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1. INTRODUCTION 

Individuals differ in their behavioural and neurobiological responses to the same 

environment. In stress research this observation is central, because comparable 

stress exposure does not produce comparable outcomes across individuals. Some 

individuals maintain exploration and reward-directed behaviour after stress 

exposure, whereas others show behavioural inhibition or reduced reward respon-

siveness. Stress exposure may also produce divergent endocrine and physio-

logical outcomes, including altered recovery of glucocorticoid-regulated systems. 

The mechanisms underlying such differences remain incompletely understood, 

but they are likely to involve pre-existing variation in affective, motivational, and 

stress-regulatory systems. 

This thesis examines such variation through two related phenotypes: positive 

affectivity and hedonic capacity. Positive affectivity is used here in an affective-

neuroscience sense, as individual variation in positive-valence affective responses 

that can be studied in animals through behavioural and neurobiological measures 

(Burgdorf et al., 2005, 2020; Mällo et al., 2009). Hedonic capacity is treated 

separately. It refers to the responsiveness to palatable or otherwise rewarding 

stimuli, commonly assessed in rodents through measures such as sucrose intake 

or preference (Brennan et al., 2001; Tõnissaar et al., 2006). These phenotypes 

overlap, but they should not be treated as equivalent. The distinction is important 

because reward is composed of separable processes (Berridge & Kringelbach, 

2013; Salamone & Correa, 2024). Appetitive approach, incentive motivation, 

reward learning, and hedonic impact can change independently. In this scope, 

positive affectivity concerns the broader tendency to generate positive-valence 

responses, whereas hedonic capacity refers more specifically to reward con-

sumption and pleasure-related responsiveness. 

Stress engages neural and endocrine systems that are adaptive when their 

activation is acute and well regulated. As Rudolf Nesse (2002) argued, suffering 

and illness may arise not only from damaged biological mechanisms, but also 

from otherwise intact defences whose regulation is excessive or inappropriate in 

a given context. This view is directly relevant to stress-related disorders because 

defensive and metabolic responses that support survival during acute challenge 

may contribute to pathology when repeatedly or chronically activated. Chronic 

stress can alter reward-related behaviour, mesocorticolimbic dopamine function, 

hypothalamic-pituitary-adrenal axis regulation, and behavioural adaptation 

(Holly & Miczek, 2016; Ulrich-Lai & Herman, 2009). These effects, however, 

might not be uniform across individuals. 

Exposure to stress is universal, but the ability to tolerate and recover from it 

varies greatly among individuals (Hamann & Canli, 2004). The present thesis 

asks whether pre-existing differences in positive affectivity and hedonic capacity 

contribute to this variability. The central premise is that stress vulnerability 

depends not only on the intensity or duration of stress exposure, but also on the 

affective and reward-related phenotype of the individual exposed to it. By 
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studying these phenotypes in rats, this thesis examines evolutionarily conserved 

components of mammalian positive-valence and reward systems that may 

influence behavioural outcomes after chronic stress. 

 

 

1.1 Rat 50-kHz ultrasonic vocalisations as a measure 

of positive affective states 

A valuable model for studying affective states in rodents originates from the mid-

20th century discovery that rats emit ultrasonic vocalisations (USV) (Anderson, 

1954). Their significance for affective neuroscience became much clearer only 

later, particularly through the studies of Knutson, Burgdorf, and Panksepp. This 

research group demonstrated that young rats emit high-frequency vocalisations 

in anticipation of playful behaviour (Knutson et al., 1998), with a subsequent 

proposition that rat ultrasonic vocalisations can serve as behavioural indices of 

affective states (Knutson et al., 2002). These observations established ultrasonic 

vocalisations as a useful tool for modelling affective processes in rodents and 

opened the way for later work on the structure and functional significance of dif-

ferent call types. Subsequent behavioural, pharmacological, and neurobiological 

work further supported the view that 50-kHz calls also function as commu-

nicative signals associated with positive affect and reward-related processes 

(Brudzynski, 2015). 

