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CHAPTER 1: GENERAL INTRODUCTION



1.1 EATING DISORDERS

Eating disorders (ED) refer to the disturbances in eating habits characterized by excessive food
intake or restriction resulting in energy imbalance. They are often associated with high
comorbidity and chronic severe health consequences, due to resistance to conventional
treatments by some subsets (Abbate-Daga et al., 2013; Novelle & Dieguez, 2018). Their cause is
elusive, with social, psychological, and biological processes all seeming to play a significant part
(Fairburn & Patel, 2014). Although the prevalence of ED has remained stable, the high mortality
rate and their association with other psychiatric disorders, have generated great public interest.
Also, it has posed a challenge to clinicians and a concern to researchers in an attempt to clarify the
genetic, neurochemical, and physiological substrates implicated in their development (Fairburn &
Patel, 2014).

Previously, in the Diagnostic and Statistical Manual of Disorders, Fourth Edition (DSM-4), ED were
classified as anorexia nervosa (AN), bulimia nervosa (BN) and atypical eating disorders (Marzilli et
al., 2018). Currently, in the (DSM-5), changes have been made in the classification of ED: AN, BN,
and binge eating disorder (BED). The category "Eating Disorders Not Otherwise Specified" has
been renamed as "Unspecified Feeding or Eating Disorders (Knoll et al., 2014).

AN is primarily denoted by extreme low body weight and an intense fear of its increase, distorted
body image, and a global endocrine dysregulation predominantly in women and adolescent girls
(DSM-5) (Harrington et al., 2015; Schorr & Miller 2017). It has a lifetime prevalence of 0.3 - 0.9 %
with onset predominantly during the early adolescence stage; however, prepubescent onset and
diagnosis in women in midlife and early adulthood are also common (Bulik, Yilmaz & Hardaway,
2015). Due to the presence of a regular menstrual cycle in some women with low body weight and
presenting most psychiatric features of AN, amenorrhea is no more included in the AN
diagnosis criteria (DSM-5; Harrington et al., 2015; Schorr & Miller 2017).

BN is characterized by repeated binge eating, followed by behaviors to counteract it, such as
vomiting, excessive exercise, taking laxatives, or using diuretics to prevent weight gain (DSM-
5; Harrington et al., 2015; Skunde et al., 2016). The lifetime prevalence of BN is 0.8 — 2.9 % and
predominant in females compared to males. The onset is normally later than in AN but can also
occur during the adolescent stage (Bulik, Yilmaz & Hardaway, 2015). Individuals with BN usually
have normal weight or overweight and unlike in the DSM-IV, a purging episode of at least twice a
week for six months has been reduced to once a week for three months in the DSM-5 for BN

diagnosis (Harrington et al., 2015; Bulik, Yilmaz & Hardaway, 2015). Due to the frequent vomiting
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in BN patients, there is usually the presence of dental enamel erosions and gum
diseases (Harrington et al., 2015).

BED, introduced in May 2013 as a separate type of ED (DSM-5), is noted as one of the most serious
types of ED among the youths, early to mid-'20s (DSM-5) (Bulik, Yilmaz & Hardaway, 2015; Nicholls
et al., 2016; Marzilli et al., 2018), with a lifetime prevalence estimated between 2 and 3.5 % (Bulik,
Yilmaz & Hardaway, 2015). It is characterized by frequent intake of a large amount of food without
compensatory behaviors as observed in BN (Marzilli et al., 2018). Subjects usually have feelings of

low self-esteem, loss of control, and marked distress (Hilbert et al., 2011; Marzilli et al., 2018).

1.2 ANOREXIA NERVOSA

Amongst all the eating disorders, AN is known to be the most severe type recording the highest
mortality rate of any psychiatric disorder (Franko et al., 2013). It is a complex and multifactorial
disorder resulting from environmental stressors as well as genetic factors in which, according to
twin studies, heritability estimates in the range of 48 — 74 % have been indicated (Casper et al.,
2008; Ribases et al., 2013; Madra & Zeltser, 2016: Duncan et al., 2017). A recent work that
analysed a theoretical ED model argued that patients with AN present a profound and significant
alteration in a wide network of brain areas related to the development of the integrative function
of the self (Amianto et al., 2016). In addition, authors also mention a strong association between a
deficit in the self with attachment insecurity, sociocultural factors, traumatic experiences and
genetic vulnerabilities of being underweight (Amianto et al., 2016).

Increased activity of the hypothalamic-pituitary-adrenal (HPA) axis is among the primary indicators
of anorexia nervosa (Hancock & Grant, 2009). In animal models experimental manipulations, such
as early maternal separation, premature weaning, and social isolation, are used to analyse some
aspects of the human AN disorder. These manipulations result in the hyperactivity of the HPA axis
in these models, hence, confirming the alteration in this axis as a risk factor for the development
of anorexia (Hancock & Grant, 2009).

The severe malnourishment observed in AN patients results in endocrinological and cardiological
dysfunctions as well as numerous abnormalities within the digestive, skeletal, and reproductive
systems (Grzelak et al., 2017).

It is worthwhile also to mention that, differences exist amongst AN patients and these differences

stem from the subtypes of AN (restrictive and bulimic-purging type), the course and stage of the
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disorder, attitude towards treatment, and how some patients perceive consequences of the
disorder (Abbate-Daga et al., 2013; Grzelak et al., 2017).

A well-marked treatment for AN condition is still not known; nevertheless, significant advances
and understanding of the underlying biology in this condition have been elucidated thanks to basic
research in several animal models (van Elburg et al., 2007; Bulik, Yilmaz & Hardaway, 2015). This
milestone is essential because it has contributed to the development of more satisfactory and
effective pharmacological treatment to minimize the low quality of life, high treatment cost, and

high mortality rate observed in the AN patients (van Leeuwen et al., 1997; Welch et al., 2018).

1.3 ANIMAL MODELS USED IN THE STUDY OF ANOREXIA NERVOSA

During the last years, several animal models have been devised to simulate replicable biological
correlates and underline the pathophysiological condition in AN patients (Table 1) (van Leeuwen
et al., 1997). Even though not always feasible to satisfy, an optimal AN model should have some
essential characteristics (Zgheib et al., 2014). In particular, the animal model should be developed
in young animals (preferably females) and be of enough duration to allow for long-term
adaptations as well as the development of changes/alterations in tissues. Moreover, the
experimental model should reflect original features seen in AN patients and include, if possible, a

recovery phase (Zgheib et al., 2014).

1.3.1 Genetic model

Models with spontaneous mutations and genetically engineered animals are used in the study of
AN disorder to analyse the involvement of several genes in feeding and metabolism (Alliot et al.,
2002; Nilsson et al., 2013; Bulik, Yilmaz & Hardaway, 2015). The pro-melanin-concentrating
hormone gene, which encodes the neuropeptide melanin-concentrating hormone, has been
elucidated in a kind of knockout mice, the Pmch-/- mice (Bulik, Yilmaz & Hardaway, 2015). It was
observed that the absence of the gene’s product causes hypophagia and lean phenotypes, which
resulted in reduced body weight and food intake and upon intracerebroventricular injection of the
peptide in the knockout mice, food intake was increased (see Table 1) (Bulik, Yilmaz & Hardaway,
2015). Another spontaneous mutation model, the Lou/C rat, has typical symptoms observed in
anorexia including an up-regulation in expression of AgRP and NPY and a downregulation in
ghrelin and leptin levels (see Table 1) (Alliot et al., 2002). Although these kinds of models are

appropriate to study some characteristics of anorexia, there are some limitations: for instance, in a
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model with spontaneous mutations such as the anx/anx mice, animals do not reach puberty due
to their short life span (about 3 weeks after birth) (see Table 1) (Maltais et al., 1984; Lindfors et al.,
2011); however, it has been validated as an excellent model of anorexia-cachexia syndrome
characterized by an inflammatory response (Lindfors et al., 2011).

The monoamines, especially dopamine and serotonin alterations, have been implicated in
AN (Szczypka et al., 2001). A dopamine and norepinephrine deficient mice developed by targeting
the tyrosine hydroxylase coding sequence in mice, DA-/- mice, was used to analyse the effect of
dopamine on activity and feeding behaviors (Szczypka et al., 2001). The mice usually grow about a
week but gradually become hypophagic and undersized due to inadequate feeding and die by four
weeks of age. L-DOPA daily treatment was observed to increase the locomotor and feeding
behavior of these mice however, these behaviors decline after few hours once the DA is
metabolized (see Table 1) (Zhou & Palmiter, 1995; Szczypka et al., 2001). Authors reported a
regular neural development in the DA-/- mice, indicated by the observation of DA neurons and
their terminals after an immunostaining technique with an antibody against the enzyme that
converts L-DOPA to DA; however, an aberrant DA signaling in the mice was observed (Zhou &
Palmiter, 1995; Szczypka et al., 2001). This model, as much as being efficient in the study of some
underlying mechanisms in AN, is limited because L-DOPA administration has a time
window (Szczypka et al., 2001).

Mechanisms linked to processes regulating feeding and metabolism can be studied with the
genetically engineered animal models (Alliot et al.,, 2002), but these models do not allow the
evolution of the anorexic phenotype (Lindfors et al., 2011); hence, environmental models able to

cover a broader aspect of the pathology are recommended.

1.3.2 Environmental model

Under minimal presentation of a stressor, the brain correctly copes with the new condition by
activating the autonomic nervous system and the HPA axis (Quaedflieg et al., 2013). The former
acts to increase alertness and arousal by inducing the release of adrenaline and noradrenaline,
whereas the latter activates memory processes by inducing the release of
glucocorticoids (Quaedflieg et al., 2013). When the effect of a stress is seen shortly after induction,
it is termed immediate, whereas, when a time-period is allowed between the stress and its effects
it is termed historic stress (Corwin & Buda-Levin, 2004). The latter is suitable in the analysis of

vulnerabilities provoked by certain early life events, as seen in several eating disorders (Rorty et
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al., 1994: Corwin & Buda-Levin, 2004). For instance, in the work of Rorty et al., the authors
reported that women with bulimia nervosa have generally experienced elevated levels of trauma
during the childhood period (Rorty et al., 1994).

Models based on stress, either acute or chronic, use procedures such as, but not limited to, tail
pinching, cold swim, exercise wheels, direct brain stimulation, maternal separations, and physical
isolation (van Leeuwen et al., 2011). Acute stress is reported to be associated with increased
activation of neurons involved in stressful stimuli processes and responses, whereas those induced

with chronic stress usually have lowered effects due to adaptation (Chagra et al., 2011).

1.3.2.1 Separation induced weight loss model

This model has been elucidated partially in several articles (Hao et al., 2001; van Leeuwen et al.,
2011). Seventeen-weeks old female Sabra mice were housed in a cage fitted with Perspex
partitions in order that they could see but not touch or smell each other and transferred to the
same cage during the feeding time (Casper et al., 2008). In the original protocol, two main
procedures were employed for the food restriction, aside from the primary stressor being
separation. Groups of animals received either a percentage of the calculated daily nutritional
requirement or underwent a 1 hr per day feeding schedule with a 24-hr water supply (Hao et al.,
2001; van Leeuwen et al., 2011; Zgheib et al., 2014). The separated groups were noted to have a
restricted food intake and an increase in energy expenditure (van Leeuwen et al., 2011). The
separation, according to Hao and colleagues (2001), can induce physiological consequences such
as decreased bodyweight, spontaneous T-maze alternation, depletion of both norepinephrine (NE)
and dopamine (DA) as observed in AN patients (see Table 1). The administration of tyrosine
reversed the decreased NE and DA concentration in the hippocampal region through an
intraperitoneal injection leading to an improvement in the behavioral analysis (Hao et al., 2001;

Zgheib et al., 2014).

1.3.2.2 Separation based anorexia (SBA) model

A group of researchers headed by Zgheib in 2014 coined the name SBA as a model to study
anorexia (Zgheib et al., 2014). The model evolved from the ‘separation induced weight loss model’
with the inclusion of a feeding scheme where food is gradually reduced from 6h to 2h a day along
with the protocol. It was used in seven-week-old female C57BL/6J mice, and it encompassed a

time-restricted feeding and stress induced by separation. The combination of both time-restricted



feeding and separation contributed to severe body weight and fat mass decline; however, food
consumption was not affected, thus, indicating a modified energetic balance (Table 1) (Zgheib et
al., 2014).

Authors underlined essential aspects of this model mentioning that the SBA can induce a fast
bodyweight decline of at least 25% of the initial weight and the bodyweight reduced could be
maintained for a period, 8-10 weeks, permitting a long-term protocol of recovery. Moreover,
animals under this model exhibited hypogonadism and alteration of vital endocrine parameters
(e.g., hypoleptinemia) (Table 1) (Zgheib et al., 2014).

Taking together, the SBA model is confirmed as a valuable tool to analyse some of the primary

physiological alterations observed in AN patients.

1.3.2.3 Activity based anorexia (ABA) model

ABA model was introduced by Routtenberg and Kuznesov (1967) and described as the first
principal model for self-starvation in animals (Routtenberg & Kuznesof, 1967; Boakes RA, 2007,
van Leeuwen et al., 2011). In the original ABA model, adult male albino rats were exposed to a
restricted feeding scheme, 1 hr per day, free access to water and unlimited access to a running
wheel (Table 1) (Routtenberg & Kuznesof, 1967; Boakes RA, 2007; van Leeuwen et al., 2011; Welch
et al., 2018). This induced a steady weight loss over 14 days (Routtenberg & Kuznesof, 1967;
Boakes RA, 2007) as rodents starved themselves to death and the weight loss could only be
stopped once the rodents were removed from the ABA protocol (Routtenberg & Kuznesof,
1967). Paradoxically, the loss of the weight was accompanied by an intense activity on the running
wheel. The ABA model is demonstrated to have a significant impact on energy metabolism, reward
circuitry, and bone physiology, alterations present in about 80% of AN patients (Table
1) (Hebebrand et al., 2003; Zgheib et al., 2014).

The extent of weight loss associated with the wheel activity is influenced by many
factors (Gutierrez et al., 2002). One primary factor is age: the effect is much stronger in younger
rodents (Woods & Routtenberg, 1971; Boakes RA, 2007); rodents that received enough maternal
interaction were less affected when subjected to the protocol (Carrera et al., 2006; Hancock &
Grant, 2009); a more extended feeding period or increase in the number of feeding times at the
same total time duration as a single period indicated a slower weight loss and less likely for self-

starvation to occur (Carrera et al., 2006; Boakes RA, 2007). Reducing the period spent on the



running wheel also allowed to regulate the effect (Hancock & Grant, 2009). Thermogenic
homeostasis has been debated to be one of the reasons for the excessive activity due to the
assertion that rodents (especially rats) prefer a warmer body temperature when there is a

progressive loss in their body weight (Sakurada et al., 2000; Boakes RA, 2007).

1.3.2.4 Mild-stress ABA protocol

Due to the rapid weight loss and intense running induced by the ABA original protocol, most
features cannot be studied since the rodents either die early or are removed from the paradigm in
order to survive (Routtenberg & Kuznesof, 1967). A mild-stress ABA protocol has been observed to
produce suppression of food intake and reduction of body weight characteristic of the original ABA
protocol but to a lesser extent than that produced by unlimited wheel access (Hancock & Grant,
2009; Farinetti el al., 2020). This reduced progression of the disorder, primarily from the running-
wheel access modulation, is essential to allow time for the development of alterations
characteristic of anorexia since these alterations are mostly present at the later stages of the
disorder (Zgheib et al., 2014).

In the work of Hancock and Grant it was stated that “even under the relatively mild conditions of 2-
hr running wheel access in combinations with a 1-hr restricted feeding schedule, our animals

demonstrated features characteristic of ABA” (Table 1) (Hancock & Grant, 2009).

1.3.3 Distinctiveness of the ABA protocol

ABA is a bio-behavioural phenomenon described in rodents that can simulate features or
symptoms of the human AN disorder including the restricted food intake in the presence of
hunger, weight loss, drive for activity, and the physiological consequences of under-nutrition;
however, it does not explore the socio-cultural factors of the disorder (Casper et al.,
2008; Hancock & Grant, 2009; Chowdhury et al., 2015). Notwithstanding, ABA models share many
behavioral and physiological parameters similar to patients with AN (Lamanna et al., 2019). An
important aspect of the model is the interrelationship between time-limited food availability and
running wheel activity: separately, no significant impact is observed (Foldi et al., 2017) especially
on body weight because when only food-restricted subjects quickly enhance food intake to
increase their weight (Foldi et al., 2020). The synergy between these two factors of the ABA model
allow investigation of the effect of stress in order to bring to light some aspects of AN

relapse (Chowdhury et al., 2015).



The body mass index, measured as the ratio between body mass (kg) and the square of height (m),
is one of the main factors considered in treatment efficacy in AN (Wu et al., 2014, Carter et al.,
2004). In fact, previous studies geared towards the analysis of relapse in AN primarily considered
body weight loss (Carter et al., 2004). Similarly, in the ABA protocol, the subject is removed from
the protocol after attaining a weight loss of 25% with respect to baseline body weight
(Routtenberg & Kuznesof, 1967).

A salient feature observed in patients with AN is the poor cognitive flexibility associated with
excessive cognitive control (Lamanna et al.,, 2019). Cognitive inflexibility, responsible for the
appetitive control inhibition and a persistent drive for weight loss irrespective of the negative
effect of starvation, is a parameter involved in the development of the AN pathology in the acute
phase and contributes to the difficulty in disease treatment (Allen et al.,, 2017, Lamanna et al.,
2019; Foldi et al., 2020). Interestingly, this deficit in AN patients has been evaluated in an ABA
model using the attentional set-shifting test (ASST) (Allen et al., 2017). This test allows for the
analysis of performance in discriminative learning, reversal learning and set-shifting. Compared
with weight loss-paired control group, authors observed that ABA-induced weight loss (about 20%
loss) had a significant alteration in reversal learning, a deficit reversed following weight
restoration. Thus, the utility of the ABA model could help to study the cortical dysfunction in such
deficits (Allen et al., 2017).

