagonist, rimonabant, reduces
food intake and increases lipolysis and energy expenditure to reduce body weight'®. CB;
antagonists are able to produce a potent anorexic effect lasting up to 6 days after only a single
dose, similar in scale to NPY-null mice3%19%, Endocannabinoids maintain stimulus-induced
goal-directed behaviour, and stimulation of the CB1 receptor enhances palatability!®2. They

enhance dopamine release in NAc shell providing evidence of cannabinoid-dopamine
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interactions to stimulate feeding behaviour'®3. In new-born mice, CB1 is crucial to encouraging

milk ingestion, and a blockade of CB; receptors leads to starvation®,

An important factor in the hedonic properties of food is learning. A few innate preferences,
such as sweetness, occur but many other preferences are developed throughout life as a
result of conditioning'®. Endocannabinoid stimulation affects the desire to obtain palatable
foods, more so than the actual consumption of such diets’t. Thus, a decrease in latency to
approach foods, even in satiated animals, is found after CB; agonists treatment!%. In operant
behaviour models, animals administered with a CB1 agonists will progressively increase the
effort required to obtain food rewards, while those given inverse agonists will not'%’. In rats,
rimonabant had a greater effect on fat ingestion than sucrose, indicating the effect CB1 has
on macronutrient consumption and altered motivations to eat!® A low dose of
intraperitoneal anandamide is most effective at increasing palatable high-fat chow than high-
fat/high-sugar (HFHS) chow; though palatability of sweet foods are still affected by
cannabinoids!®. A study in rats using a taste reactivity test demonstrated CB; agonist THC
enhanced the palatability of sucrose solutions, and this effect was reversed when treated with
a CB; inverse agonist!?, In the gustatory system, sweet-sensitive cells express not only sweet

taste receptors, but CB; receptors as well*1,

It is important to note that the aforementioned reward-related neuroactive substances are
orexigens, thus they stimulate eating for pleasure. While the systems that promote feeding
for reward are abundant, there appear to be very few anorexigens that target specifically this
type of consumption. Recent studies have provided evidence that there may be some
relationship between OT (classically viewed as a satiety neuropeptide that prevents excessive

stomach distension, maintains osmolality, and supports meal maintenance) with termination
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of intake of palatable foods, especially those that are sweet and/or rich in carbohydrates. This

is further discussed in the following sections.

1.2 OT peptide and its receptor

The peptide OT is highly conserved in mammals. OT is a nine amino-acid neuropeptide with
only one known receptor (Figure 2 A & B). OT is expressed mainly in the hypothalamus and
its receptor is widely distributed both centrally and peripherally to account for the many
physiological processes OT controls (parturition, lactation, social bonding, and food intake,

to name a few)!12-114,

Retosiban //\}ECL2

/ECL'] N

Figure 2. A) Structure of OT peptide. Adapted from National Center for Biotechnology Information
20225 B) Structure of the OT receptor with the OT antagonist retisoban, a drug developed to prevent
preterm labour. Adapted from Yann et al.2020%®

In the brain, OT is expressed predominantly in the hypothalamic PVN and SON. Within these
regions, two distinct morphologies of OT neurons are found, the large magnocellular cells
and the small parvocellular cells''’. The majority of the PVN and all SON OT cells are
magnocellular neurons, sending projections to the posterior pituitary. From the posterior

pituitary OT is released to the periphery'3117. The parvocellular PVN neurons supply OT
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throughout the CNS. These neurons are direct targets of projections from leptin and ghrelin-
receptive neurons in the ARC, including the appetite related peptides NPY, AgRP, and a-
MSH’. Meanwhile, the parvocellular neurons send projections to the brainstem, spinal
cord, limbic brain, ARC, NAc, and VMH!!8, A representation of the hypothalamic area is
below (Figure 3), with the key neurons projecting from the aforementioned areas to central

targets, or to the periphery via the pituitary.

Prefrontal cortex
Hippocampus
Arcuate nucleus

Parvocellular

Dorsal vagal complex
neuronal axon

Spinal cord

Hypothalamus_ Magnocellular Arcuate nucleus
: neuronal axon

Amygdala
Ly TV

/ N — Y Axonal release

Oxytocin secretion g Posterior
to the periphery > pltUltal’y

Figure 3: Schematic of the hypothalamic OT production and secretion. PVN and SON send projections
from the magnocellular nuclei to the pituitary gland where OT is released to the periphery.
Magnocellular also project to the prefrontal cortex, hippocampus, arcuate nucleus, and amygdala.
Parvocellular OT neurons have axonal projections to the spinal cord and dorsal vagal complex.
Adapted from Quintana & Guastella 2020**°

The OT receptor is a 7-transmembrane G-protein-coupled receptor comprised of 389 amino
acids (Figure 2 B) and genetic disruptions of this gene leads to social and behavioural
anomalies in humans!8, Distribution of the receptor is highly specific between even closely
related species!*®. Regulation of this gene is influenced by oestrogen and progesterone, up

regulating and inhibiting oxytocin receptor (OTr) expression, respectively, to prepare for
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maternal behaviours!®. In the central amygdala, where OT acts as an anxiolytic, dopamine

regulates OTr expression!!8,

OTr density is also dependent on steroid and HPA axis regulation!®, OTr are altered with age,
with some OT binding sites disappearing some time after birth and with others only appearing
after puberty'?°. Gonadal steroids are known to play a role in OT and OTr activity in select
brain areas'?'™1?3, As individuals age, there is a decrease in the levels of gonadal steroids,
greatly affecting these transient OTr levels!?*, In castrated rats, a treatment with the sex
appropriate steroid returns the OT binding to that of controls in the steroid influenced brain
areas!?>'?% Greater concentrations of gonadal steroids, in male and female rats, increases OT
binding and expression of OTr mRNA, while with lower concentrations, the outcome is
reversed!??. In mice however, OT binding appears to have the opposite effect in relation to
testosterone!?!. The binding influence of testosterone is region-dependent in the mouse

brain.

OT is involved in many essential behaviours including: food intake, reward, sociality,
reproduction, anxiety, and many others13117.127.128 The roles of OT unrelated to food intake
will be briefly outlined in the subsequent section (1.2.1). The effects of OT on food intake

will be discussed in detail in Section 1.2.2.