Rat ultrasonic vocalisations are most commonly discussed in terms of two 

major sound frequency ranges, centred around 22- and 50-kilohertz (kHz), whereas 

vocalisations around 40 kHz are primarily described in maternal separation con-

texts. The 22-kHz calls are associated with aversive states and defensive behaviour, 

such as predatory exposure, social defeat in inter-male fighting, negative drug 

experience, and initial handling (Blanchard et al., 1991; Brudzynski & Ociepa, 

1992; Burgdorf & Panksepp, 2001; Kroes et al., 2007; Litvin et al., 2007). The 

50-kHz calls represent the most complex vocal system, encompassing a range of 

call types that vary in bandwidth, duration, and frequency modulation (Wright 

et al., 2010). Although the specific functions of these subtypes remain in-

completely understood, 50-kHz calls are generally associated with positive 

affective and appetitive states. These chirp-like vocalisations occur in a wide 

range of rewarding contexts, including anticipation of play (Knutson et al., 1998), 

feeding (Opiol et al., 2015), mating (Barfield & Thomas, 1986), and chemical or 

electrical stimulation of reward-related structures in the central nervous system 

(Burgdorf et al., 2000, 2007; Simola et al., 2012). The “chirps” seem to serve as 

social calls, as rats self-administer the playback of 50-kHz USVs as well (Wöhr 

& Schwarting, 2007; Wöhr, 2017). In contrast to 22-kHz USVs, 50-kHz 

vocalisation is reduced by aversive stimuli (Burgdorf et al., 2008; Burgdorf & 

Panksepp, 2001; Mällo et al., 2009; Popik et al., 2012, 2014). 

Rats differ substantially in the number of ultrasonic vocalisations they emit in 

response to affectively relevant stimuli (Mällo et al., 2007; Brenes & Schwarting, 

2015), and this variability is also evident in the context of drug reward (Taracha 
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et al., 2012; Ahrens et al., 2013). Individual differences in USV activity appear to 

be stable, as rats can be selectively bred for high and low calling activity 

(Burgdorf et al., 2005), and these line differences persist across generations 

(Brunelli et al., 1997, 2006). Rats with a lower tendency to emit these calls also 

display more anxious behaviour in both spontaneous behavioural settings and 

standardised tests (Burgdorf et al., 2009; Harmon et al., 2008; Webber et al., 

2012). 

 

 

1.2 The architecture of reward: motivation, affect, and 

their divergence 

Reward is a fundamental neurobiological function essential for motivation, 

learning, and survival. Broadly defined as stimuli that promote adaptive behaviour 

and sustainability, rewards are central to affective and motivational processes in 

both typical and pathological states. A landmark causal demonstration of brain 

reward emerged only in 1954, when Olds and Milner showed that rats would 

work to obtain electrical stimulation of specific brain sites, establishing that acti-

vation of neural circuitry could itself function as a positive reinforcer. Dopamine 

was subsequently linked to reward through the anhedonia hypothesis (Wise, 

1978), which proposed that attenuation of dopaminergic function reduces the 

rewarding impact of normally reinforcing stimuli (Wise, 1980, 2008).  

Contemporary paradigms view midbrain dopamine as orchestrating the moti-

vational component of reward, with dopamine neurons in the ventral tegmental 

area (VTA) exhibiting phasic bursts of activity in response to unexpected primary 

rewards (Schultz et al., 1993, 2017). These bursts convey information that is 

separable from hedonic value (Berridge et al., 1989; Berridge & Kringelbach, 

2013), and have been associated with motivational value and the incentive 

salience of reward (Berridge & Robinson, 1998; Bromberg-Martin et al., 2010). 

The reward response is supported by two major dopamine pathways. Projections 

from the VTA to the nucleus accumbens (NAcc), the mesolimbic pathway, shape 

motivational drive (Ikemoto & Panksepp, 1999; Salamone et al., 2003), whereas 

projections to the frontal cortex, the mesocortical pathway, support higher-order 

processes such as decision-making, contextual evaluation, and action selection 

(Seamans & Yang, 2004; Otis et al., 2017). 

Affective and motivational components of reward substantially overlap within 

the broader reward network, most notably in the ventral striatum and amygdala, 

which helps explain why dissociating them in vivo is challenging (Yankouskaya 

et al., 2022). Many aspects of reward value remain incompletely understood. 