In relation to memory, the hippocampus is very instrumental due to its function of transmitting
memory content from short to long-term (Schalla et al., 2019). Analysis of this structure in AN
patients revealed a markedly reduced volume (Connan et al., 2006; Lamanna et al., 2019). This
defect suggests memory impairment even though no significant reduction in memory
performance was found in the patients. In comparing two groups of ABA rats: one group was
sacrificed directly after reaching a 25% body weight loss (acute starvation) and other group was
kept for an additional two weeks receiving adjusted food intake to maintain the 25% body weight
loss (chronic starvation), authors observed a reduction in the hippocampal volume as well as the
regulator of the hippocampal function, 17-beta oestradiol during the chronic starvation period The
reduction was associated with a profound memory impairment during a novel object recognition
(NOR) task (Paulukat et al., 2016; Lamanna et al., 2019). A Barnes maze test showed that the
impairment was related to contextual but not spatial memory (Boersma et al., 2016). The changes

related to the hippocampus could in part, be associated with altered production of molecules such



as cortisol (in humans) and corticosterone (in animals), a hormone known to endanger neurons of
the hippocampus (Connan et al., 2006).

Again, the ABA model allows for the monitoring of cerebral changes. Investigators doing a study in
adolescent female Wistar rats observed changes in brain volumes, especially in the cerebral cortex
and corpus callosum in a chronic starvation condition. The reduced volume was associated with
reduced astrocyte number (Frintrop et al.,, 2018). Among their many functions, astrocytes are
implicated in supplying energy to neurons due to the limited capacity of neurons to store energy
(Bélanger et a., 2011). Their reduced number, as explained by the authors, could compromise the
energy metabolism of neurons, hence, impairment in neuronal functioning (Frintrop et al., 2018).
Again, using statistical parametric mapping (SPM2) strategy to analyse regional brain metabolic
changes in ABA models, authors confirmed a decreased metabolic activity in the left rhinal and
bilateral insula cortex and bilateral ventral striatum (van Kuyck et al., 2007). ABA rats according to
the authors, showed higher metabolic activity in areas such as mediodorsal thalamus, ventral
pontine nucleus and cerebellum, concluding that metabolic changes in brain areas in the ABA rats
correlate with weight loss and disease status (van Kuyck et al., 2007). Interestingly, the role of the
insula has been investigated also in humans affected by AN (Nunn et al., 2008). Nunn et al. using a
predominance model, observed that individuals susceptibility to developing AN stems from
an impairment in the neural networks converging upon the insular cortex, a condition which
impeded the correct integration of visual and body perceptions with emotions and the inhibition
of higher cognitive processes (Nunn et al., 2008). Further functional magnetic resonance imaging
(fMRI) studies have been performed comparing recovered AN with ill AN women (Frank et al.,
2016; Oberndorfer et al., 2013). These studies found only a heightened activation in the posterior
and anterior insula in recovered subjects but, in addition to the higher insular response,
alterations in other brain regions especially areas associated with dopaminergic function were
observed in the ill AN individuals (Frank et al., 2016; Oberndorfer et al., 2013). Suggestively, the
increased posterior insular response could be a premorbid condition and able to persist even after
recovery (Frank et al., 2016; Oberndorfer et al., 2013).

Currently, conditions such as starvation-induced immunodeficiency and atrophy of the spleen and
thymus typically observed in the ABA animal models have not been found in individuals with AN;
on the contrary, some authors have reported an increased immune function in the human
AN patients (Casper et al., 2008; Chowdhury et al., 2015; Armstrong-Esther et al., 1978). Toll-like

receptors (TLRs) are proteins that have a key regulation in innate immune response to bacteria
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and also involved in the control of food intake (Belmonte et al., 2016). Using the ABA mice model,
Belmonte et al., 2016, observed an upregulation of the TLR4, a condition which contributed to the
regulation of intestinal inflammatory response and limitation of bacterial translocation. Authors
suggested that TLR4 has a protective role due to the high mortality rate that was evident in TRL4
deficient ABA mice (Belmonte et al., 2016).

Evidentially, irrespective of the limitation of the model in mimicking the psychological aspect of
AN, studies employing the ABA protocol have contributed immensely to the establishment of a

biologically- based causative model (O'Hara et al., 2015).
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Table 1: Summary of animal models with observed alterations in the study of AN
ANIMAL MODELS| STRAIN USED SEX FEATURES OBSERVED REFERENCES
ALTERATIONS
Genetically Pmch” mice n.m. J body adiposity Bulik, Yilmaz &
modified (pups) J food intake Hardaway (2015)
I body weight
DA”" mice n.m. { locomotion Zhou & Palmiter
(pups) J food intake (1995)
Impaired DA signaling [Szczypka et al. (2001)
anx/anx mice n.m. Short life span { body weight Maltais et al. (1984)
(pups) Anorexia-cachexia J food intake Lindfors et al. (2011)
model Head weaving Bulik, Yilmaz &
Body tremors Hardaway (2015)
Uncoordinated gait
“Mserotonin
Albino Lou/C rat n.m. {ghrelin Alliot e al. (2002)
(pups) {leptin
M AgRP
MNPY
Separation Sabra mice (17- Females |Separation as stressor J food intake van Leeuwen et al.
induced weight weeks old) 1-hr feeding time {d body weight (1997)
loss or % of food UNE and DA Hao et al. (2001)
Menergy expenditure | Zgheib et al. (2014)
Altered T-maze test
Separation based | C57BL/6J mice Females |Reduced feeding time { body weight Zgheib et al. (2014)
anorexia (SBA) (7-weeks old) from 6 - 2 hrs { fat mass
Recovery period Hypogonadism
Hypoleptinemia
Activity-based Albino rats Males 1-hr feeding period J body weight Routtenberg et al.
anorexia (ABA) (adult) 23-hr/day wheel { food intake (self- (1967)
access starvation) van Leeuwen et al.
C57BL/6 mice Males and Effect stronger in M physical activity (1997)
(8-weeks old) females younger female Loss of estrous cycle Hebebrand et al.
models Immunodeficiency (2003)
Sprague-Dawley | Males and Greater Atrophy of spleen and [Boakes et al. (2007)
rats females susceptibility of male thymus Casper et al. (2008)
(8-weeks old) C57BI/6 mice Hypometabolism in | Hancock et al. (2009)
compared with female| ventral striatum and | Zgheib et al. (2014)
mice insular cortex Perez-Leighton et
No information on Alteration in reward al. (2014)
psychological aspects circuitry, bone Achamrah et al.
of AN physiology (2017)
Welch et al. (2018)
Mild-stress ABA | Sprague-Dawley | Malesand | Maternal separation Jfood intake Routtenberg et al.
PROTOCOL rats Females 1-hr feeding period J body weight (1967)
(pups) 2-hr/day wheel access| “physical activity | Hancock et al. (2009)
Jd reduced anxiety in | Zgheib et al. (2014)
females Farinetti et al. (2020)
Memale vulnerability
Manxiety in males
Note: The table contains a list of observed alterations following the implement of diverse types of animal models

employed in AN studies.
n.m (not mentioned).
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1.3.4 Gender differences in the AN condition

The susceptibility of AN from human and animal studies has been observed to be higher in
adolescent females. Heightened stress being a major risk factor for AN in the animal
model (Hancock & Grant, 2009), clinical findings have also found an increased vulnerability to the
behavioral and physiological effects of stress in the period when neural regions and
neurotransmitter and hormone systems that modulate HPA axis activity undergo developmental
change (Hancock & Grant, 2009). This period is normally at the adolescence stage (Hancock &
Grant, 2009). Females become increasingly susceptible to stress during adolescence due to the
contribution from various sex hormones facilitating effect on the HPA axis activity (Hancock &
Grant, 2009; Iwasaki-Sekino et al., 2009). The contrary has been noted in the adolescent males
where this stage is marked by the inhibitory effect of various male sex hormones on the axis,
hence dampening the stress susceptibility (Hancock & Grant, 2009). There is a sex difference in the
stress peptide, corticotropin-releasing factor, CRF, mRNA expression in two main stress-related
regions, paraventricular nucleus of the hypothalamus (PVN) and the central nucleus of the
amygdala (CeA) (lwasaki-Sekino et al., 2009). Authors in an attempt to understand the high HPA
axis activity in females and the female prevalence in AN condition, induced two main stressors, a
psychological stress (PS) and an electric foot shock (FS) stress, in proestrus and estrus females and
in male rats (lwasaki-Sekino et al., 2009). They found a significantly greater PS-induced inhibition
of food intake in female rats than in the male rats while electric FS-induced inhibition of food
intake was almost the same in both gender (Iwasaki-Sekino et al., 2009). Acute or chronic stress is
also observed to decrease CRF mRNA expression levels in males but not in females (Viau et al.,
2005). The linear correlation between stress hormone levels and running wheel activity, explains
in part the higher incidence of AN condition in female adolescents (Hancock & Grant,
2009; Boakes RA, 2007; Routtenberg & Kuznesof, 1967; Sakurada et al., 2000).

Despite the reasons mentioned above for the higher susceptibility in females, other animal models
under the ABA paradigm have reported conflicting results (Welch et al., 2018). For instance, in the
C57BL/6 male mice, there was the observation of a decreased food intake, and a higher mortality
rate (Welch et al., 2018).

It is recommended that females and males be always analysed together to clarify the discrepancy
amongst the different sexes in the ABA paradigm. The inclusion of both sexes could help not only
to confirm the sex susceptibility but also to correctly examine the different effects in both sexes

under the same protocol timeline.
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1.4 STRESS IN THE EARLY LIFE ENVIRONMENT

The period surrounding birth and development of an organism has a significant impact on the
shaping of physiological functions such as growth, metabolism, reproduction and immune
response (Pryce & Feldon 2003; Nishi et al. 2014). Exposure during this period to stressors,
including but not limited to verbal abuse or emotional neglect, does elicit transient responses
necessary for survival, but to a greater extent, causes profound and long-lasting effects in the
individual (Carrasco & Van de Kar, 2003; Pryce & Feldon 2003; Nishi et al. 2014). The propensity of
stressors to alter structure, physiology and metabolism has led to the establishment of a strong
relationship between early developmental stress and a vast number of diseases including
substance abuse, schizophrenia, unipolar and bipolar depression, panic disorders and suicidal
attempts (Heim & Nemeroff, 2001; Virginia Mela et al., 2012; Paternain et al., 2012).

In animal studies various modifications, both in behaviour and the neuroendocrine system in
adulthood, are observed when separation-stress occurs in the early postnatal/developmental
period (Barbara Aisa et al., 2006). This period is characterized by a reduced stress response
keeping glucocorticoids levels at minimal (Sapolsky & Meaney, 1986; Varga et al., 2013). A
longitudinal study using histamine stress indicated a stable corticosterone levels with reduced
response to stress in pups between day 3 and 16 (Sapolsky & Meaney, 1986). More importantly, it
has been observed that once response to stress occurs during the early postnatal period, its
suppression was highly prolonged as compared to the adult situation (Sapolsky & Meaney, 1986).
Taken together, the reduced levels and response during the early postnatal period dampens the
prolonged catabolic effect, hence, ensures a higher anabolic state needed for an optimal central

nervous system development (Sapolsky & Meaney, 1986).

1.4.1 Maternal separation (MS)

MS, a robust animal paradigm, is used to simulate and study the emotional deficits of maternal
neglect in rodents as they occur in humans (Carrera et al., 2009; Paternain et al., 2012). The HPA
axis is instrumental in neuroendocrine homeostasis (Pryce & Feldon, 2003). The axis development
is known to occur during the early postnatal period under optimal dam-pup interaction (Sapolsky
& Meaney, 1986). The correct interaction establishes non observable events that confer salient
homeostatic effects (Pryce & Feldon, 2003). Thus, the implementation of the MS procedure
precipitates adverse neonatal events that predispose to the development of various kinds of

diseases later in life (Nishi et al., 2014).
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Length of postnatal separation day (e.g., 1 - 14 days, 2 - 6 days, 2 - 21 days, 15 - 21 days) and the
duration (e.g., 5h/day, 3h/day, single 24h) of the MS procedure are different among laboratories
(Biagini et al., 1998; Carrera et al., 2009; Tjong et al., 2010; Nishi et al., 2014). Based on the length,
duration and mode of separation, a variety of types have been coined (Pryce & Feldon, 2003). MS
usually refers to the removal of the whole litter from the dam for a couple of hours across
postnatal days. Although similar to the single MS, the latter involves a single 24-hour separation. In
dam and infant deprivation, the dam is removed from the home cage and pups are individually
separated from the dam across postnatal days, respectively (Pryce & Feldon, 2003).

The effect of MS has a time window as reported by Carrera and Gutierez: ‘brief periods of maternal
separation in rats in the first 21 days of life (15 min/day) reduced stress-response vulnerability with
a decreased weight loss and activity compared to longer periods of separation (3 hours/day)’, an
analysis stemming from an altered brain metabolism (Carrera & Gutiérez, 2006).

Despite most laboratories indicating adverse effects, results obtained from different groups using
the MS paradigm have been conflicting (Oomen et al., 2010; Fujimoto et al., 2014). Observations
reported using this paradigm include, but not limited to, an alteration in the reactivity of the HPA
axis in response to stress, an assertion that stems from the changes in DNA methylation of several
gene promoters involved in the activity of the HPA axis (Jaimes-Hoy et al., 2019). Agreeably,
neurobiological studies indicated an altered stress responsiveness in adult life when an early
maternal neglect was present (Briere & Rickards, 2007); however, handling, which is the opposite
of MS, was found to dampen the stress reactivity and is proposed as a mechanism able to reduce
the susceptibility to effects induced by activity-based anorexia (Hancock & Grant, 2009). Increased
pain response (with a reduced pain threshold) in response to colorectal distension stimulation was
observed in two-month old maternally separated rats (Tjong et al., 2010); other effects described
were a decreased capacity to cope with novelty and higher plasma level of corticosterone (Biagini
et al., 1998), and a reduced reactivity of astroglia in areas known to be involved in depression and
stress-related behaviour (Leventopoulos et al.,, 2007). Metabolically, body weight has been
observed to be reduced throughout adult life when rats are given a standard chow diet following a
24-hour maternal deprivation during the early postnatal period (Mela et al., 2012). Maternally
separated rats have also been observed to depict different diet preferences after weaning into the
adulthood period (Paternain et al., 2012) with accumulating data suggesting a preference for a
high fat over a standard chow diet (Paternain et al., 2012). Findings in the work of Caslini et al.,

2015, in agreement with other longitudinal studies, confirmed the association between adverse
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early environment and subsequent development of ED. The authors suggested, therefore,
regarding the poor treatment outcomes, especially in AN (Carter et al., 2004), a need for early
screening of abuse in such individuals (Caslini et al., 2015). In animal studies employing the
activity-based anorexia model, female and male rats were observed to be hyperactive and lose
bodyweight drastically, respectively, in the presence of early MS (Farinetti et al., 2020).

Effects caused by exposure to unfavorable environments take a toll on all body systems, but
attenuations in the function of the cardiovascular, immune, gastrointestinal and neuroendocrine

systems are often prominent (Carrasco & Van de Kar, 2003).

16



1.5 REWARD SYSTEM

Throughout evolution, species, including higher mammals like humans, engage in behaviours that
ensure homeostatic balance and continued survival (Schultz, 1998). An essential aspect of this
behaviour, aside punishment avoidance, is the pursuit of reward (Hu, 2016). Rewards encompass
events geared towards consummatory and approach behaviour characterized by multiple
psychological components, including liking, wanting and learning, activities essential for basic life
processes (Schultz, 2010; Hu, 2016). The coherent pairing of rewards with sensory information has
been found to induce high-frequency activity, a pattern that supports the long-term adjustment of
synaptic transmission (Blythe et al., 2007). Several brain regions involved in the processing and
anticipation of reward-related stimuli in both humans and rodents include, but are not limited to,
the orbitofrontal and anterior cingulate cortex, amygdala, nucleus accumbens, and ventral
tegmental area (VTA) (Berner et al., 2019).

Brain signalling functions such as aversion, salience, motivation, motor control, and in particular,
food reinforcement and rewarding effects have been established to be associated with midbrain
dopaminergic neuron transmission. These assertions stem from studies analyzing effects of
lesions, receptor blocking, electrical self-stimulation, and drugs of abuse (Schultz, 1998; Tritsch et
al., 2014; Lammel et al., 2015; Berner et al., 2019).

The midbrain DA system comprises a complex system of DA neuron subtypes, principally in the
substantia nigra (SN) and VTA, together with almost 30% GABA and 2-3% glutamate neurons
(Lammel et al., 2015; Ferrario et al., 2016).