1.2.1 OT’s functions unrelated to food intake

OT is a pleiotropic neuropeptide. It acts by affecting central and peripheral receptors and its
action upon OT’s release to the general circulation is affected by the relative inability to
cross the BBB. Consequently, the observed outcomes of OT stem from stimulation of either

central and/or peripheral pools of its receptor.
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The peripheral actions of OT include its involvement in reproduction. OT acts to aid in
muscle contractions in the reproductive tract of both sexes to accelerate sperm and egg
transport!?%139, During gestation, OT levels are gradually increased towards parturition,
causing uterine contraction. Density of the OT receptors present in the uterine muscles is
increased to improve sensitivity during partruition'?®; OTr can be up-regulated 100-fold
during gestation'3. Following parturition, OT takes on the action of milk ejection. As an
infant suckles, mechanoreceptor activation-triggered impulses are transmitted via spinal
pathways to the hypothalamus, causing OT neuronal activation and, eventually, secretion
from the posterior pituitary. The myoepithelial cells surrounding the milk cistern respond to

OT and cause the contractions required to expel the milk!?°.

OT has a significant impact on pair bonding and maternal/paternal behaviour®32, Higher
levels of plasma OT in parents leads to greater engagement and communication between
the parent and child**3. OT levels rise when hugging and when in romantic attachments.
Administration of OT increases trust while decreasing fear and it supports the feelings of

empathy2%134,

Recognition and memory are vital in social contexts so the individual responds appropriately
to the situation, with aggression or affiliation. In rats, OT enhances or initiates both
conspecific grooming behaviour and self-grooming?%3>, In humans, OT enhances social
memory and promotes facial recognition'3413¢, Disorders affecting directly or indirectly,
interpretation of social cues, such as autism spectrum disorder (ASD) or anxiety, involve
maladaptations in the OT system'37:138 A single-nucleotide polymorphism (SNP) in OT is
linked with ASD*38, As OT is involved in social behaviours, this dysregulation of OT leads to

the typical symptoms of ASD like impaired social communication and social
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relationships'32134, With an infusion of OT to ASD patients, the symptoms of ASD are greatly
reduced!3>140, Schizophrenia is another disorder in which emotions and behaviours are
maladapted. OT therapy has also been shown to reduce symptoms of apathy and

depression common in this disorder as well reducing hospitalisations!?°.

OT also acts as a strong anxiolytic in both acute and chronic stress. When in an anxious
state, OT neuronal activity, gene expression, and peripheral release are increased, reducing
the stress response and increasing contentment as well as decreasing blood pressure!?°.
Low levels of OT are related to depression, including anxiety, in humans and OT
administration alleviates these symptoms!4!. OT has also been linked to pain perception. OT
lowers the pain threshold in rats, and it is an analgesic in chronic and acute pain. Lowered
levels of OT, while associated with higher indications of depression, is also associated with

greater stress and reduced pain tolerance?%142,

Finally, since OT affects cell differentiation and proliferation (with proliferation of certain
tissue types being promoted through OT’s action while in other types it is hindered) recent
studies have pointed to the necessity of investigating the role of this peptide in
carcinogenesis, possibly utilising OT receptor ligands as therapeutics or using OT as a

biomarker of cancer143.144.145,

1.2.2 OT and food intake

OT is involved in the termination of feeding mainly for homeostatic control. The
magnocellular OT neurons are involved in regulating appetite through the use of several co-
localised anorexigenic factors and activate upon feeding!!’. OT neurons form reciprocal
pathways with the brainstem, including the NTS and area postrema, to control the

homeostatic aspects of feeding behaviour. Stomach distention, osmolality, and Gl hormones
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that act through pathways encompassing OT neurons signal that the meal is complete, and
that further consumption is no longer required®®. It is not surprising therefore, that when OT
is injected, it inhibits feeding. OT-dependent feeding inhibition is also driven by pleasure; OT
decreases food intake of palatable foods. The reciprocal pathway from the NAc and VTA is
associated with the hedonic aspects of feeding. Animal studies have indicated that single
macronutrient tastants, particularity carbohydrate and sweet, nutritionally diluted,

ingestants, are more affected by the anorexic effects of OT*4®,

Homeostatic control: It has been well documented that, OT decreases food intake by
enhancing satiation®’, Virtually all peptidergic treatments that lead to termination of
consumption result in OT neuronal activation, changes in central OT tone and/or elevated
peripheral OT levels. For example, CCK, a satiety mediator, causes an increase in OT activity
in the PVN/SON as well as increased release of the peptide from the neurohypophysis®®. a-
MSH injections directly in the PVN increase activity of OT neurons (though concurrent
neurohypophyseal release is not observed) %147, GLP-1 activates the OT system as well'4,
CRH- or leptin-induced hypophagia is attenuated by administration of an OTr antagonist4150,

Conversely, peptides that stimulate feeding, such as AgRP, suppress activity of OT neurons*>.

Apart from the peptidergic effects on food intake, other treatments that decrease
consumption also concurrently activate OT neurons. For example, dehydration or long-term
exposure to salt solutions which result in hyperosmolality leads to an elevated plasma OT
profile>!. Mice that have been both food- and water-restricted consume less chow overall
than those that were deprived of only food®’. Administration of a hypertonic salt solution also
causes a reduction in food intake along with the elevated release of OT®’. Furthermore, OT

prevents consumption of toxic or tainted foods'>?. Central OT drives abrupt termination of
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consummatory behaviour and future avoidance of those flavours through promoting a
phenomenon known as a conditioned taste aversion. On the other hand, circulating OT

appears to prepare peripheral tissues for the consequences of toxicity®®.

OT helps to improve glucose homeostasis and aids in the utilization of fat while reducing food
intake?®. OT also has a protective role in food intake as it is released when consumption poses
a danger to the individual, such as when consumption exceeds the capacity of the stomach or

when consumption-induced fluid-electrolyte balance is altered.

OT sends neuronal projections to the three brainstem sites that are crucial in the feeding
response relaying information from the periphery to the CNS. These areas are the NTS,
involved in the relay of peripheral signals including those related to gut function, the DMNV,
which takes input from the efferent and afferent vagal innervation of the stomach, and the
area postrema, which mediates responses triggered by high osmolality or toxins in the
blood®. ICV injections of OT cause a dose-dependent reduction in chow intake, a
phenomenon which is reversed by administration of an OTr antagonist, suggesting the central
role of OT on homeostatic feeding®. At the end of a meal, OT neuronal activity and plasma

levels are increased, signifying the role of OT in supporting satiation®%-%>2,

Reward: The anorexic properties of OT are enhanced in experimental paradigms which
involve consumption of specific palatable foods. OT, administered centrally or peripherally, is
a particularly potent anorexigen when carbohydrates, particularly sweet and palatable
tastants, are consumed?*®%>3, Upon OT administration, mice given sucrose, as opposed to
lipids, have a greater percentage of OT neurons activated and, hence, terminate feeding
quicker®>*. Furthermore, OT knock-out mice overconsume carbohydrate solutions due to a

lack of satiety!>>. Hence, meals that contain carbohydrates and sweet tastants are more likely
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to have a greater response to the anorexic effect of administered OT, while meals with greater
fat content will be less influenced. In human contexts, this makes OT less viable, as meals

rarely constitute a single macronutrient.