Dopamine is now widely considered a mediator of the motivational component 

of reward, whereas hedonic value is assigned within partly distinct neural systems 

(Bromberg-Martin et al., 2010; Salamone & Correa, 2024). Dopamine neurons in 

the VTA project to the NAcc, where opioid-sensitive sites in the medial shell act 

as a “hedonic hotspot”. Together with the reciprocally connected ventral pallidum, 

these structures can enhance the hedonic value of rewarding stimuli (Smith & 
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Berridge, 2005, 2007; Smith et al., 2009). Using related methods, several such 

hotspots have been identified, revealing a distributed hedonic network (Peciña 

et al., 2006; Berridge & Kringelbach, 2015).  

Rat 50-kHz ultrasonic vocalisations have been consistently linked to affective 

expression of rewards (Wöhr & Schwarting, 2013; Brudzynski, 2015, 2021). 

These calls occur in conditioned pharmacological reward contexts and during 

playback self-administration, and can also emerge in operant contexts involving 

learned anticipation of food reward (Knutson et al., 1999; Burgdorf et al., 2008; 

Wardak et al., 2024). Experimental studies further indicate that 50-kHz calling 

can be induced by activation of both motivational and hedonic reward-related 

systems, suggesting that the neural control of these vocalisations extends beyond 

dopaminergic mechanisms alone (Burgdorf et al., 2007; Scardochio et al., 2015; 

Simola & Brudzynski, 2018). 

 

 

1.3 Sucrose consumption as a model of hedonic 

response behaviour in rodents 

Altered reward processing represents a core feature of numerous psychiatric 

conditions, particularly mood disorders (Gorwood, 2008; Huys et al., 2013). In 

preclinical research, reward-related behaviour in rodents is commonly assessed 

using palatable substances as proxies for natural rewards. Among these, sucrose – 

typically administered as a sugar solution – has become a standard tool for 

investigating reward sensitivity and hedonic response to natural reward in animal 

models (Willner et al., 1987; Primo et al., 2023). In its most widely used form, 

the sucrose preference test is carried out as a measure of stress-induced distur-

bances in reward processing. In this paradigm, rats are presented with two bottles, 

one containing a sucrose solution and the other plain water, and preference is 

calculated from relative intake over a defined testing period (Mällo et al., 2009; 

Liu et al., 2018). Healthy animals tend to show preference for sucrose over water, 

whereas a reduction in sucrose preference is commonly interpreted as an altered 

reward behaviour due to the effects of stress. 

In the present work, however, sucrose-based assessment is used differently. 

Rather than focusing on sucrose preference as a state-sensitive measure of stress 

effects, repeated sucrose-consumption tests are used to characterise stable indi-

vidual differences in baseline hedonic capacity. Repeated assessment of sucrose 

consumption indexes a stable behavioural tendency to choose and consume a 

palatable reward and thus reflects a more direct consummatory dimension of 

reward sensitivity that complements the more affect-related 50-kHz vocali-

sations. 

In this approach, sucrose intake is assessed repeatedly under nondeprived 

conditions, with food and water freely available, in order to reduce the influence 

of transient metabolic and procedural factors. Studies using this protocol have 

shown that rats differ reliably in their baseline consumption of sucrose, and that 

animals with lower sucrose intake exhibit higher anxiety-like behaviour in 
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behavioural tests (Desousa et al., 1998; Tõnissaar et al., 2006). Related work 

further shows that motivation for obtaining sucrose is associated with lower 

anxiety-like behaviour even in sated rats, supporting the view that sucrose-related 

responding reflects a broader behavioural trait rather than momentary caloric 

demand (Alsiö et al., 2009).  

A series of studies further demonstrated that this individual variability extends 

to reward-related responsivity more broadly. Rats with higher and lower levels of 

sugar intake differ in their locomotor activity in response to acute and repeated 

amphetamine administration (Sills & Vaccarino, 1994). High sucrose feeders also 

show greater amphetamine-induced dopamine overflow in the nucleus accum-

bens (Sills & Crawley, 1996) and a greater increase in sucrose consumption after 

low-dose amphetamine administered systemically or into the nucleus accumbens 

(Sills & Vaccarino, 1996). Related findings with morphine suggest that this 

pattern is not limited to psychostimulants alone, but reflects broader individual 

differences in reward-related sensitivity (Sills & Vaccarino, 1998). High and low 

sucrose consumers further differ in dopamine D2 receptor function (Tõnissaar 

et al., 2006), as well as in gene expression in brain regions related to hedonic 

behaviour (Duncko et al., 2003). This interpretation is further supported by 

evidence that hedonic trait differences are associated with distinct neural and 

molecular responses to chronic social defeat stress, including variation in regional 

oxidative metabolism and gene expression in stress-susceptible and resilient 

animals (Kanarik et al., 2011). 