These neurons have glutamatergic NMDA and AMPA receptors, which modulate dopamine burst
response to reward-related stimuli (Schultz, 2010). Two main pathways characterize the
transmission of the midbrain DA neurons: nigrostriatal and mesocorticolimbic pathways. The
former sends projections from the substantia nigra pars compacta (SNpc) mainly to the caudate
and putamen (dorsal striatum), allowing motor behaviour modulation. In contrast, the latter sends
projections from the ventral tegmental area (VTA) to the ventral striatum and regions of the
prefrontal cortex to modulate cognition, motivation and reward (Kapur & Remington, 1996;

Tritsch et al., 2014).
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1.5.1 Dopaminergic system in AN

In the presence of food shortages, animals physiologically respond by adopting a foraging strategy
intended to create a positive energy state (Sodersten et al., 2016). This response is observed to
impact stress neuropeptides, resulting in increased stress response (Holly et al., 2015). The
location of the corticotropin-releasing factor (CRF) and its receptors, precisely the CRF-R2, within
the VTA consequently activates the dopaminergic system (Sodersten et al., 2016; Holly et al.,
2015) and its termination sites such as the nucleus accumbens (Sodersten et al., 2016). Repeated
stress exposure arising from caloric restriction and intense physical activity, as in anorexics, is not
surprising in sustaining altered adaptations in the dopaminergic system where dieting and physical
activity become rewarding at the expense of food intake (Sodersten et al.,, 2016; Holly et al.,
2015). The prevailing characteristics of AN indicate a remarkable anomaly in the rewarding value
of food and exercise, parameters known to be under the control of the dopaminergic pathway
(DSM-5).

Most neuroimaging studies have confirmed changes in activation patterns within the brain reward
circuit in AN patients. A study that used a positron emission tomography (PET) imaging with the
radioligand [”C]raclopride to compare D2/D3 receptor function between controls and women
recovered from AN observed an increased D2/D3 receptor binding in recovered AN subjects (Frank
et al., 2005). The authors explained the increased receptor activity in the recovered subjects as a
‘persistent scar from the illness’ due to changes in dopamine activity at critical developmental
periods (Frank et al., 2005). Similarly, the major metabolite of dopamine in humans, homovanillic
acid, was reduced in cerebrospinal fluid of restricting-type AN patients and persisted even after
more than a year of recovery compared with healthy control women (Kaye et al., 1999). The
possible altered metabolism of DA, as suggested by the authors, contributes to the maintenance
of the disorder and high relapse after recovery (Kaye et al., 1999). Anhedonia, characterized in
part by the aversiveness to food-related stimuli, in AN patients has also been observed to be
regulated by the mesolimbic dopamine system (Foldi et al., 2017). Analysis of responsivity to
images of thin bodies in a reward-related region, the ventral striatum, was shown to be higher in
AN compared to control individuals (Frank et al., 2012) confirming the little to no pleasure in
anything in life aside the pursuit of body weight loss in AN patients (Kaye et al., 1999).

Dopamine analysis in animal models has been examined in several research works employing
antipsychotics. Mistlberger and Mumby, 1992, using ablation and pharmacological procedure,

reported a decline in activity levels after administering a higher-dose dopamine D2 receptor
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antagonist (Mistlberger & Mumby, 1992). Agreeably, at lower concentrations, the non-selective
antagonist for the D1/D2 receptor, cis-flupenthixol, resulted in activity levels in female Wistar ABA
rats (Verhagen et al., 2009). The D1 dopamine receptor is implicated in cognition, rewarding and
motor activating effects and is altered in diseases with profound cognitive defects. Performing an
intracerebroventricular injection of the D1 and D2/3 DA receptor agonists, SKF-82958 and
quinpirole, respectively, authors observed a further increase in activity levels of food-restricted
Sprague Dawley male rats compared to ad lib fed group (Carr et al., 2003).

As noted, dopamine neurotransmission is important in reward seeking behaviours both in human
and animal studies. Although it works in tandem with multiple systems, its contribution to
hyperactivity in the AN condition cannot be overlooked due to reduction of motor behaviour upon
selective dopamine lesions and antagonists administration (Kelly et al., 2005). However, how the
activation of the dopaminergic mesolimbic rewards pathway reinforces physical activity during
food restriction and, in the contrary, in anorexic patients such as in ABA rodents is still in part

elusive.

1.5.2 Serotonergic system in AN

The serotoninergic system, with its neurons widely distributed in strategic anatomical locations,
including the gut, seems to be implicated in the pathogenesis of the AN disorder (Blundell, 1984;
Lesch & Merschdorf, 2000; Mann JJ, 1984). These neurons have their cell bodies densely located in
the raphe nuclei and project towards the forebrain, striatal and limbic regions (Kaye et al., 2005),
playing essential roles in satiety and mood regulation (Haleem, 2017). Although not directly
related to the reward system, projection of serotonin neurons from the raphe nucleus to the SN
and ventral tegmentum allows for the modulation of dopamine-mediated behaviours (Kapur &
Remington, 1996; Carta, Fadda & Stancampiano, 2006; Haleem, 2017). In fact, psychostimulants
administered to decrease or increase serotonin tone has been observed to increase or decrease,
respectively, the locomotor activity in rats (Carta, Fadda & Stancampiano, 2006).

Serotonin firing has been reported to be inversely related to dopamine release (Kapur &
Remington, 1996), thus increasing the availability of 5HT should reduce the hyperactive effect of
dopamine in AN. However, in AN individuals the amount of the primary amino acid required for
serotonin synthesis, i.e. tryptophan (TRP), is below normal levels due to food restriction, especially
carbohydrate-rich diet. Agreeably, authors administering a TRP — deficient diet in male Sprague

Dawley rats observed a reduction of both striatal content of 5HT and its metabolite, 5-
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hydroxyindolacetic acid (5-HIAA) (Carta, Fadda & Stancampiano, 2006). Also, hyperactivity induced
by amphetamine administration was significantly higher in the deficient rats than the controls and
subjects with a TRP-replenished diet (Carta, Fadda & Stancampiano, 2006).

The cell bodies of 5-HT neurons are located in the raphe nuclei of the midline brainstem and
project to cortex, striatal, and limbic regions. AN is often associated with anxiety-related disorders
and co-morbid with depression (Hancock & Grant, 2009), allowing psychotropic medications such
as serotonin-selective reuptake inhibitors, SSRIs. These drugs have recorded excellent results in
reducing depressive symptoms, although no effect on the food-intake restriction behaviour has
been observed (Madra & Zeltser, 2016). SSRIs are potent desensitisation agents, especially on the
5-HT1A autoreceptor (Haleem, 2017); they work better when sufficient TRP is available, which is
essential for 5-HT production and its metabolites. In AN individuals, the concentration of TRP is
below normal levels hence 5HT and its metabolites. In addition, the activity of the 5-HT1A
autoreceptor is very high (Haleem, 2017). The reduced TRP availability and enhanced activity of
the autoreceptor do not allow the SSRI's to have their therapeutic effect. In recovered individuals
where the concentration of extracellular 5HT is sufficient due to normalised feeding and weight
restoration, it allows the inhibitory action on the autoreceptors to be enhanced, allowing the
release of a higher concentration of 5HT, hence, its consequential effect (Haleem, 2017).

AN, and other psychiatric disorders, is characterised by a loss of serotonin function linked to a
reduction in 5-HT2A receptor binding in the frontal, parietal and occipital cortices both in the
disease state and after weight recovery when compared to healthy controls (Foldi et al., 2020).
Decreased concentration of the primary 5-HT metabolite (5-HIAA) is observed in the cerebrospinal

fluids (CSF) of AN patients (Foldi et al., 2020).
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CHAPTER 2: AIM OF THESIS



Anorexia nervosa (AN) is a psychiatric disorder denoted by extreme caloric restriction,
hyperactivity (in most patients) and a global endocrine dysregulation predominantly in women
and adolescent girls. A principal animal model that combines physical activity and reduced food
intake employed in AN's study is activity-based anorexia (ABA). The model's efficacy in
recapitulating the core features of AN in humans has paved the way for studying the parameters
involved in the development and maintenance of the disorder. Although factors involved in the
evolution of AN is diverse, stress resulting from the adverse early environment has mainly been
analysed. In animal models, this condition is recapitulated using the maternal separation
paradigm, which involves the isolation of the whole litter from the dam for some time across
several postnatal days.

Although there is substantial literature on the effect of adverse early environment on the
susceptibility of AN in human and animal studies (Carrera et al., 2006), not much work has been
focused on analysing the impact of the different activity periods in the ABA protocol in the
presence of early maternal separation. For instance, the food anticipatory activity and
postprandial activity periods have been observed to contribute to the vulnerability to the ABA
protocol (Wu et al., 2014; Klenotich et al., 2012). Hence, combining these two essential protocols,
we aimed to analyse which activity period(s) confer a higher susceptibility to the pathological
weight loss observed in our ABA protocol.

Secondly, changes in subjects' behaviour following induction of ABA protocol in the presence or
absence of the maternal separation stressor were analysed. Analysis of exploratory and anxiety-
related behaviours commonly seen in AN individuals was assessed using the elevated plus maze
and open field tests.

Thirdly, specific brain regions known to sustain the pathophysiology of AN condition both in
humans and animals including the dopaminergic and serotonergic systems were analysed.

In addition, since AN disorder is present in both genders (with a higher female prevalence), we
employed male and females to throw more light on the sex differences in the development of the
AN disorder. The inclusion of both sexes in this thesis would contribute to bridging the gap

between the correlations of AN effects in different sexes.
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CHAPTER 3: EFFECT OF DAM-PUP SEPARATION ON MATERNAL
BEHAVIOUR AND EARLY DEVELOPMENTAL PARAMETERS
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3.1 INTRODUCTION AND AIM OF EXPERIMENT

As mentioned in the general introduction (chapter 1), the emotional deficits of maternal neglect in
rodents as they occur in humans can be evaluated using the MS procedure (Carrera et al., 2009;
Paternain et al., 2012). Among the many alterations that can arise from an adverse early
environment there is the inability to respond correctly to stress during adult life, a condition able
to increase the incidence of developing psychiatric disorders (Pryce & Feldon 2003).

In animals, 3 hours per day separation in male pups was observed to result in a higher anxiogenic
effect upon exposure to stress in adult life (Kalinichev et al., 2002). Changes in response to the
effect of the ABA protocol when a maternal separation is present have also been observed. Among
the many effects documented are the modulation in anxiety-like behaviours when female
maternally separated were compared to non-maternally separated rats. Also, drastic body weight
loss and enhanced activity levels were observed in ABA male and female rats, respectively, in the
presence of an early maternal separation (Farinetti et al., 2020).

An optimal dam-pup interaction, especially in the early postnatal days is crucial to the survival and
development of the pups (Ferreira et al.,, 2012; Sapolsky & Meaney, 1986). When pups are
separated from the dam to a new environment, they become exposed to new odours and
different environmental temperatures. The call and response time of ultrasonic vocalisations
becomes altered (Rees & Fleming, 2001). Although brief periods of separation have been observed
to confer less fear-like behaviour, not the same can be said of long maternal separation (Kalinichev
et al., 2002).

This part of the experiment aimed to observe the interactions between the dam and the pups
during the MS procedure. We also sought to analyse the effect of these changes, if any occurred,
on the evolution of the bodyweight of the rats as they develop, especially on the weaning day. As
a final part, we analysed the food intake and effect of the separation protocol on wheel activity

before the induction of the ABA protocol.
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3.2 MATERIALS AND METHODS

We obtained 6 males 12 primiparous females outbred Sprague Dawley (SD) rats from the Charles
River Laboratories (Lyon, France). The rats were housed in separate cages according to sex for a
one-week quarantine period. Male and female rats were paired in a ratio of 1:2 for ten days, and
afterwards, separated into individual Plexiglas boxes (21 x 45 x 24 cm) with a metal mesh lid used
to place food and water bottles. The floor of the cages was lined with only wood shavings without
any other enrichment. Females remained separated until parturition.

The animals were kept in a temperature-controlled room at 21 + 2 ° C, 60% of relative humidity,
and a 12-hour light-dark cycle, beginning the light period at 8:00 am. All applicable international
and national guidelines for the care and use of animals were followed (European Union Council
Directive 2010/63; Spanish Royal Decree 53/2013), and the procedures performed were under
institutional ethical standards. A schematic representation of the experimental design is depicted

in figure 1.

3.2.1 Maternal separation

On the day of birth, designated as postnatal day (PND) O, we chose litters for maternal separation
and non-handled. The manipulation was conducted once daily, in the morning, from PND 1 to PND
15 (Hancock & Grant, 2009; Farinetti et al., 2020). Briefly, we removed MS pups (a total of 25 and
22 animals for females and males, respectively, divided into CON (ad lib feeding without wheel
access), DIET (food restriction without activity wheel) and ABA (activity wheel with food
restriction) groups; figure 1) from their birth cage, and each litter was placed separately in a
smaller cage with bedding material inside an incubator for 3 hours. Prior to removing MS pups, the
dams whose pups had to be separated were removed from their home cages and put into single
cages (the same cage every day for each dam). The pups were then removed from the home cage
and put together in a small cage (the same cage every day). Pups were collected with some
amount of litter beddings to maintain the scent in the home cage. The cage with the pups was
placed inside a 48 x 30 x 30 cm glass incubator (OVAN, Lovango s.l. Barcelona, Spain) for 180
minutes (3 hours). The incubator had a humidifier system to control the humidity of the chamber
and an in-built thermostat that allowed the regulation of temperature to suit the ages of the pups.

After the 3 hours, pups were immediately put back into the home cage, and the dam returned to
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them. We observed for some minutes if the dam accepted its pups by looking out for behaviours
such as picking the pups with its mouth to a particular spot, licking or covering them with its body.
From PND 1 to 15, pups were placed in the incubator maintained at 55-58% humidity. The
temperature was kept between 33-34 °C from PND 1 to 7 and 31-32 °C from PND 8 to 15. This
modulation in temperature was necessary to ensure pups' survival (Jans & Woodside, 1990).
During the 15 days of separation, non-handled group (a total of 25 and 19 animals for females and
males, respectively) were left undisturbed with their mothers until weaning.

On postnatal day (PND) 21, the non-separated and maternally separated groups (MS is used in the
name of the group as a suffix to distinguish it from non-separated groups) were weaned and
sexed. We took the body weight and subdivided the subjects into same-sex cages, 3-4 rats per
cage, totalling about 15 cages. Male (abbreviated as M) and female (abbreviated as F) rats were
assigned to sex-specific groups: In this way, females were divided into FCON (N = 8), FDIET (8),
FABA (N = 7), MSFCON (N =9), MSFDIET (8), MSFABA (N = 8), and males into MCON (N =5), MDIET
(7), MABA (N = 7), MSMCON (N = 7), MSMDIET (7) and MSMABA (N = 8), see figure 1. We divided
animals into respective groups based on equal or similar body weights in order to avoid
differences in performance in the ABA protocol due to differences in body weights. Food and
water were available ad libitum until animals underwent the experimental procedure. Litter size
ranged from 14 to 16 pups per dam. In order to prevent any additional stress from
standardization, curling of litters was not performed. Each litter remained with its dam until the
weaning period. We used the standard weaning stage in rodents because the early or late weaning
period contribute to variability in behavioural and neurophysiological tests (Bailoo et al., 2020).
From PND 36 to 40, we performed the habituation process. Animals of all groups were weighed
and given weighed amount of food (800 g for males per cage and 700 g for females per cage) on
P36, 38 AND 40. Food ingested was measured within two-day intervals (i.e. P38 and P40) and body
weights recorded. This procedure was essential to control their growth and estimate a baseline
body weight and understand how much they ate in a normal condition. The total amount of food
ingested was divided by the number of rats per cage to estimate the quantity consumed.

On PND 41-42, rats to be assigned to the ABA group were removed from their home cages and
were put for two (2) hours (Carerra et al., 2009) in individual cages with a running wheel to fit the
new environmental context. This pre-exposure was necessary to prevent the neophobic effect
which has been observed to affect activity on the running wheel during the ABA protocol (Carrera

et al., 2006).
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3.2.2 Statistical analysis

Data collected during this section of the experiment were analysed mainly by repeated-measures
ANOVA. All analyses were performed after verifying the normality of the data with the Shapiro
test and were followed, if the main effects were significant, by the Student-Newman-Keuls (SNK)
post hoc test. The SPSS 24.0 program was used to calculate the p values, and the significance

threshold was set at p < .05.
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Figure 1. Summary of experimental protocol and groups analysed prior to the ABA protocol.

The figure shows the type of pairing used during mating (A), protocol timeline (B) and groups analysed (C).

PND (postnatal day), MS (maternal separation), NH (non-handled), ABA (activity wheel with food restriction), DIET
(food restriction without activity wheels), CONTROL (ad lib. feeding and without wheel access).
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3.3 RESULTS: PRIOR TO ABA INDUCTION

3.3.1 Maternal behaviour towards pups upon reunion

The video recording (15-20 minutes) taken upon the reunion of pups with the dam, by
observation, revealed that:

As recorded in Table 2, from PND 1 to PND 5, dams expressed high levels of non-pup directed
behaviours such as cage exploration and self-grooming. Pup directed behaviours such as retrieval,
corporal and anogenital licking and nest creation were minimal. No signs of aggression were
observed during these days.

From PND 6 to PND 15, dams expressed a higher level of pup directed behaviours, especially
crouching and anogenital licking. Non-pup directed behaviour was minimal.

More importantly, we observed unequal maternal attention towards the pups across the entire

separation days.