Within the PVN, opioids are suggested to be involved in the control of feeding behaviours.
Opioids influence the activation of PVN neurons, including the OT system. Opioid agonists
inhibit the OT-induced anorexigenic response®®?, indicating the role of OT on feeding for

reward.

It is also known that social environments can affect feeding. The feeding suppression of OT
may be abolished due to the roles of OT in social behaviours. In communally housed mice, the
hierarchy that develops among males determines the effectiveness in the feeding response

of the OT blockade?®>®.

OT is a conditional anorexigen, with certain situations leading to OT increasing feeding?8. OT
also shares a role in resolving anxiety!*3. In neophobia driven anxiety in rodents, the baseline
of food intake is reduced. OT administration, in these cases, increases food consumption,
thereby normalising food intake, demonstrating a stronger anxiolytic effect of OT, rather than
an anorexic effect!>”1°8, While OT can act as an anorexigen under certain circumstances, its
other roles as an anxiolytic and social regulator can supersede its function of a feeding
suppressor. In line with that, data on OT and termination of food intake are not always
straightforward: while most studies have established the anorexigenic effects of OT*3117,
some demonstrated reduction in appetite*®157.15° These conditional feeding aspects arise

typically in relation to reward, anxiety, and social contexts.
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1.3 Aging

Aging is defined by the deceleration of the physiological and metabolic processes as well as
the decline in tissue integrity'®%11, Among the many known symptoms of advanced age are
diminished mental acuity and neurological disorders, as well as reduced physical fitness,
decline of neuroendocrine functioning, and a general deterioration on a cellular leve|24160,162,
Aging is also accompanied by reduced food intake, leading under more extreme

circumstances to the condition termed anorexia of aging63164,

1.3.1 Aging and appetite
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Figure 4: Factors that influence the phenomenon known as ‘anorexia of aging’.
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There are several mechanisms which contribute to this aging-related anorexia and anhedonia.
Changes in social behaviours may, in part, be to blame for this anorexia'®>1®, The decline of
sensory function may result in a small reduction in food intake due to the lack of sensory
pleasures associated with eating!®’. Anorexia of aging also has psychosocial or medical
causes®®1%9 Loneliness and depression are known to have potential anorexic effects and
these tend to be enhanced with age'’®. Age-related neurologic disorders, such as dementia,
Parkinson’s, or late-life paranoia, may also encourage anorexia'®®. As people age, dysphagia
may develop, creating a greater reluctance to eat!’*172, Certain medications discourage food
intake’>174, With the normal systemic aging process come several other issues that pertain
to eating. Dental problems and infections may arise, or chronic conditions, such as cardiac or
pulmonary diseases or cancer, can affect how much a person eats'®’. These many factors,

summarised in Figure 4, together produce this multifaceted phenomenon.

Brain changes relevant to appetite: Morphological and physical changes in the brain during
aging include a volume or weight decline’>17®, This process involves neuronal cell death, or
a decline in neuronal volume as well as number’’-17°, Functional organisation changes have
been proposed to compensate for these neuronal changes'®°. The myelin sheath of neurons
deteriorates after around age 40, contributing to the neural decline!®l. The decline is not
consistent throughout the brain, with some regions being more affected by age than
others'®1172 These changes are also sex-dependant’>181, The prefrontal cortex, striatum, and

hippocampus are the most affected, while the occipital cortex is the least affected6.178177,182,

Changes in neurotransmitter/neuropeptide levels and receptor expression levels are altered
with age. Meso-striatal and meso-accumbens dopamine neurons degenerate with age,

certain opiate receptors disappear with age, and GABA receptor binding sites are reduced in
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the aged brain'®3. Decreases in dopamine concentrations in the medial basal hypothalamus
and median eminence have been linked to age!?*#!®. The D, dopamine receptor shows an
age-related decrease'®. A reduction in the density of ghrelin receptor binding sites are seen
in the aged brain, especially in the hypothalamus, hippocampus, pituitary, and putamen?8®,
The pituitary also shows a slight decrease in size and increase in patchy fibrosis, focal necrosis,
iron deposition, and adenoma formation??*. The concentrations of POMC-derived peptides
are also lowered with age'?*. The PVN and SON, however, demonstrate an augmented
peptide synthesis in the elderly, possibly to compensate for the reduction in receptor binding

sites187,

Peripheral changes related to appetite: In the elderly, the delay in gastric emptying and
greater antral distention increases satiety and decreases hunger!®, Baseline release of
ghrelin, a feeding stimulant produced in the fundus, is lower in aged people, as is the increase
in the plasma concentration of this hormone between meals'®. Fullness generating Gl
hormones are also more effective at producing satiation in the elderly than in younger
adults!®®. These changes in orexigenic and anorexigenic Gl hormones are consistent with the

age-related decrease in appetite.

Although aging is associated with a decline in the desire to eat, it is conversely correlated with
greater adiposity®’. This is explained as with additional adipocytes, there is an increase of
proinflammatory cytokines which leads to anorexia through several routes including
increased tryptophan catabolism®°. Leptin, produced by adipocytes, decreases food intake,
further impacting this anorexia despite the greater ratio of body fat'®l. Considering this
greater adiposity, there is oftentimes the need to treat aged individuals with drugs that

suppress food intake in order to decrease BMI to healthy levels. Yet, such treatments are
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difficult considering a narrow gap between the antiobesogenic effects of those medications

and the risk of anorexia due to the advanced age of patients.

1.3.2 Pharmacology of appetite control at an advanced age

Aged animals respond to pharmacological treatments differently than their adult
counterparts. Orexigens do not stimulate feeding as potently as they do in younger adults.
For example, orexin A, a feeding stimulant, when injected produces a strong and lasting
feeding response, but in aged rats, this response is only seen in the short-term, if at all*®>1%3,
The aged rats show reduced neuronal activity in response to orexin A in all brain regions,
except the PVN and rostral NTS, when compared to their adult counterparts'®3. This supressed

neural signalling likely underpins the diminished feeding response to orexigens.