 

 

1.4 Stress regulation and adaptive changes in 

the reward structures 

Perceived threats typically elicit a stress response – an adaptive physiological 

reaction to a perceived threat to homeostasis. This process is a biologically 

embedded protective mechanism that supports the organism’s immediate survival. 

Sterling and Eyer (1988) introduced the concept of allostasis to describe how 

organisms achieve stability through change, adjusting internal regulation to meet 

changing environmental demands. Each activation of stress-mediating systems 

imposes an allostatic load – the physiological cost of achieving stability through 

change (McEwen & Stellar, 1993; McEwen, 1998). Because restoring homeo-

static balance is central to maintaining homeostasis, efficient termination of the 

stress response and subsequent recovery of affected systems are crucial. The 

stress response has evolved as a short-lived state in which substantial metabolic 

and cognitive resources are mobilised to address immediate danger. When such 

activation becomes repetitive or prolonged, however, the organism begins to 

accumulate allostatic overload – the defining feature of chronic stress (McEwen, 

2004). In this dysregulated state, recovery is incomplete, adaptive adjustments 

become impaired, and vulnerability to pathology increases. 

The stress response is the organism’s rapid shift from everyday functioning to 

a state of heightened readiness. It begins with the way the brain interprets the 
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environment: sensory and emotional information converge in limbic regions – 

most notably the amygdala – where potential threat is detected and evaluated in 

relation to homeostatic significance (Ressler, 2010; Godoy et al., 2018). If the 

situation is judged as potentially harmful to homeostasis, the body initiates a 

coordinated reaction. The sympathetic nervous system activates almost instantly, 

and the hypothalamic–pituitary–adrenal (HPA) axis follows through a hormonal 

cascade that culminates in glucocorticoid release from the adrenal cortex 

(Sapolsky et al., 2000; Ulrich-Lai & Herman, 2009). In parallel, central monoamin-

ergic systems – serotonin, norepinephrine, and dopamine – shift their activity in 

ways that shape vigilance, arousal, motivational salience, and behavioural 

readiness (Flügge et al., 2004; Valentino & Van Bockstaele, 2008; Puglisi-Allegra 

& Andolina, 2015). Together, these adjustments temporarily redirect the orga-

nism’s resources toward managing the challenge at hand.  

Just as important, however, is the way the stress response ends. Gluco-

corticoids act on receptors in the hippocampus, prefrontal cortex, and hypotha-

lamus to help terminate the response once the threat has passed, allowing the 

organism to return toward balance (de Kloet et al., 2008). The efficiency of this 

disengagement is critical: when recovery is smooth, the organism incurs little 

long-term cost; when activation becomes prolonged or recovery incomplete, the 

accumulated burden gradually increases vulnerability to stress-related dys-

function. In other words, it is not only the intensity of the stress response that 

matters, but also how effectively it can be switched off. 

Prolonged exposure to stressful conditions can transform an initially adaptive 

reaction into a chronic state in which stress-mediating systems are repeatedly 

engaged. This sustained activation generates measurable alterations in both 

endocrine and neural regulation. Disrupted glucocorticoid homeostasis is a 

central feature of this process, reflected in altered basal secretion, impaired 

recovery, and deviations from normal circadian and ultradian dynamics (McEwen 

& Stellar, 1993; McEwen, 1998; Herman et al., 2016; Sheng et al., 2021). These 

endocrine disturbances are accompanied by broad modifications in monoamin-

ergic transmission across key limbic and cortical regions implicated in affective 

and reward processes, including the frontal cortex, amygdala, striatum, and hippo-

campus (Flügge et al., 2004; Hill et al., 2012). With continued exposure, these 

functional alterations progress into structural remodelling which further biases 

affective and motivational regulation (Vyas et al., 2002; McEwen et al., 2016). 