Table 2: Observed maternal behaviour towards pups upon reunion during separation days

BEHAVIOUR/DAYS | 1 [ 2 [ 3 [ 4 | 5 | 6 | 7 | 8 [ 9 |10]11]12]13[14]15

NON-PUP DIRECTED

CAGE EXPLORATION 3 3 3 3 3 1 1 1 1 1 1 1 1 1 1

SELF-GROOMING 3o 3][3]3]of[o]l1]of[o]1 oo
SCRATCHING oJo[3]o]loJoJoJoJoJo]Jo]JoJo]o]o
PUP DIRECTED

NEST BUILDING NO [ YES [ YES [ YES [ NO [NO [ NO [ NO [ NO [ NO [ NO [ NO [ NO [ NO | NO

IATENCY RETRIEVAL | 3 [ 1 [ 1 |1 [ 1 11 [1]1]ofJofo]of]o]o

DURATIONRETRIEVAL | 1 [ 1 [ 1 [ 1 [ 1 [ 111 [1]o]JofJofo]o]o

LATENCY CROUCHING | 3 [ 3 [ 3 o [ 3 [ 1221111111

DURATION CROUCHING | 1 [ 1 | 2 [ o [ 1 [3 [ 3|3 [3][3]|3[3[3]3]3

ANOGENITALLICKING | 0 [ o [ 2 [ 1 Jo [ 3 [ 33 [3]3]3[3[3]3]3
OTHER BEHAVIOUR(S)

AGGRESSION | NO [ NO | YES | NO [ NO [ NO [ NO [ NO [ NO | NO | NO | NO [ NO | NO | NO

Note: Average frequency of maternal behaviour of all dams towards pups. Recording was made between 15-20
minutes. The following behavioural responses were recorded (Ferreira et al., 2012; Yamamura & Sensui, 1999):
e Self-grooming: The frequency of self-grooming to the nasal region by fore legs.
e Scratching: The frequency of body-scratching with a hind leg.
o Nest building: Involves the dam carrying nest material with her mouth, or pushing it with her paws or snout,
to the (potential) nest site
e Latency to retrieval: The latency to retrieval of the first pup after the return of the litter to the cage.
e Duration of retrieval: The duration for carrying all or more than 6 pups into the nest after the onset of
retrieval.
e Crouching: The time the mother spent crouching over the pups to facilitate suckling, remaining immobile
except for occasional postural adjustments.

® licking: The duration of licking in the anogenital region of the pups.
0 (Absent behaviour), 1 (Lower frequency), 2 (Moderate frequency), 3 (Higher frequency)
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3.3.2 Body weight on the weaning day

As illustrated in Table 4, a two-way ANOVA revealed no main effect either by sex (Fj,s7) =
0.039, p > 0.05) or stress (F,37= 1.783, p> 0.05) when subjects were weighed at PND 21.
However, there was a trend of increased bodyweight for both male and females non-maternally

separated compared to respective maternally separated groups.

3.3.3 Food intake during adaptation period

Although there was no main effect given by the neonatal treatment when food was freely
available, the statistical analysis revealed a main effect of sex on both days analysed (PND 38:
Fi1,87) = 70.867, p < 0.001, PND 40: F(;57 = 34.382, p < 0.001, Table 3). Following the Student
Newman-Keuls (SNK) test, a higher amount of food ingested was observed for NHMALE and
MSMALE compared to respective female groups (PND 38: F(399 = 23.669, p < 0.001, PND 40: F3,90)
=11.792, p < 0.001, figure 2).

FOOD INTAKE DURING ADAPTATION PERIOD
a 42 -
o
S, 40 -
o= 33 -
= o
SE 36 # u
o 34
22
= 32 -
=
S 30 -
MSFEMALE MSMALE NHFEMALE NHMALE
NFI_P38 EFI_P40

Figure 2: The graph represents data on the food ingested (expressed in grams) on selected days during the adaptation
period. The means and the standard error of the mean (SEM) of chow consumed are represented in the graphs.
Number sign (#) = (p < .05) sex differences in the same groups (NHFEMALE vs. NHMALE)

NH (non-handled), MS (maternal separation).

Table 3: Two-way univariate ANOVA main effects

PARAMETERS SEX (M/F) STRESS (MS/NH) INTERACTION
FEEDING TESTATPND 38 | F; 4, =70.867, p <0.001 n.s n.s
FEEDING TESTATPND 40 | F; 4, =34.382, p <0.001 n.s n.s

Note: The values of Fand p were obtained through a two-way repeated-measures ANOVA, used to analyse the
possible effects of sex (M vs F), stress (MS vs non-handled) and their interactions on parameters collected prior to the
period of the ABA protocol.

F (females), M (males), MS (maternal separation), NH (non-handled), n.s (not significant).
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3.3.4 Weight evolution prior to ABA induction

The difference in body weight was not observed until PND 40. Although there was a main effect of
sex on PND 38 (F(;,s7 = 6.097, p < 0.05, Table 4), the post hoc analysis did not reveal any significant
difference, p > 0.05. On PND 40, a two-way ANOVA revealed a main effect of sex (F/1,s7 = 6.068, p
< 0.05) and stress (F(1,57) = 5.164, p < 0.05, Table 4). The SNK post hoc test showed a higher weight
for NHMALE compared to MSMALE (F3,90) = 4.003, p = 0.010, figure 3). Also the NHMALE weighed
heavier compared to MSFEMALE and NHFEMALE groups (F3,90) = 4.003, p = 0.010, figure 3).

On PND 43, before the ABA procedure commenced, we observed a main of sex (Fj1,s7 = 13.033, p<
0.001) with NHMALE weighing heavier than both NHFEMALE and MSFEMALE (F;3,90) = 5..141, p =
0.003, figure 3).

WEIGHT EVOLUTION PRIOR ABA INDUCTION
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Figure 3: The graph represents data on subjects bodyweight (expressed in grams) on selected days during the

adaptation period. The means and the standard error of the mean (SEM) are represented in the graphs.

Asterisk (*) = (p < .05) among the differently treated groups (MSMALE vs NHMALE)

Number sign (#) = (p < .05) sex differences in the same groups (NHFEMALE vs NHMALE)

NH (non-handled), MS (maternal separation).

Table 4: Two-way univariate ANOVA main effects

PARAMETERS SEX (M/F) STRESS (MS/NH) INTERACTION
BODYWEIGHT AT PND 21 F1,87)=0.039, p > 0.05 Fi1,87)=1.783, p > 0.05 n.s
BODYWEIGHT AT PND 36 n.s n.s n.s
BODYWEIGHT AT PND 38 F1,87)=6.097, p < 0.05 n.s n.s
BODYWEIGHT AT PND 40 F1,87) = 6.068, p < 0.05 F1,87)=5.164, p < 0.05 n.s
BODYWEIGHT AT PND 43 F1,87)=13.033, p <0.001 n.s n.s

Note: The values of F and p were obtained through a two-way ANOVA, used to analyse the possible effects of sex (M
vs F), stress (MS vs non-handled) and their interactions on parameters collected prior to the period of the ABA
protocol.

F (females), M (males), MS (maternal separation), NH (non-handled), n.s (not significant).
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3.3.5 Activity wheel analysis prior to ABA protocol

A two-way ANOVA revealed a main effect of sex (F(;,26) = 11.072, p < 0.05, Table 5) but not of stress

or the interaction between them. Activity levels were higher in females with respect to males,

with a significant effect in the female group without neonatal separation. In addition, among

females, the neonatal treatment significantly reduced activity levels on the first day as

represented in figure 4.
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Figure 4: The graph represents data on the distance travelled on running wheel (expressed in meters) during the pre-

exposure period. The means and the standard error of the mean (SEM) are represented in the graphs.

Asterisks (*) indicate significant differences (p < .05) among the differently treated groups (ABA vs. MSABA), and
number signs (#) indicate sex differences in the same groups (p < .05, FABA vs. MABA, MSFABA vs. MSMABA).
MS (maternal separation), F (females), M (males), ABA (activity-based anorexia).

TABLE 5: Two-way repeated-measures ANOVA main effects on wheel analysis prior to the ABA protocol.

PARAMETER

SEX (M/F)

STRESS (MS vs NH)

SEX * STRESS

PRE-EXPOSURE WHEEL ACTIVITY (m) Fp1,26) = 11.072, p < 0.05

n.s

n.s

Note: The values of F and p were obtained through a two-way repeated-measures ANOVA, used to analyse the
possible effects of sex (M vs. F) and stress (MS vs. non-handled) and their interactions on parameters collected during

the pre-exposure days.

F (females), M (males), MS (maternal separation), NH (non-handled), ABA (activity-based anorexia), n.s (not

significant).
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3.4 DISCUSSION

In the first part of my study, the impact of the MS protocol was considered. Recordings during the
separation protocol indicated an inconsistency in the dam-pup interaction across postnatal days.
Although not significant, a trend of increased body weight was observed in both non-handle male
and female groups compared to respective MS groups. During the adaptation period, food intake
and weight analysis appeared consistent with the literature, that is, higher in males to females
(Hancock & Grant, 2009). Finally, pre-exposure to activity wheels revealed higher levels in females,
with the separation protocol seeming to provide a modulatory effect in most groups.

Maternal behaviour in rodents consists of multiple connected elements meant to establish an
optimal environment necessary for neurodevelopment and behavioural responses during the most
vulnerable stage of pups' life (Pryce et al., 2003; Paternain et al., 2012). These behaviours are
established generally during the late stage of gestation and have been shown to be under
hormonal control (Yamamuro & Sensui, 1999). Blockade of endogenous hormones has been
observed to hamper lactation (Yamamuro & Sensui, 1999). More importantly, the continued
expression of these behaviours is bi-directional, dependent not only on the dam but also on
littermates (Pryce et al., 2003). For instance, when the dam assumes the arched back posture
during nursing, the milk is let out when the littermates make enough suckling stimulation (Pryce et
al., 2003). The increased incidence of non-pup directed behaviours observed during the first week
of separation could increase stress levels in both littermates and the dam due to the disrupted
interaction. Littermates separated from dam typically emit higher ultrasonic vocalisations as a sign
of distress (Varga et al., 2015). This vocalisation is reduced upon anxiolytic drugs' administration.
In my analysis, the amount and the importance of the observed dam passive behaviour are
unclear; other works have also indicated that a minimal amount of stress in the early postnatal
period is necessary for normal development (Pryce et al., 2003).

Bodyweight analysis at the weaning period is instrumental in allowing the investigation, if any, of
the effect of MS on the bodyweight of rats. Conflicting results have been obtained, with some
indicating differences (Carrera et al., 2009) and others recording no differences in body weight
(Farinetti et al., 2020). As indicated in this work, we observed a trend of increase for the non-
handled group but no significant differences between the two groups, suggesting that maternal
separation may not necessarily confer negative consequences but may contribute to animal
growth. Although minimal manipulation is necessary during the postnatal period for suitable

development in mammals (Cadji et al.,, 1998; Carrera et al., 2009), the discrepancies usually
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observed across different laboratories could be explained by the differences in the type of
separation protocol employed.

Results concerning susceptibility to the ABA protocol have been varied, especially concerning
activity analysis and percentage body weight loss. According to the literature, subjects directly
introduced to the ABA protocol without an adaptation period have altered fear response due to
the novel environment (Carrera et al., 2006). To avoid this, we conducted activity wheel pre-
exposure analysis to understand how much rats will run when not food-restricted and, more
importantly, investigate the effect of the separation protocol. As reported, activity levels were
higher in females than males, and the separation protocol in females modulated activity levels,
especially on the first day analysed.

In a nut shell, this part of the experiment has demonstrated that maternal behavioural pattern do
change when littermates are separated for long periods especially in the initial days of the
separation, As to what extent these changes affect the littermates is still being debated since
some level of stress is necessary for normal development (Sapolsky & Meaney, 1986).
Nevertheless, the separation protocol appeared to not reduce body weight evolution and food
intake but, more importantly, seemed to provide a modulatory effect on activity on the running

wheel.
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CHAPTER 4: INFLUENCE OF EARLY MATERNAL SEPARATION ON
THE SUSCEPTIBILITY TO THE ACTIVITY-BASED ANOREXIA MODEL
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4.1 INTRODUCTION AND AIM OF EXPERIMENT

One of the most effective ways of studying any human disease is the ability to simulate it in an
animal model (van Leeuwen et al., 1997). The ABA protocol is a robust paradigm widely employed
in analysing the core features of AN, aside from the psychological components of the disorder
(Hancock & Grant, 2009; Chowdhury et al., 2015, Farinetti et al., 2020). The components of the
protocol, which include food restriction and access to an activity wheel, allow for the analysis of
the contribution of these parameters in the evolution and the maintenance of anorexia in animals
(Chowdhury et al., 2015).

This part of the experiment aimed to analyse the effect of food-restriction alone or food-
restriction and wheel access on body weight loss in the presence or absence of maternal
separation. Most previous works focused on the effect of an adverse early environment or from
the ABA protocol has either been done separately, employed in only one sex or performed at
different stages for males and females (Carrera et al., 2006 & 2009, Wu et al., 2014). Due to the
multifaceted nature of the AN disorder in humans, which at many times occur in unison as
indicated in Chapter 1, paragraph 1.2, implementing the ABA protocol in the presence of a
maternal separation does allow to recapitulate the disorder in an efficient way hence, the ability
to understand the contribution of each component.

A salient aspect of this experiment is implementing the MS and ABA protocol in both male and
female subjects. Although a higher female prevalence is observed in AN, comparing both sexes
simultaneously as undertaken in our work will help to decipher susceptibility differences in both
sexes. This knowledge suggestively can help tailor treatment or therapies meant to ameliorate the
disorder.

Last but not least, animals engaged in higher activity levels have a dampened reinforcement value
of food: activity and feeding become rewarding and aversive, respectively (Ratnovsky & Neuman,
2011). The consequential effect of high activity levels on caloric depletion, suggestively, sustains
the pathological weight loss observed in both human and animal studies (Wu et al., 2014). In the
ABA protocol, not all periods confer the same activity levels; in fact, the higher the activity levels
during certain periods the higher the vulnerability to the protocol (Wu et al., 2014). Activity,
generally speaking, has its positive impacts, such as enhancing the wellbeing of an individual;
hence, eliminating activity is not an ideal way of helping AN individuals but reducing intensity in
specific periods known to underline the drastic weight loss. Therefore, we analysed activity during

different periods to understand which period(s) sustains the hyperactivity in our subjects.
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4.2 MATERIALS AND METHODS
4.2.1 Animals

See Chapter 3, paragraph 3.2.1, figure 1

4.2.2 ABA protocol

At the end of the habituation process, rats of both the maternally separated and non-handled
groups were divided into ABA, DIET, and CONTROL (figure 6). The ABA, i.e. the experimental group
with activity, had 22 hours of access to the activity wheel and 1-hour access to food. The DIET
group had the same exposure time to food (i.e. 1 hour) but without access to the activity wheel.
Finally, in the CONTROL group, rats had access to food ad libitum without any running wheels. We
provided all groups with water ad libitum during the entire experimental period.

At PND 43, we began the ABA protocol. We considered this day as DAY O of the protocol. We
established the baseline weight of each rat. The ABA and DIET group were food-restricted at 11:00
am, and the ABA group were allowed access to the wheels at the same time until the next day at
9:00 am. We measured daily the food ingested, body weight, number of wheel rotations, and time
spent on the running wheel during the ABA protocol. The running wheel comprised a Plexiglass
box (21 x 45 x 24 cm), with a hole in the left wall where an activity wheel (9 cm wide and 34 cm
diameter) was attached (figure 5). We granted access to the wheel by sliding manually the flap
used to open and close the hole. Each wheel had a magnet attached to its side that closed an
electric circuit and counted a turn when passed by the sensor. The wheel had a brake mechanism
to prevent movement during the food and break time (figure 5). We used a MEDPC program for
Windows to control the brake mechanism and the number of completed laps. The ABA group was
removed from the protocol after attaining the criterion body weight loss, 20 — 25 %, of baseline

body weight.
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4.2.3 Statistical analysis

Data collected during the experimental procedure included body weights, daily food intake, and
wheel revolutions. We analysed these data by two-way repeated-measures ANOVA with sex and
treatment as independent variables. All analyses were performed after verifying the normality of
the data with the Shapiro test and were followed, if the main effects were significant, by the
Student-Newman-Keuls (SNK) post hoc test. For each single-sex group, a 2x2 factorial design was
used for the test procedure: One factor was whether separated postnatally (MS versus NH), and

the other was whether the rat had access to a running wheel (ABA versus DIET). The SPSS 24.0

program was used to calculate the p values, and the significance threshold was set at p < .05.

Figure 5: Running wheel apparatus used for ABA analysis.
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Figure 6: Summary of experimental protocol and groups analysed during the ABA protocol.
Daily measurements of food ingested, bodyweight, time spent on wheel and wheel activity were taken daily during

ABA protocol.

PND (postnatal day), MS (maternal separation), NH (non-handled), ABA (activity wheel with food restriction), DIET

(food restriction without activity wheels), CONTROL (ad lib. feeding and without wheel access).
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4.3 RESULTS: DURING ABA INDUCTION

4.3.1 Food ingested

A main effect on sex (F;,75)= 18.805, p < 0.001), treatment (Fs,79= 197.227, p < 0.001) and their
interaction (Fs,79)= 7.380, p < 0.001) was observed when all groups were combined, Table 6 (A).
The Student Newman Keuls post hoc test showed a significantly higher amount of food intake in
male compared to female control groups, p < 0.001, on all days analysed (figure 7).

Among all food-restricted groups, there was a main effect of activity on food intake (F1,s54) =
19.710, p < 0.001, Table 6 (B)), although it did not rise to a significant level following the post hoc
test. Among all female food-restricted groups, food restriction in the presence of a neonatal
separation showed a substantial effect: MSFDIET, but not FDIET, group ate a significant higher
amount of food on day 1, p = 0.022, compared to both ABA female groups (figure 7). A similar
observation was made in males, i.e. MSMDIET compared to MSMABA and MABA on day 1, p =
0.011 (figure 7).

No significant between-group difference from the neonatal treatment or sex was observed among
the ABA subjects. However, along the experimental days, each group significantly increased the

amount of food ingested, p < 0.001, p < 0.001, p < 0.001, independently of the neonatal treatment

(figure 7).
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Figure 7: Data on food ingested in the course of the ABA protocol. The gridlines represent data for control groups and
solid line represent data for all food-restricted groups. The graph shows the variations of the amount of food intake
(in grams) considering, separately, females and males.

The means and the standard error of the mean (SEM) are represented in the graphs.