The anorexigenic response is also altered in advanced age. For example, aged rats
demonstrate diminished responsiveness to the anorexigenic properties of naltrexone, both
in deprivation and reward®*. In aged animals, naltrexone fails to activate the NAc shell and
the VMH, while activating the LH, contrasting the adult brain response!®®. This altered

response conversely leads to age-related obesity®.

Aging is associated with a decrease in leptin sensitivity or leptin resistance, as well as a
decrease in POMC gene expression?®>1%, The efficacy of the anorexigenic POMC product a-
MSH is decreased in young adult rats'®6. As the rats age into elderly rats, the anorexigenic
response of a-MSH becomes maximal, even leading to sarcopenia in the oldest groups while
raising fat content. The age-related increase in adiposity is linked to the attenuation of a-MSH
response, and this higher adiposity leads to leptin resistance; melanocortin activity is

dependent on fat tissue-derived leptin®®®.
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In the PVN, CRH gene expression is increased in aged rats and CRH infusion results in
significant weight loss in elderly rats, but not adults'®’. This weight loss is attributed to the
diminished peripheral glucocorticoid release in aged animals'®®, CRH-induced food intake
suppression is long lasting and the effect is strong in aged rats, but only supresses food intake

in the short-term in adults, similar to the age-dependent responsiveness of a-MSH*%’.

Peripherally injected CCK evokes age-related phasic changes in the anorexigenic CCK effect!®.
In adult rats, the food intake suppression induced by CCK administration does not occur. As
these animals age, however, the anorexic response is increased, similar to a-MSH or CRH.
Aged animals in this instance demonstrate an increased sensitivity to CCK, and an increase in
CCK plasma levels?®, Obesity also leads to a more rapid shift to the age-related
responsiveness to CCK'®°, Interestingly, ICV injection of CCK resulted in a weaker anorexic
response with increased age, similar to the pattern seen in NPY or orexin®2, The loss of
metabolic responsiveness in age to centrally administered CCK helps to avoid excessive
metabolic response to calorie intake which would result in increased weight loss in individuals

that already struggle with age-related anorexia®.

1.4 Aim

One must be cognisant of the fact that it is unclear whether the consequences of treatments
that result in a decrease of consumption in younger individuals would in fact lead to a similar
response in aged cohorts. Thus, the purpose of this study was to explore the effectiveness of
an anorexigenic peptide, OT, in reducing appetite in aged male mice. This work analysed the
effect of OT on consumption for energy as well as for palatability. The effect of peripheral OT
treatment was studied in energy-driven consumption of “bland” standard chow after short-

term calorie deprivation, and for reward-motivated intake of highly palatable food (energy-
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dense high-fat high-sugar chow and energy-dilute palatable fluids) in non-deprived animals.
The effects were compared to those elicited by the standard OT doses in younger adult mice.
Once lowest effective dose of OT to decrease consumption of solid food was established in
aged animals, subsequent immunohistochemical analysis of the immediate-early gene
product, c-Fos, in the feeding-related brain regions defined neural circuits affected by an

acute injection of this peptide.
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Chapter 2

Materials and Methods

2.1 Animals

C57BL male mice (22-month-old “aged” mice, 3-month-old “young adult” mice, and 12-
month-old “adult” mice) were single-housed in standard plastic cages. Standard laboratory
chow (Sharpes Stock Feed, NZ) and tap water was available ad libitum unless otherwise
stated. The facility was temperature controlled at 22°C with a 12:12 daylight cycle beginning
at 0700 h. Ethics approval was granted by the Animal Ethics Committee at the University of

Waikato for all animal studies.

2.2 Drugs

OT (Sapphire Bioscience, AU) was dissolved in saline and administered through an
intraperitoneal (IP) injection. A day of rest was given between each experiment. All injections
were performed after the day cycle began, at 1000 h. OT treatments were prepared based on

a dose response curve. Saline was prepared to 0.9% NaCl in MilliQ water.

2.3 Feeding studies

2.3.1 Effects of OT on deprivation induced chow intake

A) 22-month-old mice were divided into four treatment groups, each group administered with
a different dose of OT (or saline vehicle) (n=6). Mice were food-deprived overnight; water was
available at all times. Just prior to the standard chow being returned to the hoppers (1000 h),
animals were injected IP with saline, 0.1 mg/kg, 0.3 mg/kg, or 1 mg/kg OT. Food and water

consumption was measured 2 h post injection.
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B) The paradigm described above was repeated for young adult mice (n=8). OT treatments

remain constant.

2.3.2 Effects of OT on palatable food intake

A) 22-month-old mice were divided into four or five treatment groups, each group receiving
a different dose of OT (or vehicle) (n=5). All aged mice were pre-exposed to all palatable foods
to avoid neophobia with a regime of 2 h episodic exposure over three days for each tastant.
Just prior to the HFHS chow being added to the hoppers (1000 h), animals were injected IP
with saline, 0.1 mg/kg, 0.3 mg/kg, or 1 mg/kg OT. Standard chow, but not water, were

removed for the 2 h measurement.

Palatable liquid diets (cow milk, 15% sucrose, and 0.1% saccharin) were measured to assess
feeding behaviour of calorie-dilute solutions. All liquid diets were made fresh each day. Just
prior to the palatable fluids being added to the cages (1000 h), animals were injected IP with
saline, 0.03mg/kg, 0.1 mg/kg, 0.3 mg/kg, or 1 mg/kg OT. Consumption was measured without
deprivation 2 h post injection. Standard chow and water were removed during presentation

of the palatable tastants.

B) The paradigm described above was repeated for young adult mice with the same treatment

groups (n=7).

2.3.3 Analysis of behavioural data

Measurements for consumption were corrected for the body weight of the animals (grams of
food per gram of body weight (bd. wt.)). Results from feeding studies were analysed with
GraphPad, using one-way ANOVA followed by Dunnett’s post hoc test for the effects of OT

compared to the saline controls. Graphs are presented as means with standard error of the
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mean (SEM). Outliers were excluded from analysis. Results were considered significant when

p <0.05.