Notably, the direction and magnitude of these changes vary across individuals, 

and current evidence does not support a single uniform pathway leading from 

stress exposure to neural alteration (Joëls & Baram, 2009; Lupien et al., 2009). 

Repetitive stress has been demonstrated to alter affective and reward regu-

lation in the central nervous system, but the direction and magnitude of these 

alterations are not uniform (Chaudhury et al., 2013; Corral-Frías et al., 2015; 

Holly & Miczek, 2016). A similar heterogeneity of outcomes is also reflected in 

animal research: chronic stress has been shown to reduce sucrose preference in 

some models, whereas other studies have reported enhanced subsequent respon-

siveness to psychostimulants or increased reward salience following repeated 
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stress exposure (Kalivas & Stewart, 1991; Willner et al., 1992; Chaijale et al., 

2015). This variability suggests that the allostatic load of a stressful experience 

does not result in uniform consequences, but is likely to depend, at least in part, 

on pre-existing differences in affective and reward-related organisation. 

Attempts to conceptualise individual differences in neural organisation in 

relation to stress adaptation suggest that the effects of chronic stress are not 

random, but reflect systematic variation between organisms (Davidson, 2000; 

Harro, 2010). Yet this line of research has received less attention than its signi-

ficance would warrant, despite its considerable potential to improve prediction, 

prevention, and treatment in psychiatric medicine. It may also advance our 

understanding of how reward-related neural systems operate and how they are 

modified by interaction with the environment. 
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2. AIMS 

The general aim of this dissertation is to investigate how stable individual 

differences in positive affectivity and hedonic capacity modulate the effects of 

chronic stress on reward-related processes. Using rodent models that index posi-

tive affectivity through 50-kHz ultrasonic vocalisations and hedonic capacity 

through sucrose consumption, this work examines how these trait-like phenotypes 

contribute to vulnerability or resilience in behavioural and neurochemical out-

comes when exposed to persistent stressors. 

 

STUDY I (Kõiv et al., 2016): 

The study aimed to demonstrate the effect of chronic stress on amphetamine-

elicited 50-kHz vocalisations in rats with high and low levels of positive 

affectivity (HC vs. LC rats, respectively).  

 

STUDY II (Vares et al., 2018): 

The study aimed to examine the effect of SSRI treatment on amphetamine-

elicited 50-kHz ultrasonic vocalisations in chronically stressed rats with high and 

low levels of positive affectivity. 

 

STUDY III (Kõiv et al., 2019): 

The experiment aimed to compare the sensitivity of rats with high vs low liquid 

sucrose consumption (HSuc vs. LSuc, respectively) to chronic variable stress and 

the stress effect on behavioural sensitisation to amphetamine. 

 

STUDY IV (Vares et al., 2025): 

The final experiment aimed to bring the previous work together by examining 

how baseline positive affectivity, indexed by 50-kHz ultrasonic vocalisation 

activity, and hedonic capacity, indexed by sucrose consumption, interact in their 

association with stress vulnerability and resilience.  
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3. MATERIALS AND METHODS 

3.1 Animals 

Male Wistar rats were used across all experiments. In Studies I and II, the 

experimental animals were bred locally from parent rats obtained from Harlan 

Laboratories (Venray, the Netherlands). Study III used adult male Wistar rats 

obtained directly from Harlan Laboratories, whereas Study IV used locally bred 

offspring of RccHan:WIST parent rats obtained from Envigo (the Netherlands). 

Rat pups in Studies I, II, and IV were weaned at 21 days of age; the animals in 

Study III entered the experiment as adults. Rats were housed in standard trans-

parent polypropylene cages with wood-chip bedding under a 12:12 h light/dark 

cycle. The colony room was maintained at 20–22 °C in Studies I and II and at 

20–21 °C in Studies III and IV; lights were switched on at 08:00 in Studies  

I–III and at 07:30 in Study IV. Rats had free access to tap water and food pellets 

(R70, Lactamin AB, Sweden, in Studies I–III; Ssniff Energy Reduced, Soest, 

Germany, in Study IV), except where testing procedures required otherwise. 

All experimental procedures were carried out in accordance with approvals 

from the Animal Experimentation Committee of the Estonian Ministry of Agri-

culture and followed the applicable guidelines for animal research. Licence 

numbers are provided in the original publications. 