Asterisks (*) indicate significant differences (p < .05) among the differently treated groups (MSFDIET vs. MSFABA &
FABA; MSMDIET vs. MSMABA & MABA).

MS (maternal separation), CON (ad lib. feeding and without wheel access), DIET (food-restricted but without wheel
access), ABA (activity-based anorexia).
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4.3.2 Body weight analysis

There was a main effect of sex (F(;,50)= 23.883, p < 0.001) and treatment (F 509 = 37.816, p < 0.001)
when all groups were combined, Table 6 (A). Higher amount of food ingested resulted in a
significant increase in body weight, p < 0.001, in the control male compared to female groups from
the second till the last day of the analysis (figure 8).

Among all food-restricted groups, there was a main effect of sex (F;,54 = 5.074, p < 0.05) and
activity (F1,54)= 5.538, p < 0.05) on body weight loss, Table 6 (B), but it didn’t rise to a significant
level after the post hoc analysis. Among females, the group with only food restriction compared to
the ABA groups had a significantly reduced bodyweight drop on day 3, p = 0.019, and day 4, p <
0.001 (figure 8). Interestingly, although it did not rise to significance, a higher bodyweight loss was
observed in the ABA male non-maternally separated with respect to maternally separated group,
(figure 8). The daily within-group analysis In the ABA group showed a significant reduction in body
weight on the last day of the protocol compared to day 1 in both maternally separated, p < 0.001,
and non-handled, p < 0.001, female groups (figure 8). By observation, the decline in body weight

in males, compared to females, was less drastic (figure 8).
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Figure 8: Data on weight evolution during the ABA protocol. The body weight loss (in food-restricted group) or gain (in
control group) was calculated as the difference in percentage between the daily body weight and the body weight at
the starting date of the ABA protocol. Results are shown separately for females and males.

The means and the standard error of the mean (SEM) are represented in the graphs. Asterisks (*) indicate significant
differences (p < .05) among the differently treated groups (FDIET & MSFDIET vs. FABA & MSFABA).

Abbreviation: MS (maternally separated), CON (ad lib. feeding and without wheel access), DIET (food-restricted but
without wheel access), ABA (food-restricted + wheel access).
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TABLE 6 (A): Two-way repeated-measures ANOVA main effects on feeding test and body weight data
during the ABA protocol for all groups

PARAMETERS SEX TREATMENT SEX*TREATMENT
FEEDING TEST (g) F11,75= 18.805, p < 0.001 Fis,7= 197.227, p < 0.001 Fi5,76= 7.380, p < 0.001
BODY WEIGHT LOSS (%) | Fj,s= 25.183, p < 0.001 Fis,75=31.322, p < 0.001 n.s

Note: The values of F and p were obtained through a two-way repeated-measures ANOVA, used to analyse the
possible effects of sex (M, males, vs. F, females), treatment (CON, DIET, ABA, MSCON, MSDIET, MSABA) and their
interactions on parameters collected during the period of the ABA protocol.

n.s (not significant).

TABLE 6 (B): Two-way repeated-measures ANOVA main effects on feeding test and body weight data
during the ABA protocol for all food-restricted groups.

PARAMETERS SEX (M/F) TREATMENT SEX*TREATMENT
FEEDING TEST (g) n.s Fi3,5= 7.245, p < 0.001 n.s
BODY WEIGHT Fi1,54= 5.074, p < 0.05 n.s n.s
LOSS (%)

Note: The values of F and p were obtained through a two-way repeated-measures ANOVA, used to analyse the
possible effects of sex (M, males, vs. F, females) and treatment (DIET, ABA, MSDIET, MSABA) and their interactions on
parameters collected during the period of the ABA protocol.

n.s (not significant).

TABLE 6 (C): Two-way repeated-measures ANOVA main effects for single-sex groups on feeding test and
body weight data during the ABA protocol

PARAMETER STRESS (MS/NH) ACTIVITY (ACT/NO ACT) STRESS*ACTIVITY
FEEDING TEST (g)
ALL FEMALE FR n.s Fi1,29 = 8.072, n.s
p <0.05
ALL MALE FR n.s F1,30=12.279, n.s
p <0.05
BODYWEIGHT LOSS (%)
ALL FEMALE FR F1,299=9.533, p <0.05 n.s n.s
ALL MALE FR
n.s F1,36) = 8.864, n.s
p =0.05

Note: The values of F and p were obtained through a two-way repeated-measures ANOVA, used to analyse the
possible effects of stress MS vs. non-handled and activity and their interactions on parameters collected during the
period of the ABA protocol.

n.s (not significant).
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4.3.3 Time spent and activity levels on running wheel during ABA protocol

There was a main effect of sex (Fj1,25) = 11.072, p < 0.001) and treatment (F(,25) = 13.128, p < 0.05
see Table 7) of time spent on the wheel, however, significant levels were observed only on day 1
between maternally separated male and female, i.e. MSFABA > MSMABA, p = 0.032, and on the
last day between the male groups, i.e. MABA > MSMABA, p = 0.033, figure 9A. In all ABA groups,
with the exception of the maternally separated male group, activity levels statistically increased to
significant levels across the days analysed, figure 9B. Although it was significant, a decline in time
spent and activity on the wheel was observed in both female groups on the final day of the
analysis. Comparing sexes, females covered significantly higher distances on the wheel with
respect to males in all the first three days of the analysis, figure 9B. A trend of increased activity
levels was observed for both non-maternally separated male and female group compared to

respective maternally separated groups, figure 9B.
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ACTIVITY WHEEL ANALYSIS
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Figure 9: Parameters of physical activity. Graphs show the variations of the time spent to run (expressed in
percentages), (A), and the distance travelled on running wheel (expressed in meters), (B), during the 4 days of ABA
protocol, considering, separately, females and males.

The means and the standard error of the mean (SEM) are represented in the graphs.

Asterisks (*) indicate significant differences (p < .05) among the differently treated groups (MABA vs. MSMABA)
Number signs (#) indicate sex differences in the same groups (p < .05, FABA vs. MABA, MSFABA vs. MSMABA).

Section sign (§) indicates significant differences (p < .05) day by day within a group

MS (maternal separation), ABA (activity-based anorexia).

TABLE 7: Two-way repeated-measures ANOVA main effects on wheel analysis during the ABA protocol.

PARAMETER DAYS SEX (M/F) TREATMENT (MSvs | SEX * TREATMENT
NH)
TIME SPENT ON WHEEL n.s F1,25=11.072, Fr1,25=13.128, n.s
(%) p <0.001 p <0.05
WHEEL ACTIVITY (m) F3,114)= 13.970, F1,25) = 16.600, n.s n.s
p < 0.001 p < 0.001

Note: The values of F and p were obtained through a two-way repeated-measures ANOVA, used to analyse the possible
effects of sex (M vs. F for females) and treatment (MS vs. non-handled) and their interactions on parameters collected
during the period of the ABA protocol.

Abbreviation: F (females), M (males), MS (maternal separation), NH (non-handled), ABA (activity-based anorexia), n.s

(not significant).
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4.3.4 Running wheel analysis in different periods

4.3.4.1 Food anticipatory activity period (FAA)
A main effect of days (F(3,74) = 47.392, p < 0.001), sex (F1,74) = 4.822, p < 0.05) and treatment (Fz,74)
= 5.271, p < 0.05) was observed for activity during this period, see Table 8 A. Activity levels were

increased statistically within each group across the days analysed, figure 10 A.

4.3.4.2 Postprandial activity period (PPA)

Although activity levels on the first day of the analysis was significantly higher in non-handled
females compared to males, the progressional increase in wheel rotations across all the days was
higher in the male non-handled group. In fact, there was a higher number of rotations for MABA
on the last compared to the first day, p = 0.005, figure 10 B. Again, we observed a trend of higher
activity levels for the most active male group, i.e. MABA, with respect to the most active female

group, i.e. FABA, on the second to last and last day of the analysis, figure 6B., figure 10 B.

4.3.4.3 Nocturnal activity period (NA)

The hyperactivity in the non-maternally separated female group was underlined also by wheel
analysis during this period (figure 10 C). Contrary to the postprandial period, the progressional
activity in this section of the ABA protocol was significantly higher on the last compared to the first
day, for the FABA group, p < 0.001, figure 10 C. Although the difference was significant compared
only to the non-handled male group, wheel rotations were higher on the second to last and last

day in the most active female group, i.e. FABA, compared to all other groups.
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Figure 10: Comparison of FAA, PPA and NA between groups on different days (in terms of before dropout). To avoid
bias due to different dropout rates, we considered the first, second to last and last day of the ABA protocol for the
analysis. The activity levels prior to food administration are represented in (A), the activity levels immediately after
food administration in (B) and the normal most active period in rodents in (C).

The means and the standard error of the mean (SEM) are represented in the graphs.

Asterisks (*) indicate significant differences (p < .05) among the differently treated groups (ABA vs. MSABA), number
signs (#) indicate sex differences in the same groups (p < .05, FABA vs. MABA, MSFABA vs. MSMABA) and section sigh
(8) represent the daily differences in the same group.

MS (maternal separation), F (females), M (males), ABA (activity-based anorexia).

NUMBER OF WHEEL ROTATIONS
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TABLE 8 (A): Two-way ANOVA main effects on wheel analysis: within group day by day analysis

PARAMETER DAYS SEX (M/F) STRESS (MS vs NH) SEX * STRESS
FAA Fi2,74)=47.392, p <0.001 F1,74)= 4.822, p < 0.05 F1,749=5.271, p < 0.05 n.s
PPA Fi2,73=10.899, p <0.001 n.s n.s n.s
NA Fi,75=12.457, p<0.001 | F/; 75 =24.150, p <0.001 n.s n.s

TABLE 8 (B): Two-way ANOVA main effects on wheel analysis during different periods of the ABA protocol.

PARAMETER SEX (M/F) STRESS (MS vs NH) SEX * STRESS
FAA (all days) n.s n.s n.s
PPA_FD Fi1,25)=7.789, p < 0.05 n.s n.s
PPA_STL n.s n.s n.s
PPA_LD n.s n.s n.s
NA_FD Fi1,249=21.740, p < 0.001 n.s n.s
NA_STL F(1,26)=7.101, p < 0.05 n.s n.s
NA_LD F(1,25)=7.759, p < 0.05 n.s n.s

Note: The values of F and p were obtained through a two-way ANOVA, used to analyse the possible effects of sex (M
vs. F for females) and stress (MS vs. non-handled) and their interactions on parameters collected during the period of

the ABA protocol.

F (females), M (males), MS (maternal separation), NH (non-handled), FAA (food anticipatory activity), PPA
(postprandial activity), NA (nocturnal activity), FD (first day), STL (second to last), LD (last day), n.s (not significant).
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4.4 DISCUSSION

The results obtained from our analysis showed that in females, the food restriction due to the ABA
protocol led to increased locomotor activity without changes in food intake and a drastic body
weight loss. In males, compared to females, we observed a decreased physical activity without
changes in food intake and a trend of mild drop in body weight, suggesting higher female
susceptibility to the protocol. The increased physical activity in females was observed even under
ad lib feeding during the wheel pre-exposure period, as reported in Chapter 3, paragraph 3.3.5.
The sex-dependent difference in running wheel activity was conferred by a higher food
anticipatory activity (FAA) and nocturnal activity (NA) in females and FAA and postprandial activity
(PPA) in males. Considering the neonatal treatment, reduced vulnerability to the ABA protocol was
observed when subjects were maternally separated, although this was a trend in most cases. As a
vital component of the ABA protocol, food restriction alone, i.e. DIET group, also induced a drop in
body weight, but minimal compared to the ABA group, especially in females. However, food
ingested was significantly higher on day 1 (although there was a trend on days 2 and 3) in the
maternally separated DIET compared to the ABA group of both sexes.

A widely held view in the literature is the adverse effects of a prolonged maternal separation on
the development of animals due to an observed increase in stress response and fearfulness to
novelty in adult life (Caldji et al., 2000; Kalinichev et al., 2002; Pryce & Feldon, 2003). Other
reports, however, have indicated a protective effect in adult rats following either brief or long
maternally separated protocols (Carrera et al., 2006 & 2009). Implementing the ABA procedure in
our analysis, revealed a trend of reduced activity levels and increased food ingestion in both male
and female maternally separated groups, thus contradicting earlier reports of poor outcomes in
long-maternally separated animals. Studies have shown that the neuroendocrine effect of
prolonged early maternal separation is reversed when subjects are exposed to harsh and chronic
situations in adulthood. Agreeably, Farinetti et al., 2020, analysing the effect of early life stress
combined with the mild-ABA protocol, indicated a reduction in anxiety-related behaviours in
maternally separated compared to non-handled female groups (Farinetti et al., 2020). The
discrepancy to the effects of the ABA protocol in the presence of the neonatal treatment across
different laboratories may hinge on several factors, including age, sex, type of neonatal
separation, variability in the ABA protocol and more importantly the test situations used to

analyse the impact of the neonatal separation.
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The pathological body weight loss in both human and animal AN stem from the effect of
heightened activity levels on caloric depletion (Wu et al.,, 2014). The evolution of the anorexic
phenotype in the ABA groups, as indicated, was influenced by activity in all periods of the
protocol. However, in the most active female group, FABA, we recorded higher activity levels
during the FAA and NA levels. In males, we observed increased activity levels during the FAA and
PPA in the most active group, MABA. Among males, activity and time spent on the running wheel
were higher, reaching a significant level on the last day, i.e. the time spent, for the non-handled
compared to the maternally separated group. This difference corresponded with activity levels
during the FAA and PPA but not the NA period. In fact, there was a decline in the levels run across
days in the NA period for the MABA group. Similarly, the increased activity in the FABA group was
not observed during the PPA period. Surprisingly, there was a trend of lower activity levels on the
second to last for the FABA compared to all the other ABA groups and on the last day compared to
MSFABA and MABA groups.

We underline in this work the importance of the activity levels prior to food administration, i.e.
the FAA, as it occurs in both highly susceptible groups. A significant leap during this activity period
was observed in all groups across all the days analysed in the ABA protocol. Agreeably, activity in
this period remains a central feature of hyperactivity in this rodent model of anorexia nervosa: the
higher the FAA, the more susceptible to the ABA protocol (Hillebrand et al., 2005; Wu et al., 2014;
Klenotich et al., 2012). Antipsychotic drugs, Olanzapine and Fluoxetine hydrochloride, observed to
reduce the anorexic effect due to their impact on activity levels and body weight were found to
reduce activity levels in the FAA period (Klenotich et al.,, 2012). Furthermore, running wheel
activity in other periods synergises to contribute to the drastic weight loss in the ABA protocol. In
agreement, Wu et al., 2014 indicated a higher PPA, but not FAA, in the highly susceptible ABA
group (Wu et al., 2014), although their experiment was done in only female Wistar rats; in our
experiment we employed a neonatal separation in addition to the ABA protocol and compared
Sprague Dawley rats of both sexes. These essential differences could explain why we observed a
PPA impact in males but a NA in females.

The fact that activity levels in the FAA period, which lasts for only 2-3 hours, is very crucial to the
progression of the anorexic phenotype, although in combination with other periods in most cases,
indicates that intensity of activity is significant in contributing to the hyperactivity levels observed

in AN subjects. As a translational approach, this could be a key measure to consider with respect
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to therapies aimed at ameliorating activity levels and the consequential bodyweight loss in

anorexic patients since activity in itself is essential for physical wellbeing.

48



CHAPTER 5: BEHAVIOURAL ALTERATIONS FOLLOWING ABA
PROTOCOL INDUCTION IN THE PRESENCE OF MATERNAL
SEPARATION
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5.1 INTRODUCTION AND AIM OF EXPERIMENT

The efficacy of pharmacological agents to ameliorate anxiety in rodents is assessed primarily using
the elevated plus maze (EPM) test (Walf & Frye, 2007). The test is based on the conflict between
the rodents’ explorative drive and innate fear of open and exposed areas. Thus, an anxious
behaviour is depicted by higher entry and more time spent in the closed arms, whereas higher
frequency and longer time in the open arms indicate anxiolytic behaviour (Walf & Frye, 2007;
Farinetti et al., 2020). A significant advantage in using this paradigm is the absence of noxious
stimuli that generally cause a conditioned response (Walf & Frye, 2007), thus avoiding bias in
investigating the effect of drugs, hormones or protocol induced (Walf & Frye, 2007). In addition,
specific brain regions known to modulate anxiety has been analysed using the EPM apparatus. For
instance, using this apparatus, the anxiolytic effects of benzodiazepine receptor agonist and
antagonist on the DRN were elucidated (Gonzalez & File, 1997).

As one of the most widely employed tools in animal psychology, the open field (OF) is used to
evaluate the general locomotor behaviour of the tested animal but can also be used to test for
anxiety; thus, remaining close to the walls is a sigh of major anxiety-like behaviour and vice versa
(Walsh & Cummins, 1978; Seibenhener & Wooten, 2015). Although conclusions on the
psychological and physiological concepts underlying the OF test are straightforward, it is
recommended the comparison with other tests (Seibenhener & Wooten, 2015).

Combining both tests described, we analysed the changes in behaviour with respect to exploratory
and anxiety following the implementation of maternal separation, food restriction and ABA or in

their combinations in the subjects.
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5.2 MATERIALS AND METHODS
5.2.1 Animals

See Chapter 4, paragraph 4.2.2, figure 6.

5.2.2 Behavioural analysis

All groups, i.e. ABA, DIET and CONTROL, were submitted to two different behavioural tests to
evaluate their anxiety and locomotor/exploratory activity: the OF and EPM. The criterion used for
the analysis was as follows:

- ABA group: 20-25% loss of bodyweight

- DIET group: 15-20% loss of bodyweight

- CONTROL group: analysed together with respective ABA and DIET group

All behavioural tests, beginning with the open-field test, were performed in the afternoon, starting
from 2:00 p.m. (during the light cycle). Before the actual onset of the behavioural test, animals
were left in the room with dim lighting for 2 hr to acclimate to the dark conditions. Due to the
rapid loss of body weight in ABA and DIET groups, both behavioural tests were performed on the

same day with an hour interval between the tests for each animal.