2.4 Neuronal activity

2.4.1 Perfusion

A) 22-month mice were separated into two treatments (n=8): control (saline) and 0.3 mg/kg
OT. Upon injection, food and water were removed to prevent consumption-induced c-Fos
expression. One-hour post-injection, animals received a 0.7 mL 35% urethane injection to
induce deep anaesthesia. This was followed by intracardial perfusion with saline followed by
4% paraformaldehyde (PFA) solution (50 mL). After perfusion, the brains were dissected out
and postfixed in PFA solution for a further 48 h at 4°C before being transferred to Tris-buffered

saline (TBS).

B) The paradigm described was repeated with 12-month adult mice. Treatment groups

remained constant (n=8).

2.4.2 Immunohistochemistry

Brains were sectioned using a vibratome (Leica, Germany; 60-um free floating sections) and
stored in TBS solution before staining. Sections were stained for OT and c-Fos. On an agitator
at room temperature, sections were treated with solution of 3% H202 and 10% methanol in
TBS for 10 mins followed by four washes in TBS. Sections were then incubated overnight at
4°C in the primary rabbit anti-c-Fos antibody (1:6000; Synaptic Systems, Australia) in a
supermix solution (0.25% gelatine and 0.5% Triton X-100 in TBS). Subsequently, sections were
washed in TBS and incubated at room temperature in the goat-anti-rabbit secondary antibody
(1:400; Vector Laboratories, Burlingame, CA, USA) for one hour. After a further four washes

in TBS, sections were incubated for one hour in avidin-biotin complex (ABC) solution (1:800;
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Elite Kit, Vector Laboratories, Burlingame, CA, USA) diluted in supermix. After the final
incubation, sections were washed again and allowed to develop for 10 mins in a TBS solution

of 0.05% diaminobenzidine (DAB), 0.3% nickel sulphate, and 0.01% H,0,.

To visualise cells expressing OT, the previous immunohistochemical steps were followed with
the following amendments: the primary antibody used was instead rabbit anti-OT (1:6000)

and the nickel sulphate was omitted from the DAB solution.

The stained sections were washed in TBS and mounted onto gelatinised microscope slides
and air dried for 24 h. Following the air-drying procedure, ethanol dehydration was conducted
from 70% to 90% and finally 100% concentration at 10 min intervals. A final 20 min bath in
xylene (Merck KGaA, Darmstadt, Germany) was employed before affixing a coverslip with

Entellan (Merck KGaA, Darmstadt, Germany).

2.4.3 Analysis of neuronal activity

Stained brain sections were captured using a camera attached to a light microscope (Nikon
Eclipse 400) and analysed using Imagel) software. The areas of interest were mapped
bilaterally using the Allen Brain Atlas for reference. Density of OT and c-Fos immunoreactive
(IR) nuclei (per mm?) were counted and averaged per animal and per experimental group.
Means and SEM were calculated and compared with a Student’s t-test. Results were

considered significant when p < 0.05.
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Chapter 3

Results

Behavioural studies were conducted on aged 22-month-old mice and young adult 3-month-
old mice. Animals were subjected to two feeding paradigms in which solid diets were used.
The paradigm involving “bland” chow motivates the animals to eat primarily based on energy
needs. The paradigm of HFHS chow motivates consumption primarily to eat for reward, but
as it is a calorie-dense food, it is also eaten to replenish energy. OT administration supresses
feeding in paradigms that have an energy-based component in aged animals. Bland chow
intake was significantly reduced with a minimum effective OT dose of 0.3 mg/kg and 1 mg/kg
(p = 0.006, p = 0.041 respectively; Figure 5 A). In energy dense HFHS chow, reduction in

feeding intake was noted at the same OT doses (p = 0.048, p < 0.001 respectively; Figure 5 B).

OT was also effective at reducing energy dense diet intake of consumption of standard chow
and HFHS chow (p = 0.003, p = 0.033 respectively) in young adult mice, however, the lowest
effective dose in reducing consumption was 1 mg/kg OT (Figure 6 A & B). Unlike in aged
animals, the dose of 0.3 mg/kg was not effective. As a standard, water intake was also
monitored. As with adults, this dose of the peptide did not result in any changes (data not

shown).
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Figure 5: Effect of OT on consumption of energy dense chow in aged mice. (A) Overnight-deprived
animals were fed standard chow intake for 2h post injection (B) Non-deprived animals were fed
HFHS chow intake 2 h post injection. Standard chow was unavailable during presentation of the
HFHS chow. Intake is adjusted for body weight (bd wt). * (p < 0.05), ** (p < 0.01), *** (p < 0.001)
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Figure 6: Effect of OT on consumption of energy dense chow in young adult mice. (A) Overnight-
deprived animals were fed standard chow intake for 2h post injection (B) Non-deprived animals were
fed HFHS chow intake 2 h post injection. Standard chow was unavailable during presentation of the
HFHS chow. Intake is adjusted for body weight. * (p < 0.05), ** (p < 0.01)
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In paradigms which involve energy dilute, or non-caloric, fluids, the motivation to eat is purely
based on reward. Very little, or no, energy is gained from consuming this food. In reward
driven paradigms, OT reliably supresses food intake in aged mice for calorically dilute
substances. A dose of 1 mg/kg OT supressed intake of sucrose in aged animals (p = 0.01; Figure
7 A). The lowest dose of OT, 0.1 mg/kg and 0.3 mg/kg, reduced intake of milk in the older
cohort (p <0.001, p = 0.002 respectively; Figure 7 B). Consumption of saccharin, a non-caloric

tastant, remained unchanged, irrespective of the dose (Figure 7 C).

In the young adult mice, by contrast, the only dose to elicit a response in calorically dilute
fluids of sucrose and milk was 1 mg/kg (p = 0.046, p = 0.033 respectively; Figure 8 A & B), the
same dose as was found to supress intake of solid diets. Saccharin, as in aged animals, did not

elicit a response to any dose (Figure 8 C).
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Figure 7: Effect of OT on 2-hour consumption of energy-dilute palatable fluids in non-deprived aged
animals (A) 10% sucrose solution; (B) milk solution; (C) 0.1 % saccharin solution. Food and water were
removed during presentation of palatable foods. Intake is adjusted for body weight. * (p < 0.05), ** (p
<0.01), *** (p < 0.001)
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Figure 8: Effect of OT on 2-hour consumption of energy-dilute palatable fluids in non-deprived young
adult animals (A) 10% sucrose solution; (B) milk solution; (C) 0.1 % saccharin solution. Food and water
were removed during presentation of palatable foods. Intake is adjusted for body weight. * (p < 0.05),
** (p<0.01)

38



Neuronal activity was observed for the cohort of aged, 22-month-old mice, and adult, 12-
month-old mice. In old mice, the OT dose of 0.3 mg/kg also effected c-Fos IR in several brain
areas: PVN (p = 0.0093), ARC (p = 0.0184), central nucleus of the amygdala (CNA) (p =
0.0010), and NTS (p = 0.0122). In the DMH (p = 0.0023) and VMH (p = 0.0121), the
expressing cells were significantly reduced compared to the saline control (Figure 9).