 

 

3.2 Experimental design and general procedure 

From here on, only a general overview of the experimental design and execution 

is provided; detailed methods and results are presented in the original papers 

appended to this thesis. General overview of experiment design is depicted on 

Figure 1. In Studies I, II and IV, single housed rat pups were assessed for their 

affectivity phenotype with tickling. The procedure followed the protocol estab-

lished in Mällo et al., 2007. For 14 days, the experimenter imitated the natural 

rough-and-tumble play with rat pups for 2-minute (min) period in a separate 

testing room. The procedure consisted of 15 seconds (s) of habituation, followed 

by 15 s of play alternating during the 2 min period. USV activity were monitored 

throughout the procedure and recorded in days 12–14 in order to assign the rat 

phenotype based on the mean number of 50-kHz USV-s emitted during tickling 

sessions on days 12–14. High and low calling profile (HC vs. LC, respectively) 

were distinguished with median split in all studies.  



Figure 1. Schematic representation of experiment design. HC – high calling, LC – low calling; HSuc – high sucrose feeder, LSuc – low sucrose 

feeder; IP – intraperitoneal administration. 

 

AGE
~5 MONTHS

PHENOTYPE ASSESSMENT

TICKLING
HC vs. LC

2 weeks

SUCROSE
HSuc vs. LSuc

4 weeks
Study III–IV only

CHRONIC VARIABLE
STRESS

ANTIDEPRESSANT
Treatment vs. Control

27 days
Study II only

STRESS MAINTENANCE

BEHAVIOURAL
TESTS
~1 week

AMPHETAMINE
Treatment vs. Control

(1 mg/kg; IP)
14 days in Study I

19 days in Studies II–III
1 day in Study IV

Recording of USVs
on days 12–14

Weekly sucrose
consumption 
measurement

Weekly weight and sucrose
consumption measurement

Recording of USVs and
locomotor activity (20 min)

21 days
at the start of experiment

1
9



20 

Study III did not include tickling. In Study IV, tickling was followed by 4-week 

sucrose consumption test to assess the rat pup hedonic response. The details for 

the procedure can be found in respective publications. Rats had free access to 

food during the procedure. Data from the last three tests were used to calculate the 

average consumption of sugar water and rats were assigned either high-sucrose 

and low-sucrose consuming phenotypes (HSuc vs. LSuc, respectively) based on 

median split. In both studies, data from the first test were excluded because they 

showed lower correlations with the other tests, likely due to novelty effects (r<0.6, 

compared to >0.7 with tests 2–4). Based on both phenotype data, the groups were 

balanced by their body weight with same number of rats in each phenotype group. 

Subsequently animals were group-housed as 2 HC and 2 LC animals per cage and 

2 HSuc and 2 LSuc rats per cage, resulting in 4 rats per cage. 

Half of the rats from each phenotype were assigned to chronic variable stress 

regimen collectively with their housing mates. All rats were weighed on the day 

before the start of the chronic variable stress (CVS) regimen and weekly there-

after. Cumulative weight gain was calculated by subtracting the pre-stress body 

weight from the body weight recorded at each weekly measurement and was used 

to monitor the physiological effect of CVS. The regimens comprised variable 

short and long-lasting stressors administered according to study-specific sche-

dules. In Studies I and IV, an initial phase generally involving one stressor per 

day was followed by an intensified phase with more frequent and/or longer stress 

exposure. In Studies II and III, each 24-h period included two stressors: one 

short stressor during the light phase and one long-lasting stressor during the dark 

phase. Study IV additionally included a maintenance phase to preserve the stress 

effect until the completion of behavioural testing.  

After the planned CVS regimen had been completed and its effect on cumu-

lative weight gain evaluated, the experiment proceeded to the next planned phase. 

In Study I, rats were tested with amphetamine to assess stress-induced changes 

in reward-related behaviour. In Study II, fluoxetine treatment was introduced to 

assess whether SSRI treatment modified stress-induced changes in reward-related 

behaviour before subsequent amphetamine testing. In Studies III and IV, the 

stress regimen was followed by behavioural testing, including the elevated zero-

maze or elevated plus-maze. When behavioural or pharmacological procedures 

followed the chronic stress regimen, these were subsequently followed by 

amphetamine testing to assess reward-related behavioural responsiveness. 