5.2.2.1 OF

The arena was a square measuring 50 x 50 cm, with 40-cm-high walls; the centre of the arena was
defined as a square equidistant (11.5 cm) from all four walls. The apparatus was placed inside a
dark testing room, illuminated only by a lamp pointing toward the ceiling. This test is based on fear
of open spaces; remaining close to the walls is a sign of central anxiety-like behaviour. Moreover,
the OF is used to evaluate the hyperactivity of the tested animal (Kim et al., 2012; Sagvolden,
Hendley, & Knardahl, 1992). Rats were individually placed in the same corner of the apparatus and
allowed to explore freely for 5 minutes (van Zyl, Dimatelis, & Russell, 2016). The activity of each
rat was recorded with a digital camera placed above the apparatus, and the resulting video was
analysed offline in EthoVision 8 Software (Noldus Information Technology; Noldus, Spink, &
Tegelenbosch, 2001) by a researcher blinded to the treatments. The following parameters were
collected:

e the total distance travelled in the arena

e the distance travelled in border
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e the number of entries in the border of the arena,

e the time spentin the centre

o the frequency of rearing and grooming behaviour
In addition to the analysis with the Ethovision software, we registered how often animals show the
behaviour of rearing and grooming in the centre of the arena. Rearing was defined as the number

of times that an animal stood up on its hind limbs in an upright position.

Figure 11: OF apparatus used for behavioural analysis.
OF (open field)

5.2.2.2 EPM
The EPM apparatus was elevated 50 cm from the ground and consisted of two arms (each 50 x 10
cm) enclosed by 30-cm-high sides and end walls (closed arms) and two other arms (each 50 x 10
cm) with no walls (open arms). At the centre of the apparatus, there was also a square platform
measuring 10 x 10 cm. The apparatus was placed inside a dark testing room, illuminated by a lamp
pointing toward the ceiling, to illuminate the closed and open arms equally. This test is based on
the conflict between the rat's exploratory drive and its innate fear of exposed areas; thus, less
time spent exploring the open arms indicates greater anxiety-related behaviour. At the beginning
of the test, each rat was placed on the central platform, facing an open arm, and was allowed to
explore the plus maze freely for 5 min (Noldus et al., 2001; Walf & Frye, 2007; van Zyl et al., 2016).
The rat's activity was recorded with a digital camera and analysed using EthoVision 8 Software).
The parameters evaluated for this test include:

o the total distance travelled in the maze

e the number of entries into arms

e the time spentin the arms and centre
In addition, we analysed how many times animals show the behaviour of open head dip, which
was defined as the number of times the rat looked over the edge of the maze while its body was

entirely in the open sections.
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Figure 12: EPM apparatus used for behavioural analysis.
EPM (elevated plus maze)

5.2.3 Statistical analysis

The data collected during the behavioural test were analysed by a two-way ANOVA: sex,
treatment and their interactions. For single sex analysis, a three-way ANOVA was used to analysed
the effect of stress (MS/NH), activity (ACT/NO ACT) and food intake (FR/NO FR) and their
interactions. All analyses were performed after verifying the normality of the data with the
Shapiro test and were followed, if the main effects were significant, by the Student-Newman-Keuls
(SNK) post hoc test. The SPSS 24.0 program was used to calculate the p values, and the significance

threshold was set at p < 0.05.
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Figure 13. Summary of experimental protocol and groups analysed during the behaviour test.

We performed both an open field and elevated plus maze test for each group to analyse exploratory and anxiety
behaviour.

PND (postnatal day), MS (maternal separation), NH (non-handled), ABA (activity wheel with food restriction), DIET
(food restriction without activity wheels), CONTROL (ad lib. feeding and without wheel access).

53



5.3 RESULTS
5.3.1 Open field test

5.3.1.1 Distance travelled in the arena

The ANOVA analysis for the total distance travelled in the arena when all groups were combined
revealed a main effect on treatment (Fs 79 = 6.90, p < 0.001, Table 9) but not on sex nor sex and
treatment interaction.

Among females, a two-way ANOVA revealed a main effect of stress (Fj,40)= 9.766, p< 0.01),
activity (F1,409) = 13.200, p < 0.01) and the interaction between them (F1,40) = 5.793, p < 0.05, Table
10). Following the SNK post hoc test, among the group with neonatal separation, we observed a
significant reduction in distance covered when subjects with activity (MSFABA) were compared
with those without activity and food restriction (MSFCON) and only food-restricted group
(MSFDIET), p = 0.001 (figure 14). Among the ABA group, subjects without neonatal separation,
FABA, covered a higher distance than the MSFABA group, p = 0.001 (figure 14).

The main effect of activity (F,33 = 13.405, p < 0.01) and interaction between activity and stress
(Fr1,33 = 15.529, p < 0.01, Table 11) was observed among males. Similarly, there was a reduced
distance travelled for males with activity compared to those without activity independently of the
neonatal separation, that is, MABA versus MCON & MDIET, p = 0.001 and MSMABA versus
MSMCON, p = 0.001 (figure 14). A difference in the distance covered was also observed between
MSMDIET and MSMCON, p = 0.001 (figure 14). Among groups with only diet restriction, neonatal
separation reduced the distance travelled in the arena, p = 0.001 (figure 14).

Comparing sexes, in the presence of a neonatal separation and only food restriction, females

covered a greater distance than males, i.e. MSFDIET versus MSMDIET, p = 0.002 (figure 14).
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Figure 14: The histograms show the results for the total distance covered in the open field (expressed in centimetres).
The mean and the standard error of the mean (SEM) are represented in the graph.

Asterisks (*) indicate significant differences (p < .05) among the differently treated groups (e.g. MCON vs. MABA) and
number signs (#) indicate significant sex differences (p < .05) in the same group (e.g. MSFDIET vs. MSMDIET).

MS (maternal separation), CON (ad lib. feeding and without wheel access), DIET (food-restricted but without wheel
access), ABA (food-restricted with wheel access).

5.3.1.2 Distance travelled in the border

The ANOVA analysis for the distance travelled in the border when all groups were combined
revealed a main effect of treatment (F(s 79 =6.96, p < 0.001, Table 9) but not of sex nor sex and
treatment interaction.

Among females, a two-way ANOVA revealed a main effect of activity (Fp,47 = 10.502, p< 0.01,
Table 10). As shown in figure 15, the ABA protocol reduced the distance travelled close to the
walls of the apparatus with a significant effect in those without the neonatal treatment, i.e. FABA
versus FCON, p = 0.001.

As observed in the males, there was a reduced distance in the border for MABA compared to
MCON and MDIET, p = 0.001 (figure 15). Among male groups with only food restriction, the
maternal separation procedure reduced the distance travelled in the border of the arena, p =
0.001 (figure 15).

Comparing only food-restricted male and female groups, the neonatal separation reduced the
distance travelled in the border in males, i.e. MSFDIET versus MSMDIET, p = 0.001 (figure 15). In
contrast, in the absence of the separation protocol, the distance was increased in males, i.e. FDIET

versus MDIET, p = 0.001 (figure 15).
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Figure 15: The histograms show the results for the distance covered close to the walls in the open field (expressed in
centimetres). The mean and the standard error of the mean (SEM) are represented in the graph.

Asterisks (*) indicate significant differences (p < .05) among the differently treated groups (e.g. MCON vs. MABA) and
number signs (#) indicate significant sex differences (p <.05) in the same group (e.g. MSFDIET vs. MSMDIET).

MS (maternal separation), CON (ad lib. feeding and without wheel access), DIET (food-restricted but without wheel
access), ABA (food-restricted with wheel access).

DISTANCE COVERED IN THE BORDER

5.3.1.3 Frequency in the border

Among females, a two-way ANOVA revealed a main effect of stress (F;,42) = 6.008, p < 0.05) and
activity (F;,42= 10.020, p < 0.01, Table 10). As a whole, ABA protocol independently of the
neonatal separation reduced the number of entries in the border. However, following the Student
Newman-Keuls (SNK) test, we observed a significant level only in MSFABA compared to MSFCON
and MSFDIET groups, p = 0.001 (figure 16). In addition, among the female ABA group, the absence

of the separation protocol increased the number of visits to the border, p = 0.001 (figure 16).
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Figure 16: The histograms show the results for the number of times each group visited the border of the open field.
The mean and the standard error of the mean (SEM) are represented in the graph.

Asterisks (*) indicate significant differences (p < .05) among the differently treated groups (e.g. MABA vs. MSMABA)
MS (maternal separation), CON (ad lib. feeding and without wheel access), DIET (food-restricted but without wheel
access), ABA (food-restricted with wheel access).
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5.3.1.4 Duration in the centre

The two-way ANOVA indicated a main effect of stress (F(;,33 = 5.308, p < 0.01, Table 11) among
males. Following the SNK post hoc analysis, a significantly higher time was spent by male
maternally separated controls, i.e. MSMCON, to controls that were non-handled, i.e. MCON, p =
0.007 (figure 17). Comparing sexes, we also observed a higher duration spent for MSMCON
compared to MSFCON, p = 0.007 (figure 17).
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Figure 17: The histograms show the results for the time spent in the centre of the open field (expressed in seconds).
The mean and the standard error of the mean (SEM) are represented in the graph.

Asterisks (*) indicate significant differences (p < .05) among the differently treated groups (e.g. MCON vs. MSMCON)
and number signs (#) indicate significant sex differences (p < .05) in the same group (e.g. MSFCON vs. MSMCON).

MS (maternal separation), CON (ad lib. feeding and without wheel access), DIET (food-restricted but without wheel
access), ABA (food-restricted with wheel access).
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5.3.1.5 Frequency of rearing

When all groups were combined, the ANOVA analysis revealed a main effect of treatment
(F(s5,79) =2.57, p = 0.033, Table 9) but not of sex or treatment and sex interaction.

Comparing only females, a two-way ANOVA revealed a main effect of stress (Fj;42 = 4.561, p <
0.05, Table 10). Accordingly, we observed that this anxiolytic behaviour was significantly higher for
female controls without maternal separation, i.e. FCON, than controls with the neonatal
treatment, i.e. MSFCON, p = 0.009 (figure 18). Considering only the diet-restricted group, the
neonatal treatment significantly reduced the frequency of this behaviour, i.e. MSFDIET > FDIET, p =
0.0427 (figure 18). Lastly, maternally separated with ABA protocol reduced the expression of this
behaviour compared to non-maternally separated group, i.e. MSFABA < FABA, p = 0.042 (figure
18).
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Figure 18: The histograms show the results for the number of times a rearing behaviour was expressed in the open
field. The mean and the standard error of the mean (SEM) are represented in the graph.

Asterisks (*) indicate significant differences (p < .05) among the differently treated groups (e.g. FABA vs. MSFABA)

MS (maternal separation), CON (ad lib. feeding and without wheel access), DIET (food-restricted but without wheel
access), ABA (food-restricted with wheel access).
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5.3.1.6 Frequency of grooming

Correspondingly, the higher frequency of rearing in most non-handled groups was contrasted by a
trend of reduced grooming frequency in females (figure 19). In fact, among females, the ANOVA
test indicated a main effect of stress for this parameter (F;,40) = 4.509, p < 0.05, Table 10). The post
hoc analysis revealed a higher grooming behaviour expression in the MSFABA than in the FABA
group, p = 0.029 (figure 19).

Although there were not significant differences among males, there seemed to be a trend of
reduced grooming frequency in all the maternally separated compared to respective non-handled

groups (figure 19).
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Figure 19: The histograms show the results for the number of times a grooming behaviour was expressed in the open
field. The mean and the standard error of the mean (SEM) are represented in the graph.

Asterisks (*) indicate significant differences (p < .05) among the differently treated groups (e.g. FABA vs. MSFABA)

MS (maternal separation), CON (ad lib. feeding and without wheel access), DIET (food-restricted but without wheel
access), ABA (food-restricted with wheel access).
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5.3.2 Elevated plus maze (EPM)

5.3.2.1 Total distance travelled

The ANOVA analysis for the total distance travelled combining all groups revealed a main effect on
the interaction between sex and treatment (Fs 7 = 2.81, p = 0.022, Table 9).

Focusing on only females, a two-way ANOVA showed a main effect of activity (F,43 = 4.563, p <
0.05, Table 10), with a significant level when FABA and MSFABA were compared with FCON, p =
0.008 (figure 20). Independently of the ABA protocol and maternal separation, we also observed a
significant increase in the total distance travelled for males compared to females, p = 0.046 (figure

20).
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Figure 20: The histograms show the results for the total distance covered in the EPM apparatus (expressed in
centimetres). The mean and the standard error of the mean (SEM) are represented in the graph.

Asterisks (*) indicate significant differences (p < .05) among the differently treated groups (e.g. FCON vs. FABA) and
number signs (#) indicate significant sex differences (p < .05) in the same group (e.g. MSFABA vs. MSMABA).

MS (maternal separation), CON (ad lib. feeding and without wheel access), DIET (food-restricted but without wheel
access), ABA (food-restricted with wheel access).
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5.3.2.2 Frequency of entry in the closed arms

The statistical analysis on the number of times a group visited these arms indicated a main effect
of sex (F(1,73=5.11, p = 0.027, Table 9).

A reduced number of entries into the closed arms were observed when female groups were either
food-restricted or given activity wheels independently of the maternal separation protocol (figure
21). Statistically, among female non-maternally separated groups, a significant decline in the
frequency of entry was observed for the ABA group compared to FCON p = 0.015 (figure 21).

A similar indication was made in males; that is, a trend of reduced number of visit in these arms

was observed in DIET and ABA group independently of the neonatal treatment (figure 21).
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Figure 21: The histograms show the results for the number of times a group visited the closed arms of the EPM. The
mean and the standard error of the mean (SEM) are represented in the graph.

Asterisks (*) indicate significant differences (p < .05) among the differently treated groups (e.g. FCON vs. FABA)

MS (maternal separation), CON (ad lib. feeding and without wheel access), DIET (food-restricted but without wheel
access), ABA (food-restricted with wheel access).

5.3.2.3 Frequency of entry in the open arms

Combining all groups, a main effect of treatments (Fs,77) = 3.96, p = 0.003, Table 9) was observed.
As opposed to the entry in the closed arms, frequency in the open arms, per observation, revealed
a higher incidence in groups receiving food restriction or when coupled with wheel access,
especially in males (figure 22). Comparing control group with maternal separation, males recorded

a significantly higher number of entries in the open arms, p = 0.053 (figure 22).
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Figure 22: The histograms show the results for the number of times a group visited the open arms in the EPM
apparatus. The mean and the standard error of the mean (SEM) are represented in the graph.

Number signs (#) indicate significant sex differences (p < .05) in the same group (e.g. MSFCON vs. MSMCON).

MS (maternal separation), CON (ad lib. feeding and without wheel access), DIET (food-restricted but without wheel
access), ABA (food-restricted with wheel access).
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5.3.2.4 Duration in the closed arms

For this parameter, the two way ANOVA revealed a main effect of treatment (F;77) = 3.78, p =
0.004, Table 9). Treatment arising from food restriction or coupled with activity reduced the time
spent in the closed arms in both sexes. In fact, the post hoc analysis revealed a reduced time spent
for FABA compared to FCON, p = 0.040, and MSMABA compared to MSMCON, p = 0.032 (figure
23). In addition, a statistical difference for this parameter was observed when we compared

MSFABA with MSMABA, p = 0.023 (figure 23).
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Figure 23: The histograms show the results for the time spent in the closed arms of the EPM apparatus. The mean and
the standard error of the mean (SEM) are represented in the graph.

Asterisks (*) indicate significant differences (p < .05) among the differently treated groups (e.g. FCON vs. FABA) and
number signs (#) indicate significant sex differences (p < .05) in the same group (e.g. MSFABA vs. MSMABA).

MS (maternal separation), CON (ad lib. feeding and without wheel access), DIET (food-restricted but without wheel
access), ABA (food-restricted with wheel access).

5.3.2.5 Duration in the open arms

Expectedly, analysis on time spent in the open arms revealed a contrary result compared with
observations made in the time spent in the closed arms.

Again, we observed a main effect of treatment (Fs 79 = 3.56, p = 0.006, Table 9) when all groups
were combined. Although a significant difference was seen comparing only MABA with MCON, p =
0.022 (figure 24), a trend of increased duration in open arms was observed for groups either food-
restricted or when coupled with activity independently of the maternal separation protocol (figure
24). In fact, in female maternally separated ABA group, a Pearson correlation analysis revealed a
significant highly negative relationship between this parameter and both frequency (r(6) = - 0.754,
p =0.031) and time spent (r(6) = -0.868, p = 0.005) in the closed arms of the EMP apparatus.
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Figure 24: The histograms show the results for the time spent in the open arms of the EPM apparatus (expressed in
seconds). The mean and the standard error of the mean (SEM) are represented in the graph.

Asterisks (*) indicate significant differences (p < .05) among the differently treated groups (e.g. MCON vs. MSMCON)
and number signs (#) indicate significant sex differences (p < .05) in the same group (e.g. MSFCON vs. MSMCON).

MS (maternal separation), CON (ad lib. feeding and without wheel access), DIET (food-restricted but without wheel
access), ABA (food-restricted with wheel access).

5.3.2.6 Frequency of head dip

Head dip is a behaviour described as the number of times a subject looked over the edge of the
maze while its body was entirely in the open sections. As shown in figure 25, there was a trend of
an increased frequency in the expression of this behaviour in male and female groups with wheel
access.