Activation of other related sites remains unchanged.

In adult animals, the c-Fos IR was also affected by a dose of 0.3 mg/kg, however not all areas
were affected as in aged mice. Increased activation was seen in the PVN (p = 0.0174), CNA
(p =0.0088), and NTS (p = 0.0197). Similar to in aged animals, the VMH (p = 0.0181) showed
a decrease in expression, but not the DMH (Figure 10). Activation of other related sites

remains unchanged.
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Figure 9. Density of OT positive cells in food intake-related brain regions in aged mice. Dose of OT used
was 0.3 mg/kg. White bars represent saline administration, black bars represent OT administration.
ACBs: Accumbens shell, ACBc: accumbens core, BLA: basolateral amygdala. * (p < 0.05), ** (p < 0.01),
*** (p <0.001)
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Figure 10. Density of OT positive cells in food intake-related brain regions in adult mice. Dose of OT
used was 0.3 mg/kg. White bars represent saline administration, black bars represent OT

administration. * (p < 0.05), ** (p < 0.01), *** (p < 0.001)
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Chapter 4

Discussion

In aged individuals, it may be advantageous to utilise weight supressing drugs to combat the
excessive adiposity®’. This course of action is not however, undertaken without some degree
of caution. One must be wary of a given treatment being so potent that it may in fact produce
anorexia instead of generating desirable weight loss effects. This is because old age is
associated with a greater propensity of having appetite decreased to dangerously low
levels?°L, This result in age-related eating behavioural pathology, termed anorexia of aging, is
a frequently encountered phenomenon, despite the greater adiposity in age. Consequently,
drugs that are used to treat obesity in younger individuals, when used at an old age may
suppress a drive to eat. This suppression may be so profound that they will promote severe

undereating. For a more in-depth explanation of anorexia of aging, refer to section 1.3.1.

OT has been shown in numerous studies involving animal and human subjects to decrease
food consumption®17, The peptide suppresses the intake of solid and liquid diets, as well as
calorie-free tastants, for example, solutions that are sweetened with saccharin®?®. A study by
Klockars et al.?%? discovered a similar peripheral effect of OT to that of the previously
described central action?®, The mechanisms behind this peripheral action are linked through
the brainstem and hypothalamus. The majority of previous data comes from experiments in
which adult or young adult individuals were participants. Importantly, based on the research
studied, there have been no examples investigating the effectiveness of OT as an anorexigen
in aged individuals. The issue of using these younger cohorts seems particularly pressing as
aging is associated with altered sensitivity to drugs that modify appetite. Some of these drugs

(such as naltrexone®®*) need to be administered at a higher dose in the elderly to produce an
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anorexic effect, whereas others, such as a-MSH, GLP-1 or CCK!%%1%%.203  nromote excessive
hypophagia that may be disadvantageous to the organism’s homeostasis and proper

functioning.

In a hungry state, the motivation to find high-calorie foods is increased in order to rapidly
replenish the missing energy”. In cases in which the animal is presented with energy-dilute
foods in a non-deprived state, there is little motivation to replenish energy; the animal’s
consumption instead is focused on the rewarding aspects of the food. The aim of this study
was to determine the efficacy of the anorexic effects of OT on aged mice as compared to the
standard adult data. This is the first report showing that IP OT decreases food consumption
in aged male mice. In both paradigms, feeding for energy and reward, consumption was
significantly reduced in the old mice. OT reduces intake of energy-dense foods, with or
without deprivation as well as energy-dilute foods without deprivation in aged animals. The
anorexigenic response seen in age is, therefore, similar to the one reported in adult animals.
Previous authors have reported that OT administration reduced deprivation-induced
standard chow intake by 40% in rats?%2. The intake reduction in adult mice in the current study
is around 60%, while in aged mice, reduction in intake is around 73%. It is important to note
the method of drug delivery is different in the previous report (intravenous administration

rather than IP).

Although not formally compared, in the energy-based paradigm, baseline HFHS chow
consumption was less than the bland chow in both cohorts based on the intake when the
saline vehicle was administered. In both age groups, the overall reduction in food intake in
either bland or palatable chow was of a similar magnitude. In the palatable liquid diets, the

same trends in reduction were seen in the milk consumption, though it should be noted that

42



the baseline intake of aged animals was less in each tastant as compared to adults. The aged
response to OT on sucrose intake was a greater reduction from baseline than what was seen

in adults.

It is widely documented that OT-induced feeding suppression (in a food-deprived and non-
deprived state) in adult rodents is most effective with IP administration at a dose of 1
mg/kg?%*; the current study confirms these reports. Though OT does suppress feeding in
energy-dilute diets, it is also successful in suppression of feeding for energy; such findings are
also confirmed by this report. In both cohorts, reduction in feeding for bland chow was
greater than that seen in the palatable chow, though this was not formally compared. When
OT was administered in conjunction with the palatable feeding paradigm, the most significant
decrease in feeding was in the complex milk source, followed by the single macronutrient
tastant (sucrose). When drinking milk, the main driving factor for food consumption is
reward?%; as age is associated with anhedonia, it is not surprising therefore, that intake of
milk is greatly affected in age. The combined effect of age-related anorexia and anhedonia

result in the baseline decrease of palatable tastants'®’.

As with adults, OT was unable to elicit a response when consuming the non-caloric saccharin.
Central injections of OT, into the NAc core, significantly reduce the amount of saccharin
consumed, whereas a centrally acting OT antagonist greatly increases saccharin
consumption!462%_peripheral OT however, has not demonstrated the same anorexic effect
with regard to saccharin?2, The peripheral action of OT on feeding modification is suggested
to be linked to energy-metabolism and adiposity-related effects'?®. Peripheral OT did not

result in any response with any dose of OT described in the aged mice which agrees with
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previous reports in adults. This result suggests that a further study, reviewing the effects of

central administration of OT on food intake in aged animals is warranted.