The amphetamine administration was preceded by habituation period with 

testing cage and equipment for 3 days in Study I, 4 days (Study II), and 2 days 

(Studies III–IV). In Studies I–III, amphetamine was administered daily: for 

5 days (Study I) or 10 days (Studies II and III), with an amphetamine challenge 

day on 14th day (Study I) or 19th day (Studies II–III) of amphetamine treatment. 

All rats received an injection intraperitoneally, either 1 mg/kg of amphetamine 

dissolved in saline (1 ml/kg), or saline only for control animals. Study IV in-

cluded an acute administration of amphetamine to all rats. Vocalisation and 

locomotor activity were recorded for 30 min in Study I, 15 min in Study II, and 

20 min in Studies III and IV. 
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The experiment animals were sacrificed 5 days (Studies II–IV) or 10–11 days 

(Study I), after the conclusion of amphetamine test. The tissue samples were 

immediately stored in dry ice and preserved at –80 °C. For biochemical measure-

ments, tissue samples were prepared frozen until biochemical analysis. 

 

 

3.3 Tickling 

Animals were given manual stimulation resembling natural rough-and-tumble 

play after weaning. Tickling procedures were carried out as described previously 

(Mällo et al., 2009). Animals were transferred from their home cage into a smaller 

plastic cage (30 × 15 × 13 cm) without bedding and given 15 s for habituation, 

followed by 15 s of tickling by the experimenter. Altogether, four 15 s sessions 

of tactile stimulation were given over 2 min. Test cage was cleaned with a damp 

paper towel in between each animal. 

The tickling session consisted of stimulating the rat with one hand, including 

vigorous alternating finger movements on the back and neck, rapidly turning the 

animal onto its back while stimulation was administered to the ventral surface, 

followed by release after a few seconds. 

Vocal activity was recorded on Days 12–14 of the tickling procedure in 

Studies I, II, and IV. Based on this data rats were stratified to high calling (HC) 

and low calling (LC) rats based on their mean number of calls by median split. 

 

3.4 Sucrose tests 

Hedonic capacity was assessed with sucrose consumption in Studies III–IV. The 

sucrose consumption tests were carried out during the dark phase with no previ-

ous food or water deprivation. During testing, food was freely available. The 

animals were single-housed one hour before the testing and group-housed im-

mediately after conclusion of the test. Two bottles were used, one filled with 1% 

sucrose solution and the other with water, and the placement of the sucrose bottle – 

left or right on the cage – was altered between the tests. Sucrose and water con-

sumption was measured by weighing sucrose and water bottles 12 h after the 

beginning of the sucrose preference test. 

Four weekly sucrose preference tests were conducted. Based on this data, high 

(HSuc) and low (LSuc) sucrose consumption phenotypes were assigned based on 

their mean sucrose consumption on Weeks 2–4 by median split. Test results from 

the first week were excluded in both – Studies III and IV – because of their 

weaker correlation with other testing weeks. 
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3.5 Recording and analysis of 50-kHz ultrasonic 

vocalisations 

An ultrasound microphone (CM16/CMPA, Avisoft Bioacoustics, Berlin, Germany) 

was located about 20–30 cm from the floor of the cage, recording USVs (Avisoft 

UltraSoundGate 116–200, Avisoft-RECORDER software, Avisoft Bioacoustics, 

Berlin, Germany). Calls were monitored on spectrograms using the Fast Fourier 

Transform algorithm (1024 FFT length, 75% frame, Hamming window, and 75% 

time window overlap). 

In Study I, 50-kHz USVs were manually counted in six selected 2-min bins 

from each 30-min recording. In Study II, seven selected 1-min bins were 

manually scored from each 15-min recording. In Study III, 50-kHz USVs were 

counted from spectrograms during the 20-min recording. Study IV used the 

DeepSqueak toolbox in MATLAB for automated detection and scoring. Where 

subsampling or automated methods were used, their correspondence with full or 

manual scoring was verified and was high (r>0.9). 
 

 

3.6 Recording and analysis of amphetamine-elicited 

locomotor activity 

Behaviour during amphetamine testing was recorded with a digital video camera 

positioned on a tripod above the cage so that the entire cage floor was visible. 