Comparing all groups, we observed a main effect of treatment (F,75 = 3.89, p = 0.003, Table 9). A
two-way ANOVA indicated a significant increase in the frequency of this parameter for non-
maternally separated males with activity, i.e. MABA, compared to the control group, i.e.
MCON, p = 0.022 (figure 25). The increase in head dip frequency correlated highly positively with
the duration in the open arms: r(5) = 0.797, p = 0.032. Also, there was a very high significant
positive correlation between the number of times a head dip behaviour was expressed and the
duration in the open arms in both female active groups: MSFABA: r(6) = 0.916, p < 0.001; FABA:
r(5) =0.958, p < 0.001.
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Figure 25: The histograms show the results for the number of times head dip behaviour was expressed in the EPM
apparatus. The mean and the standard error of the mean (SEM) are represented in the graph.

Asterisks (*) indicate significant differences (p < .05) among the differently treated groups (e.g. MCON vs. MABA)

MS (maternal separation), CON (ad lib. feeding and without wheel access), DIET (food-restricted but without wheel
access), ABA (food-restricted with wheel access).

Table 9: Summary of behaviour statistical analysis of the data with main effects for all groups.

PARAMETERS | SEX | TREATMENT | SEX*TREATMENT
OPEN FIELD TEST

TOTAL DISTANCE n.s Fi5,76)=6.90 n.s
TRAVELLED p <0.001

DISTANCE TRAVELLED IN n.s Fi5,76)=6.96 n.s
THE BORDER p <0.001

FREQUENCY OF REARING n.s Fis,70=2.57 n.s
p =0.033

ELEVATED PLUS MAZE TEST
TOTAL DISTANCE n.s n.s Fis,76=2.81
TRAVELLED p =0.022

FREQUENCY IN THE CLOSED n.s Fis,77=3.96 n.s
ARMS p =0.003

FREQUENCY IN THE OPEN Fii,78=5.11 n.s n.s

ARMS p =0.027

DURATION IN THE CLOSED n.s Fis,77=3.78 n.s
ARMS p =0.004

DURATION IN THE OPEN n.s Fis,79)=3.56 n.s
ARMS p =0.006

FREQUENCY OF HEADDIP n.s Fis,75=3.89 n.s
p =0.003

Note: The values of F and p were obtained through a two-way ANOVA test, which was used to analyse the possible
effects of sex (M, males vs F, females), treatment (CON, DIET, ABA, MSCON, MSDIET, MSABA) and their interaction
(sex*treatment) on parameters collected in the behavioural tests.

n.s (not significant).
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Table 10: A three-way ANOVA showing main effect for behaviour analysis in females

FACTORS INTERACTIONS
PARAMETER 1. STRESS (MSvs | 2. ACTIVITY (ACT 3. FOOD
NH) vs NO ACT) INTAKE (FR 1*2 1*3 2*3
vs NO FR)
ALL FEMALES
OPEN FIELD
TOTAL DISTANCE F{1,40) = 9766, F{1'40) = 13200, n.s F(1,40) = 5793, n.s n.s
IN ARENA p<0.01 p<0.01 p <0.05
DISTANCE IN THE n.s Fi1,47)=10.502, n.s n.s n.s n.s
BORDER p<0.01
DISTANCE IN THE Fi1,43=5.045, n.s n.s n.s n.s n.s
CENTER p <0.05
FREQUENCY IN Fi1,42) = 6.008, F(1,42)=10.020, n.s n.s n.s n.s
THE BORDER p <0.05 p<0.01
FREQUENCY IN F1,44) = 4.561, Fi1,44)=5.907, n.s n.s n.s n.s
THE CENTER p <0.05 p <0.05
n.s n.s n.s n.s
FREQUENCY OF F1,42)=4.561, n.s
REARING p <0.05
n.s n.s n.s n.s
FREQUENCY OF Fi1,40) = 4.509, n.s
GROOMING p <0.05
EPM
TOTAL DISTANCE n.s Fi1,43 = 4.563, n.s n.s n.s n.s
COVERED p <0.05
FREQUENCY IN F1,45 = 4.102, n.s n.s n.s n.s n.s
OPEN ARMS p <0.05
FREQUENCY IN n.s F(1,43=9.803, n.s n.s n.s n.s
CLOSED ARMS p <0.05
DURATION IN n.s F(1,46) = 6.679, n.s n.s n.s n.s
CLOSED ARMS p <0.05

Note: The values of F and p were obtained through a three-way ANOVA test, which was used to analyse the possible
effects of stress (MS/NH), activity (ACT/NO ACT), food intake (FR/NO FR) and their interactions.
n.s (not significant).
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Table 11: A three-way ANOVA showing main effect for behaviour analysis in males

FACTORS INTERACTIONS
1. STRESS (MS 2. ACTIVITY 3. FOOD
PARAMETER vs NH) (ACT vs NO INTAKE (FR 1*2 1*3 2*3
ACT) vs NO FR)
ALL MALES
OPEN FIELD
TOTAL DISTANCE IN n.s F1,33 = 13.405, n.s F1,33=15.529, n.s n.s
ARENA p<0.01 p<0.01
DISTANCE IN THE n.s F1,300=13.679, n.s F1,300=9.756, n.s n.s
BORDER p<0.01 p<0.01
DURATION IN THE Fi1,33=5.308, p n.s n.s n.s n.s n.s
CENTER <0.01
LATENCY TO ENTER F1,36 = 6.456, p n.s n.s F1,30 = 5.039, n.s n.s
CENTER <0.05 p <0.05
FREQUENCY OF Fi1,300=4.760, p n.s n.s n.s n.s n.s
GROOMING <0.05
EPM
DURATION IN OPEN n.s Fi1,46)=5.045, p n.s n.s n.s n.s
ARMS <0.05
DURATION IN CLOSED n.s Fi1,46)=7.710, p n.s n.s n.s n.s
ARMS <0.05
FREQUENCY OF HEAD n.s Fi1,37=6.819, p n.s n.s n.s n.s
DIP <0.05

Note: The values of F and p were obtained through a three-way ANOVA test, which was used to analyse the possible
effects of stress (MS/NH), activity (ACT/NO ACT), food intake (FR/NO FR) and their interactions.
n.s (not significant).
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5.4 DISCUSSION

Analysis from the OF and EPM tests revealed that: independently of the MS protocol, groups
without any treatment were more explorative than ABA and, in a few cases, food-restricted only
groups. From the OF test results, among female ABA groups, maternal separation induced a lower
explorative activity. Comparing sexes in only food-restricted groups, MS females were more
explorative. Summarizing anxiety measures, in the absence of any treatment, MS induced a higher
anxiolytic effect in males than females observed by a significant difference in the time spent in the
centre of the OF apparatus. The same result was observed when ABA protocol was induced, i.e.
MSMABA < MSFABA in the time spent in the closed arms of the EPM. Among male controls,
neonatally separated appeared anxiolytic compared to the non-handled group. Both male and
females with only food restriction or coupled with activity appeared anxiolytic compared to
respective control groups.

As reported in Chapter 1, paragraph 1.4.1, results obtained following MS induction is conflicting
between different laboratories (Oomen et al., 2010; Fujimoto et al., 2014). Carrera et al., 2009,
indicated that the MS procedure resulted in greater resistance, especially in females (Carrera et
al., 2009). In a recent work by Farinetti et al., 2020, anxiety-related behaviours were significantly
reduced in female MS ABA compared with a respective non-handled group (Farinetti et al., 2020).
In the absence of food restriction or ABA, behavioural parameters that indicated reduced anxiety
was higher in male MS subjects compared to the non-handled group. However, an anxiogenic
effect was noted among ABA groups in MSFABA compared to FABA and MSMABA. The group that
recorded the highest activity levels, i.e. MSFABA, appeared anxiolytic in the analysis of Farinetti et
al., 2020. Similarly, the most active female ABA group was the one which appeared anxiolytic, i.e.
the FABA group. A higher female to male vulnerability to the ABA protocol is usually observed due
to the rapid weight loss and intense activity levels in females. Irrespective of these observations,
females have been observed to usually stay longer in the protocol due to their ability to modulate
activity levels in a better way compared to males, as observed in our results in Chapter 4,
paragraph 4.3.3. Although a higher anxiolytic effect was observed in the MSFABA group in the
work of Farinetti et al., 2020, the behaviour analysis in our work indicated that MSFABA were
anxiogenic compared to MSMABA. This seeming contradiction can be explained by the differences
in the ABA protocol employed: mild-stress ABA protocol by Farinetti and colleagues, 2021, and

classical ABA protocol in our experiment.
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Exploratory behaviour is underlined by the conflict between surveying novel/dangerous sites and
remaining in familiar surroundings (Mallo et al., 2007). An observed strength of the OF apparatus
is its analysis of exploratory activity; however, other authors have argued that the OF arena
without any enrichment such as tunnels, compartments or runaways, as in the classical OF
apparatus, does not elicit exploratory motivation but, suggestively, an escape behaviour (Genaro
& Schmidek, 2000). Therefore, higher distance travelled in the arena cannot be interpreted as
explorative (Genaro & Schmidek, 2000). Due to the observed positive correlation between low
exploratory and enhanced anxiety (Mallo et al., 2007), we argue in favour of Genaro & Schmidek,
2000 that the higher total distance travelled in the arena by the controls compared to ABA groups
does not show higher exploratory activity. In fact, analysis of anxiety parameters indicated a
higher anxiolytic effect in ABA and DIET than control groups.

The OF and EPM have been instrumental in providing exploratory and anxiety indexes in the ABA
model. In light of the behaviour analysis discussed, the MS + ABA is observed to have a dimorphic
effect: it reduces anxiety in males but increases anxiety in females. Nevertheless, the

extrapolation of results is always ideal when other parameters or tests are compared.
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CHAPTER 6: REWARD SYSTEM’S CONTRIBUTION TO THE
EXPRESSION OF THE ANOREXIC PHENOTYPE IN ABA RATS
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6.1 INTRODUCTION AND AIM OF EXPERIMENT

Many factors have been linked to the intense activity of ABA animals in the presence of drastic
bodyweight loss. Weight loss begins typically as a wilful approach meant to burn calories;
however, at later stages, many factors become involved, which seem to be outside the individual's
will (Gutiérrez et al., 2002). Authors arguing in favour of a thermoregulatory response indicated
that the hyperactivity observed compensates for the decline in body temperature generally
associated with weight loss (Gutiérrez et al., 2002). Also, the interplay between neurobiological
changes and different aspects of running behaviour in animal subjects has been undertaken to
highlight which brain areas are particularly vulnerable to caloric-restriction-induced hyperactivity
(Chowdury et al., 2015). In the ABA model, as subjects increasingly become hyperactive, food
intake is perceived as aversive, whereas activity becomes rewarding even in the face of an intense
negative energy state (Sodersten et al., 2016; Holly et al., 2015). This observation has pioneered
the analysis of the impact of the reward system and other associated systems, such as the
serotonergic, in both human and animal subjects, as reported in Chapters 1.5.1 and 1.5.2.
Recently, Aspesi and colleagues, using a mild-stress form of the ABA protocol, observed higher
expression of dopamine (DA)" cells, especially in the VTA of the ABA compared to control groups.
When ABA was induced in the presence of maternal separation, DA expression in the VTA was
increased but significantly reduced in the SNpc (Aspesi et al., 2021). Clearly, the inclusion of
maternal separation does produce a difference.

Using the classical ABA protocol, the aim of this part of the thesis was to analyse the
neuroendocrine alteration in the presence of an adverse early environment focusing primarily on
the dopaminergic and serotonergic system. We employed an immunohistochemistry analysis to
determine the quantitative differences in the number of cells expressing DA and serotonin (5-HT)
among the experimental groups to analyse the contribution of these two systems to the observed

behaviour data.
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6.2 MATERIALS AND METHODS
6.2.1 Animals

See Chapter 4, paragraph 4.2.2, figure 6.

6.2.2 Tissue preparation

The animals were deeply anaesthetized a day after the behaviour analysis, with an intraperitoneal
injection of a ketamine (100 mg/kg of body weight) and xylazine (10 mg/kg of body weight). Then,
the animals were transcardially perfused with saline followed by 4% paraformaldehyde (PAF). The
brains were removed, stored in a freshly prepared PAF solution for two hours at 4 °C and then
washed several times in phosphate-buffered saline (PBS). Next, the brains were stored in a 30%
sucrose solution in PBS at 4 °C and frozen on dry ice. The brains were serially sectioned along the
coronal plane at a thickness of 40 um. Sections were collected in multiwall dishes filled with an
antifreeze solution (30% glycerol, 30% ethylene glycol, 30% deionized water, 10% NaH2PO4
0.0243M and NaOH 0.0175M in aqueous solution) and stored in the freezer at — 20 °C until

utilization.

6.2.3 Immunohistochemistry

The obtained series were processed to evaluate dopamine and serotonin cells in the brain using
the free-floating immunohistochemistry technique. In particular, to evaluate the density of DA
neurons, the sections of the Ventral Tegmental Area (VTA) and Substantia Nigra pars compacta
(SNpc) were processed for L-amino acid decarboxylase (AADC); as a lyase enzyme that convert L-
dopa to dopamine, AADC is more specific than other enzymes involved in DA’s synthesis. For
instance, using other enzymes like tyrosine hydroxylase (TH) could result in the synthesis of
neurotransmitters such as catecholamines, norepinephrine and epinephrine.

Dorsal Raphe Nuclei (DRN) sections were processed to evaluate the density of 5-HT cells.

After an overnight wash in PBS, sections were incubated with a solution of PBS containing 0.2%
Triton X-100 for 30 min and then treated for blocking endogenous peroxidase activity (PBS
solution containing methanol/hydrogen peroxide, 1:1, 20 min, at room temperature). After that,
nonspecific binding was blocked by normal goat serum (for dopamine) or normal donkey serum
(for serotonin) (dilution of 15ul/1ml of PBS; NGS, Vector Laboratories, Burlingame, CA, USA). The

sections were then incubated overnight with an a-AADC primary antibody made in rabbit (dilution
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1:50000 in a solution of PBS Triton-X100 0.2% pH 7.4 and NGS 2%; Cat. No. TE102, Eugene Tech
International, New Jersey, USA) or a-5-HT primary antibody made in goat (dilution 1:8000 in PBS
Triton-X100 0.2% pH 7.4 and NGS 2%; Cat. No. 20079, Immunostar, Hudson, USA). After the
overnight incubation with the primary antibodies, the sections were incubated for 60’ with
biotinylated secondary goat anti-rabbit 1gG (dilution 1:250 in PBS; Cat. No. BA-1000, Vector
Laboratories, Burlingame, USA). After that, the slices were incubated with the avidin-biotin-
peroxidase complex (ABC, solution A 1% + solution B 1% in PBS without Na-azide). The peroxidase
activity was visualized with a solution containing 0.400 mg/ml of 3,3’-diaminobenzidine (DAB,
SIGMA-Aldrich, Milan, Italy) and 0.004% hydrogen peroxide in 0.05 M Tris-HCI buffer pH 7.6.
Sections were mounted on chromallum-coated slides, air-dried, cleared in xylene and cover-

slipped with Entellan (Merck, Milano, Italy).

6.2.4 Quantitative analysis

All the immunohistochemical experiments included the quantitative analysis of cells: the amount
of DA+ cells provided by the a-AADC staining in the VTA and SNpc and 5-HT+ cells in the DRN.
Rostro-caudal levels considered for quantitative analysis of DA in the VTA and SNpc were from
Bregma -5.20 mm to -5.80 mm and DRN from Bregma -7.30 mm to -8.00 mm (Paxinos and
Watson, 1998). For each animal, five (5) levels of VTA/SNpc, and three (3) of DRN were acquired
with a NIKON Digital Sight DS-Fil video camera connected to a NIKON Eclipse 80i microscope,
using a 4x objective. Digital images were processed and analysed automatically by Imagel (version
1.46r; Wayne Rasband, NIH, Bethesda, MD, USA), using the Analyze Particles function of the
software. The density of cells at every level was calculated as the number of cells to the area of
the appropriate ROI multiplied by 10*. The mean density of cells at dopamine and serotonin levels

was considered for the statistical analysis.
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Figure 26: Rostro-caudal levels considered for quantitative analysis of DA in the VTA (from Bregma -5.20 mm to
Bregma -5.80 mm; modified from Franklin and Paxinos 1998).
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Figure 27: Rostro-caudal levels considered for quantitative analysis of 5-HT in the DRN (from Bregma -7.30 mm to
Bregma -8.00 mm; modified from Franklin and Paxinos 1998).

6.2.5 Statistical analysis

The densities of cells obtained from quantitative analysis were processed using the SPSS 24.0
program, with a two-way ANOVA with sex and treatments (CON, DIET, ABA, MSCON, MSDIET,
MSABA) as independent variables. For single sex analysis, a three-way ANOVA was used to analyse
the effect of stress (MS/NH), activity (ACT/NO ACT) and food intake (FR/NO FR) and their
interactions after verifying the normality of the data with the Shapiro-Wilk test. If the value of
ANOVA was significant, we evaluated the difference among experimental groups employing the

Student Newman-Keuls post hoc test, and the significance was set at p < 0.05.
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6.3 RESULTS

6.3.1 Density of DAY cells’ in the VTA

The quantitative analysis for the combined group in the VTA showed main effects on the density of
DA+ cells given by sex (F;,7s) = 6.78, p = 0.011), treatments (F,75 = 3.96, p = 0.003) and by the
interaction between the two independent variables (Fs,7s) = 3.76, p = 0.004, Table 12).