The key difference found between the aged and adult response to OT in the current study in
comparison to the existing literature, was the effective dose on food reduction. In nearly all
cases, the aged animals exhibited an enhanced sensitivity to the anorexic effects of OT,
particularly with a nutritionally dilute, but complex food source (milk). The current study
confirms previous reports indicating that aged individuals consume less food overall than
their younger adult counterparts®®2%7, |t should be noted however, that this data was not
formally compared in this study. Due to the overall reduction in feeding, regardless of drug
administration, this greater response may be attributed to the lower baseline in adults. Future
studies, comparing the two groups with larger cohorts, is warranted to test this hypothesis.
Currently, there is limited available information on the changes between the central and
peripheral OT system in aged animals. The current study will add to the reports on peripheral
OT in aged mice, but further research is required in order to better understand the changes

in central OT.

Aging is associated with an altered response to pharmaceuticals, often leading to an increased
sensitivity to anorexigenic peptides, or a decrease to orexigenic ones°®2%, For example, the
satiating effects of leptin is enhanced in older animals. Age-related leptin resistance in middle
age is recovered in old age and is linked to this body weight decline?®. The results of this
study agree with these previous reports on an increased sensitivity to anorexigens in age. In
the present study, the effective OT dose (0.3mg/kg) to elicit a behavioural response was lower
than what is typically seen in adults (1 mg/kg). The reason for this lower dose response could

be attributed to the changes in the OT neuronal activation in aged animals.

44



Butorphanol, an opioid receptor ligand that acts as a potent orexigen, for example,
demonstrates a decreased sensitivity in age. Aged rats injected with butorphanol exhibit a
blunted hyperphagic response, supporting anorexia of aging?®’. This diminished response to
butorphanol is accompanied by a reduced c-Fos IR response in food intake-related brain sites,
such as the CNA. As our study reviewed the effects of an anorexigen, the increased activity of

the CNA is expected.

As shown in previous studies involving c-Fos IR measurement after OT injections, OT affects
activity of several brain regions that control appetite in adults and aged animals. In the
brainstem, the NTS neurons are essential in regulating energy balance and to integrate
peripheral signals though the CNS. Rodent models demonstrate OTr signalling in the NTS
reduces food intake?!°. As parvocellular PVN OT fibres directly innervate the NTS, this action
to reduce food intake is directly linked to the OT synaptic pathway?!%?1, c-Fos expression in
the NTS is increased following peripheral OT administration and subsequent anorexic
behaviour?!?, Conditioned motivation to consume palatable foods is also reduced by NTS OT

signalling?®3.

The ARC is also responsible for energy intake regulation though the opposing actions of the
POMC/cocaine- and amphetamine-regulated transcript (CART) inhibition of food intake, and
the NPY/AgRP stimulation of food intake?!°. a-MSH, which activates PVN magnocellular OT
neurons in response to food intake, increases OT secretion. A central administration of a-MSH
induces c-Fos expression in OT neurons and a potent inhibition of food intake?!°. Meanwhile,
the NPY/AgRP neurons in the ARC inhibit OT neurons in order to increase food intake?4,
Activation of AgRP can overcome the appetite supressing factor CCK to induce feeding?®. For

a more detailed description of the actions of CCK to inhibit food intake, refer to section 1.1.2.
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By supressing the action of anorexigens, AgRP, and hence OT inhibition, enhances the feeding

intake.

Interestingly, the VMH is not innervated by oxytocinergic terminals, but contains the OTr?%,
OT increases the firing activity of VMH neurons and reduces food intake and increases energy
expenditure?'®, The VMH is not linked with reward processing, which is consistent with the

finding that VMH OT administration does not affect intake of sweet and palatable solutions?’.

Suppression of consumption motivated by the reward pathway is affected through the VTA
and NAc; the mesolimbic pathway sends dopaminergic projections from the VTA to the
NAc?1, Both regions express OTr and receive OT neuronal projections. Central OT injections
potently reduce food intake and motivation for sweet, palatable foods?!°. While OTr-
expressing VTA neurons project to the NAc, OT is also able to act directly in the NAc core, but
not the NAc shell'®®. OT signalling in the NAc reduces drug reinforcement and acts in
coordination with serotonin to enhance social reward?*°. Due to the role of NAc OT in social

contexts, the anorexic effects of OT is reduced in these situations*®,

The amygdala is critical in determining when it is safe to eat and integrating learned food
cues?. Magnocellular OT neurons project to the CNA, and release of OT to this region
attenuates the conditioned fear response?!?, Along with the stress and social behaviour
responses, amygdala OT signalling results in a reduction in food intake. CNA and basolateral
amygdala (BLA) OT administration reduced intake of chow in re-feeding rats after food
restriction?!®, The increased activity of CNA c-Fos in the current study is in agreement with
the reduced food intake expected with activation of this area. High doses of OT in the
amygdala can produce conditioned taste aversion. However, the lower dose required to

produce the anorexic effect does not elicit an aversive response?,
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Opioids and opioid receptors are also documented to be altered in age, showing a decrease
in peptide concentrations and receptor expression in the hypothalamus in 22-month old
rats?!?, There is also a documented decrease in sensitivity to the effects of opioid receptor
ligands on pain in aged animals and humans?%’. Age-related decreases to presynaptic markers
does not lead to a compensatory response of ligand-receptor binding sites or intracytoplasmic
transduction mechanisms (peptide or amine)??°. Zoli et al.??° found a repeatable pattern of
change in monoamine and peptide receptors in old vs young adult rats. Monoamine
transmitters, as opposed to colocalised peptides, are more stable to the aging process?%°. As

OT is a peptide, it is expected to be more unstable with age.

There exists a functional interaction between opioid peptides and oxytocinergic pathways; B-
endorphin neurons are implicated in the modulation of OT activity in central pathways and
its pituitary release??. This interaction indicates an effect on the sodium appetite responsible
for maintaining fluid balance. OT usually restricts sodium consumption to avoid a negative
effect on fluid homeostasis, but when salt intake is required, this inhibitory system is
disinhibited by the opioid system activation??!. With both systems being vulnerable to age, it
is expected that a significant change would be seen in the OT pathway with regard to its
central activity and peripheral release as modulated by opioids (opioid peptides are

decreased in age?'?).

In aged animals, OT at an anorexigenic dose also affected activity of brain circuits that regulate
feeding, however, this response was seen at a lower dose, as indicated by our behavioural
studies. Aged and adult animals demonstrate a similar pattern of brain activity after OT

injection. However, aged animals showed an increased c-Fos expression in ARC and a
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decreased expression in DMH, when compared to adults. This differential pattern of neuronal

activation may underlie the altered feeding response seen in old age.