Among females, a main effect by activity (Fj;,45 = 8.908, p< 0.01) and food intake (F,45) =
25.185, p < 0.001, Table 13) was observed. The SNK post hoc analysis indicated a significantly
increased expression for both ABA groups compared to their respective controls, i.e. FABA >
FCON, p < 0.001, and MSFABA > MSFCON, p < 0.001 (figure 28). The results also showed a higher
DA+ cells’ expression for food restricted maternally separated group, i.e. MSFDIET > MSFCON, p <
0.001 (figure 28).

Although no significant effects were observed among the male groups, there seemed to be a trend
of increased expression for the food-restricted and ABA group, especially when maternal
separation was absent (figure 28).

Comparing sexes, independently of the maternal separation, a higher expression of DA+ cells was

recorded for females to male ABA group, p < 0.001 (figure 28).
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Figure 28: The graph shows the mean density of the expression of DA+ cells in the VTA (expressed in (cells/um2)*10%.
Asterisks (*) indicate significant differences (p < .05) among the differently treated groups (e.g. FCON vs. FABA) and
number signs (#) indicate significant sex differences (p < .05) in the same group (e.g. MSFABA vs. MSMABA).

MS (maternal separation), CON (ad lib. feeding and without wheel access), DIET (food-restricted but without wheel
access), ABA (food-restricted with wheel access).
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6.3.2 Density of DAY cellsin the SNpc

The quantitative analysis for the combined groups in the SNpc showed main effects on the density
of DA+ cells given by sex (F;,7s) = 0.41, p = 0.523), treatments (Fs,s) = 7.86, p < 0.001) and by the
interaction between the two independent variables (Fs, 75 = 5.30, p < 0.001, Table 12).

In females, comparable to the results obtained in the VTA, food restriction alone or combined with
activity increased dopamine cells' expression in the SNpc. Statistically, an increased expression
was observed for the maternally separated food-restricted and ABA groups with respect to the
control group, i.e. MSFDIET > MSFCON, p < 0.001, and MSFABA > MSFCON, p < 0.001 (figure 29).

In males, a main effect of activity (F/1,37 = 20.194, p < 0.001) and food intake (F137 = 4.805, p <
0.05, Table 13) was observed following a two-way ANOVA. A significantly increased level of
dopamine cells in this region was observed in groups with ABA, independently of neonatal
treatment, compared to their respective controls, i.e. MABA > MCON, p < 0.001, and MSMABA >
MSMCON, p < 0.001 (figure 29). A greater expression was also shown for the MSMABA compared
to only food-restricted group, MSMDIET, p < 0.001 (figure 29). Also, a significant difference in
expression levels was observed when MDIET was compared with MSMDIET, p < 0.001 (figure 29).
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Figure 29: The graph shows the mean density of the expression of DA" cells in the SNpc (expressed in (ceIIs/umZ)*104).
Asterisks (*) indicate significant differences (p < .05) among the differently treated groups (e.g. MSFCON vs. MSFABA).
MS (maternal separation), CON (ad lib. feeding and without wheel access), DIET (food-restricted but without wheel
access), ABA (food-restricted with wheel access).
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Figure 30: Microphotography illustrating differences in the percentage of DA cells’ density in the VTA and SNpc of female
groups (Bregma -5.20 mm).
VTA (ventral tegmental area), SNpc (substantia nigra pars compacta)
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Figure 31: Microphotography illustrating differences in the percentage of DA cells’ density in the VTA and SNpc of male ¢ groups
(Bregma -5.20 mm).
VTA (ventral tegmental area), SNpc (substantia nigra pars compacta)
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6.3.3 Density of 5-HT* cells in the DRN

As observed in the VTA and SNpc, there was a main effect of sex (F;,74 = 13.80, p < 0.001),
treatments (F(s,74)= 11.16, p < 0.001) and the interaction between them (Fs 74 = 2.98, p = 0.017)
among the experimental groups (Table 12).

Among females, a two-way ANOVA indicated a main effect of stress (F1,42) = 7.927, p < 0.01), food
intake (F(1,42) = 6.716, p < 0.05) and the interactions between these two factors (F;,42) = 4.914, p <
0.05, Table 13). In addition, a main effect of the interaction between stress and activity was
observed (Fj,42= 6.581, p< 0.05, Table 13). Among non-maternally separated subjects, a
significant decline in 5-HT cells’ expression was observed in only food-restricted and food
restriction coupled with activity groups, i.e. FDIET & FABA < FCON, p = 0.001 (figure 32). Among
the maternally separated groups, although the expression was reduced in the DIET group, there
was a significant increase in the ABA compared to the DIET group, p = 0.001 (figure 32). More
importantly, the expression of the 5-HT cells was higher in the MSFABA than the FABA group, p =
0.001 (figure 32).

A similar effect was observed among the male non-maternally separated groups. A statistically
declined level was observed for the only food-restricted and ABA groups compared to the
control, p = 0.001 (figure 32), and ABA compared to the only food-restricted group, p= 0.001
(figure 32). Also, the expression of the cells was statistically significant for the MSMABA with
respect to the MABA group, p = 0.001, figure 32.

Comparing sexes, independently of the maternal separation and the ABA protocol, 5-HT cells’
expression were significantly higher in females compared to males, i.e. FABA > MABA, p = 0.001;

MSFABA > MSMABA, p =0.001 (figure 32).
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Figure 32: The graph shows the mean density of the expression of 5-HT" cells in the DRN (expressed in (cells/um?)*10%.
Asterisks (*) indicate significant differences (p < .05) among the differently treated groups (e.g. MSFCON vs. MSFDIET)
and number signs (#) indicate significant sex differences (p < .05) in the same group (e.g. MSFABA vs. MSMABA).

MS (maternal separation), CON (ad lib. feeding and without wheel access), DIET (food-restricted but without wheel
access), ABA (food-restricted with wheel access).
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Figure 33: MicrophBtograE)hs iilustrat_ing th; dif_fe;enc;;s_in tﬂe_ bercentage of 5HT cells density i;m the DRN_of female grdoups
(Bregma -7.80 mm).
* (acqueduct)
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(Bregma -7.80 mm).

* (acqueduct)
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Table 12. A two-way ANOVA results for the immunohistochemical analysis
serotonergic systems.

of the dopaminergic and

INDEPENDENT VARIABLES DOPAMINE DOPAMINE SEROTONIN
VTA SNPC DRN
SEX F(1,75=6.78 F(1,75=0.41 F(1,74)=13.80
p=0.011 p=0.523 p <0.001
TREATMENT Fis,75=3.96 F(s,75=7.86 Fis,74)=11.16
p =0.003 p <0.001 p <0.001
SEX*TREATMENT Fis,75=3.76 F(s,75=5.30 Fis,74)=2.98
p =0.004 p <0.001 p=0.017

Note: The table shows the results of the ANOVA analysis for the neuroendocrinological systems considered. The
independent variables evaluated were the effects of Sex (Female and Male), Treatment (CON, DIET, ABA, MSCON,
MSDIET, MSABA), and the interaction between Sex and Treatment. The analysis comprises the immunoreactivity for
dopamine in the VTA and SNpc, and serotonin in the DRN. A significant effect is indicated by p < 0.05.

Table 13: A three-way ANOVA results for the single-sex immunohistochemical analysis

in SNpc

SEROTONIN
Density of 5-HT-ir
cells in DRN

F{1’35) = 5444,
p <0.05

p < 0.001

Fpi36 = 12.012,
p<0.01

<0.05

F(1,35) = 15146,
p<0.01

F(1,36) = 9101,
p<0.01

FACTORS INTERACTION
PARAMETER 1. STRESS (MS 2. ACTIVITY 3. FOOD
vs NH) (ACT vs NO INTAKE (FR vs 1*2 1*3
ACT) NO FR)
ALL FEMALES
DOPAMINE
Density of DA-ir cells n.s Fi1,45)=8.908, p | F145 =25.185, n.s n.s
in VTA <0.01 p <0.001
Density of DA-ir cells Fi1,45) = 28.308, F(1,45)=5.095, p <
in SNpc n.s n.s p <0.001 n.s 0.05
SEROTONIN
Density of 5-HT-ir Fi1,42)=7.927, n.s Fi1,42=6.716, p Fi1,42)=6.581,p | Fi142=4.914,p<
cells in DRN p<0.01 <0.05 <0.05 0.05
ALL MALES
DOPAMINE
Density of DA-ir cells
in VTA
Density of DA-ir cells n.s F137=20.194, | F;1377=4.805,p

F(1,36) = 6512,
p <0.05

Note: The table shows the results of the three-way ANOVA for the neuroendocrinological systems considered. The
independent variables evaluated were stress (MS/NH), activity (ACT/NO ACT), food intake (FR/NO FR) and the
interactions between them. The analysis comprises the immunoreactivity for dopamine in the VTA and SNpc, and
serotonin in the DRN. A significant effect is indicated by p < 0.05.
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6.4 DISCUSSION

The immunohistochemical analysis in the VTA revealed more prominent differences in dopamine
neurons expression in females compared to males. This difference was independent of the
maternal separation because food restriction alone or ABA induction enhanced expression in both
non-handled and maternally separated subjects compared to respective control groups. In the
SNpc, a similar incidence was observed in both sexes, especially from the ABA induction. There
was a significant increase in DA cells expression in maternally separated ABA compared to control
groups and, in males only, between non-handled ABA compared to controls. Interestingly,
expression in the SNpc was reduced in MS males when food restricted groups were compared.
Regarding 5-HT, non-handling coupled with DIET or ABA protocol reduced 5-HT expression in both
sexes. The neonatal treatment in females and males significantly increased 5-HT immunoreactivity
levels compared to non-handled ABA groups. Among ABA groups, independently of maternal
separation, 5-HT expression was higher in females than males.

Food shortage or restriction has been observed to elicit stress, affecting the dopaminergic system
(Sodersten et al., 2016; Holly et al., 2015). Due to the continued caloric restriction and wheel
access availability as in the ABA paradigm (Routtenberg & Kuznesof, 1967), the alteration in the
dopaminergic system becomes sustained, reflected in the enhanced levels of DA" cells (Aspesi et
al.,, 2021). The analysis in our experiment indicated a higher expression primarily due to the
treatment from either food restriction or its combination with activity in both sexes. Thus, we
suggest that the significant increase in DA™ cells underlines the increased activity levels observed
on the running wheel. The reduced expression of the DA" cells in the groups without ABA, i.e. CON
and MSCON, does not support the higher exploratory activity recorded in the behaviour analysis.
This discrepancy support the notion that total distance travelled in the classical OF apparatus does
not explain exploratory but escape behaviour (Genaro & Schmidek, 2000)

Comparing activity levels in the ABA groups, Chapter 3, paragraph 3.3.3, females were hyperactive
compared to males independently of the MS protocol. We observed a significant increase in the
expression of DA" cells in the VTA for females but not in males. Increased expression in males was
observed primarily in the SNpc. The difference in expression levels in these two dopaminergic
subpopulations is dependent on the function of these subpopulations (Boekhoudt et al., 2016).
The projection of dopamine from the VTA to NAc has been observed to sustain largely locomotor
hyperactivity in mice and rats (Boekhoudst et al., 2016), whereas an optogenetic stimulation of SN

dopamine neurons in intact mice resulted in subtle movements (Boekhoudt et al.,, 2016).
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Concerning SN dopamine neurons, authors primarily argued in favour of motor coordination but
not locomotor hyperactivity (Boekhoudt et al., 2016).

The expression levels of 5HT have been observed to influence dopaminergic activation in an
inverse manner (Kapur & Remington, 1996). Correspondingly, in our analysis, the groups with
increased dopamine expression had a declined level of 5HT, which was mainly observed in non-
handled DIET or ABA of both sexes. The MS procedure, On the other hand, in MS ABA groups,
there was a trend of a higher and equal levels of 5HT expression compared to control groups in
females and males, respectively. In addition, the MS protocol significantly impacted anxiety by
increasing 5HT expression in ABA females and males compared to respective non-handled groups.
As reported by Aspesi et al., 2021, MS and ABA protocol synergised to reduce anxiety in females
due to enhanced 5HT expression (Aspesi et al., 2021). This influence of the separation protocol
could also underline the modulation in general activity levels observed in MS ABA groups. More
importantly, the reduced level of tryptophan, the essential amino acid required for 5-HT synthesis,
due to the food restriction, could account for the lower levels of 5-HT expression. Incidences of
hypophagia and body weight loss in rats, as observed in the ABA group, have been noted in the
presence of tryptophan deprivation (Zapata et al., 2018).

The intense activity and reduced food intake which drive the pathological weight loss in AN, is not
just a wilful behaviour but, as observed in this part of the experiment, could be underlined by
alterations in specific brain regions. The MS protocol provides a protective effect due to its

modulation of the alterations observed in these regions when the ABA protocol is induced.
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CHAPTER 7: GENERAL CONCLUSIONS
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Conclusively, we have demonstrated the interplay between early maternal separation, food

restriction and activity to the susceptibility to the ABA protocol. Behavioural alterations and

specific brain regions' modulation following the induction of early life stress with and without the

ABA protocol have been analysed.

Briefly, per observation, maternal behaviour towards pups upon reunion appeared
inconsistent during the separation days. However, these changes did not significantly affect
the subjects' body weight on the weaning day (Chapter 3). Maternal behaviour such as
licking, grooming and arched-back nursing increases and decreases during brief handling
and MS periods, respectively (Caldji et al., 2000). This condition, in the latter, is observed to
increase fearfulness in response to novelty in animal subjects (Caldji et al., 2000). Although
the maternal behaviour towards pups normalised during the second week of separation in
my experiment, pup-directed behaviours observed in the initial days were reduced.

Food restriction alone induced weight loss, but pathological weight loss was observed
when coupled with activity as in the ABA protocol. Although food restriction plays a
significant role in the consequential body weight loss in ABA, as reported in (Chapter 4,
paragraph 4.3.2), other authors have observed a reduced decline in the weight loss when
animals are only food restricted. In fact, food intake in these subjects normalises and
increases with time (Doerries et al., 1991; Carrera et al., 2009; Foldi et al., 2020). For the
full expression of the anorexic phenotype, a combination of both food restriction and
activity is recommended (Chowdhury et al., 2015; Lamanna et al., 2019).

Females have been demonstrated to express higher vulnerability to the ABA protocol than
males, as confirmed by the significantly higher levels of running activity (Chapter 4,
paragraph 4.3.3). Maternal separation conferred a protective effect, especially on activity
levels during the ABA protocol, evidenced by the increasing trend of activity and time spent
on the wheel in male and female non-handled compared to the MS groups. In a recent
published work from Farinetti et al., 2020, although ABA in the presence of MS resulted in
an increase in activity levels there was a significant reduction in anxiety parameters in
females (Farinetti et al., 2020). Similarly, Carrera and colleagues have reported a protective
effect of the MS protocol in ABA females although no effect was observed in males
(Carrera et al., 2009).

The synergy between different activity periods underlined the observed hyperactivity in a

sex-dependent manner: FAA and NA for females (most active group) and FAA and PPA for
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the hyperactive male group. From the literature, activity during the FAA period has been
observed to spike up exponentially in the ABA protocol (Hillebrand et al., 2005; Wu et al.,
2014; Klenotich et al., 2012), and attempt to reduce this activity period has resulted in
reducing the susceptibility to the ABA protocol. Wu et al. have also commented on the
effect of the PPA in sustaining the intense activity recorded during the ABA procedure (Wu
et al., 2014).

Behaviour analysis using the OF and EPM indicated reduced anxiety following food
restriction or ABA treatment. Separation during the early postnatal days reduced
anxiogenic parameters in most subjects. This resonates with the report of Farinetti et al.,
2020, since MS + ABA resulted in an anxiolytic effect in females. Although authors
observed increased anxiety parameters in MS + ABA males, the male ABA group compared
to controls were also anxiolytic (Farinetti et al., 2020).

Immunohistochemically, the observed difference in the expression levels of DA and 5HT
cells was supported by the separate and combined effects of the MS and ABA protocol.
Significantly increased levels of DA cells were observed in groups that were food restricted
only or coupled with activity. Aside from the inherent trait of increased activity levels
observed in female rats (Rosenfeld, 2017), the higher expression levels of DA, mainly in the
VTA, of female ABA groups could underline the differences in hyperactivity between the
two sexes. Dopamine expression, mainly in the VTA, is implicated in pronounced and long-
lasting hyperactive phenotype (Boekhoudt et al., 2016).

The MS stress coupled with food restriction or ABA generally reduced the expression of 5-
HT" cells in the DRN. Interestingly, 5SHT expression was significantly higher in both male and
female ABA groups that were maternally separated than subjects without maternal

separation.

Taken together, this thesis has confirmed the validity of the ABA protocol in the analysis of human

AN due to the observed core features of the disorder. Although the early adverse environment has

deleterious effects in most cases, it could also impact positively. Behavioural changes observed in

AN individuals is underlined by alterations in specific brain regions.

Although there is substantial literature on the effect of adverse early environment on the

susceptibility of AN in human and animal studies (Carrera et al., 2006 & 2009: Hancock et al., 2009,

Farinetti et al., 2020), not much work has been focused on analysing the impact of the different
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activity periods in the ABA protocol in the presence of early maternal separation. | want to
highlight that this work, if not the first, is among the first to analyse the impact of activity in
different periods combining early life stress with ABA protocol in both sexes.

Different systems work in tandem to manifest alterations observed in several human disorders.
Although both systems investigated in this thesis are instrumental in the pathophysiology and
behavioural dysregulations of AN both in humans and animals, it would be worthwhile in future
studies with the ABA model to include other circuits such as the hypothalamic system, which is a
crucial player in the regulation of appetite/food intake. Further studies in analysing peripheral
signals involved in feeding behaviour and energy homeostasis such as leptin and ghrelin would

throw more light on the underlying effects observed.
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