Both cohorts exhibited a similar increase in expression in the PVN, CNA, and NTS. In aged
animals however, the ARC also showed a significant increase in c-Fos expression that was not
seen in adults. ARC is responsive to circulating signals due to its location in the brain and
density of peripheral hormone receptors??2. NPY is found in high concentrations in the
neurons of the ARC; mRNA levels of NPY in the ARC are increased when hungry. ARC NPY
neurons act to promote feeding and reduce energy expenditure??3. OT, however, acts to
supress NPY’s action, abolishing its orexigenic effects??*. By contrast, POMC/CART neurons
are located in the ARC and acts to supress feeding; these neurons interact with the OT
pathway!!”?22 |n the aged rat ARC, it was found that the number of dendritic segments, total
dendritic length, and the branching and spine densities is significantly reduced in the ARC?%>,
The melanocortin system encompasses POMC/a-MSH, the melanocortin receptors (MC3/4R)
and their antagonist AgRP to regulate energy balance??®. A synapse between ARC AgRP

neurons and the PVN OT neurons results in a rapid feeding response evoked in part by NPY?22,

While the VMH was decreased similarly in both cohorts, only the aged group showed a
reduction in c-Fos IR at the DMH. The DMH is responsible for the regulation of circadian
rhythms, including those for food intake. DMH contains NPY and a-MSH terminals originating
from the ARC.2%2> As aging is associated with impairments to the circadian rhythm and
metabolism??’, it is unsurprising the DMH activity is affected in this cohort. Activation of DMH
neurons that project to the ARC decreases food intake in fasted mice®®. Likewise, silencing of

those neurons, which project to and inhibit AgRP neurons, increases adiposity and alters the
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diurnal rhythms of feeding to occur more in the light cycle, rather than in the dark as expected

in rodents®. The effect of age on this system requires further research.

Associated with aging, the OT pathways are altered, as seen in previous studies??%228, This
alteration in the OT system could lead to the anorexia of aging. There is a marked lack of
information on OT signalling in the aged brain. Changes in the brain that affect behaviour,
either favourably or adversely, can occur at all levels: molecular, cellular, tissue and organ'?,
These mechanisms and rate of change seen in the brain are still under research. Age related
changes in circulating OT and central oxytocinergic activity have been documented??®. When
under stress, the expected increase of peripheral and PVN OT release is blunted in aged rats
and their stress response is diminished!®*. In a forced swim test, there is an age-relate
decrease in negative feedback from glucocorticoids which turns off the HPA axis activity after
stimulation'®4.This reduced responsiveness of the magnocellular system seen in aged rats in
response to stress is surprising in light of our study, as the stress associated with IP injections,

and the subsequent blunted PVN activity, is not seen in the aged mice.

In the accessory magnocellular nuclei of old rats, cell bodies and nuclei are larger than their
adult counterparts, and OT IR substances are present in larger quantities than in younger
adults??®. A decrease in PVN/SON cell number is reported in the aged brain'?4. These
neurosecretory cells of older rats resemble the structure of younger, stressed rats. The
accessory nuclei with the greatest age-related changes are those which are associated with
neuroendocrine regulation of water-electrolyte metabolism?28, Older rats express greater
peptide synthesis in the accessory magnocellular nuclei, though with inhibited transportation
of OT IR substances across axons'?4. Age-related degeneration of pituitary cells leads to a

slowed release of neurosecretions to the periphery. Despite this lack of transport, circulating
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OT is similar, or elevated, in aged and adult rats, likely due to the increase in OT production
and secretion in the magnocellular nuclei; the increase of c-Fos IR in the PVN of the current
study is in agreement with these reports'®422%, The greater action of the magnocellular cells
contributes to the age-related dysregulation of the HPA as seen in age or depression®4,
Peptide levels within the brain however, are decreased in age due to the supressed trafficking

and release of OT form axons?239,

The age-related changes in the hormonal and neurotransmitter systems interacting with OT
are of interest. Decreased levels of gonadal steroids are known to occur in age, and the
interaction of these hormones with the OT system result in some of those changes seen'?2229,
OT binding sites in aged rats show similar distribution, but the intensity is lowered in the VMH;
this is consistent with the c-Fos IR results of the current study?3!. The reduction in binding is
due to a smaller area of binding in the VMH, rather than a decrease of density of binding sites

or a reduced affinity to the OTr?3%,

OTr expression and binding is reduced with age in several brain regions?2%23°, Arsenijevic?3!

found that, when compared to the young rat, around half of the OTr in the caudate putamen,
the olfactory tubercle and the VMH are missing in the old rat. Our study demonstrated a
similar reduction in the VMH activity of old and adult mice, through ligand-receptor binding
was not tested in this report. OTr are decreased upon reduction of gonadal steroids and, if
treated with testosterone, the receptors are regained?3!. OTr in specific regions demonstrate
steroid-sensitive down-regulation in aged rodents; this effect is absent from the regions
which are steroid-independent. Interestingly, the CNA is reported to be steroid-sensitive, yet

does not show down-regulation of binding in previous studies?3*.
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The results from the current study confirm that IP OT in aged mice is an effective appetite
suppressant. It also confirms reports that aged animals are more sensitive to anorexic
pharmaceuticals as a lower dose of the drug is sufficient to generate a decrease in
consumption at an old age as compared to their adult counterparts. The feeding-related brain
circuitry is altered in age, as confirmed by previous reports in rats. The key brain sites
suspected to be the leading cause of the altered response in age is the ARC and DMH. The
activation of the relevant sites is achieved by a lower dose than what is typically required in

adults, likely resulting in the modified behaviour.
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Chapter 5

Conclusions

IP OT decreases food consumption in aged and adult male mice

The lowest effective dose in supressing consumption of solid diets in aged animals is
0.3 mg/kg, whereas a higher dose of 1 mg/kg is required to elicit the same response
in younger adults.

OT in aged mice supresses sucrose intake at 1 mg/kg and milk at 0.1 mg/kg, whereas
in young adults, sucrose and milk intake are supressed at 1 mg/kg dose of OT.

The effective dose of 0.3 mg/kg in aged animals increased activation of the PVN, CNA,
NTS, and ARC and decreased activation of VMH and DMH areas. On the other hand,
the 0.3 mg/kg dose in adults resulted in increased c-Fos IR only in PVN, CNA, and NTS

and a decrease only in the VMH.
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