Both vertical activity (rearings, defined as the rat standing on its hind paws at 

an angle of at least 45°) and horizontal locomotor activity (line crossings) were 

scored from digital video recordings by an observer blind to the experimental 

conditions. The scoring period was 30 min in Study I, 15 min in Study II, and 

20 min in Studies III and IV. To estimate horizontal locomotor activity, the floor 

of the group-housing cage (55 × 33 cm) was divided into six equal squares, and 

crossings made with all four paws were counted. 

 

 

3.7 Scoring of steretyped behaviour 

In addition, occurrence of stereotyped behaviour was observed in Studies I and 

III. An observational method adapted from Kelley (1998) was used. Briefly, the 

presence (1) or absence (0) of the following behavioural categories in the given 

time-bin were scored and summed (max score = 6): head-up and head down sniff 

(continuous sniffing for at least 5 s with head/snout directed towards top/down 

on floor of the cage, respectively), head sway (rhythmic, lateral swaying of head) 

and head bob (repeated vertical head bobbing). In order to provide a general score 

for stereotyped behaviour, the scores were added up. 
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3.8 Chronic stress regimen 

Chronic stress regimen followed a procedure developed during prior studies from 

our group (Harro et al., 2001; Mällo et al., 2009). Stressors included of mild 

physical (i.e. tail pinch with a clothespin), psychological (i.e. staying on a raised 

disk under a bright light), and environmental challenges (i.e. cage overcrowding). 

Stress regimen across studies was similar: multiple weeks of unpredictable stres-

sors with intermittent introduction of short and long-lasting challenges. Control 

animals were left undisturbed. In Study IV, a “stress maintenance” period was 

introduced during the rest of the experiment in order to preserve the chronically 

stressed state of the subjects, which included a randomly administered stressor 

on three occasions per week. 

 

 

3.9 Pharmacological treatments 

Amphetamine (1 mg/kg; Tocris Bioscience, Bristol, UK) was used across all studies 

as a pharmacological challenge of reward-related systems, with amphetamine-

elicited 50-kHz ultrasonic vocalisations and locomotor activation serving as 

behavioural readouts. Studies I–III included repeated amphetamine adminis-

tration. In Study IV, a single injection of amphetamine was administered. Control 

group was administered 0.9% NaCl, except Study IV where all animals received 

a single dose of amphetamine. 

In rats, amphetamine elicits reward-related behavioural responses, including 

50-kHz ultrasonic vocalisations, locomotor activation, and, under repeated treat-

ment conditions, stereotyped behaviour and behavioural sensitisation (Robinson 

& Becker, 1986; Burgdorf et al., 2001; Wolgin, 2012) 

In Study II, fluoxetine (10 mg/kg; Tokyo Chemical Industries, Japan) was 

administered for 27 days, starting at the beginning of Week 3 of the chronic stress 

regimen, to examine whether SSRI treatment modified stress-induced changes in 

reward-related behavioural responsiveness. Control animals received saline. Rats 

were weighed immediately before drug administration.  

Fluoxetine is a selective serotonin reuptake inhibitor that acts primarily by 

inhibiting serotonin transporter-mediated reuptake of 5-HT, thereby increasing 

extracellular serotonergic signalling (Sohel et al., 2024). 
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3.10 Behavioural testing 

Studies III and IV included additional behavioural testing. Study III used a 

novel locomotor activity box and an elevated zero-maze, whereas Study IV used 

an open-field test and an elevated plus-maze. These tests assessed locomotor 

activity and anxiety-like behaviour. All tests were video-recorded and scored 

manually, except for the locomotor activity box in Study III, which was scored 

semi-automatically using EthoVision XT (Noldus). Detailed protocols are 

provided in the original publications. 

 

 

3.11 Biochemical assays 

Across all studies, monoaminergic activity was assessed with high performance 

liquid chromatography with electrochemical detection (HPLC-ECD) by quanti-

fying noradrenaline (NA), dopamine (DA), and serotonin (5-HT), together with 

their principal metabolites – normetanephrine (NMN), 3,4-dihydroxypheny-

lacetic acid (DOPAC), 3-methoxytyramine (3-MT), and 5-hydroxyindoleacetic 

acid (5-HIAA) – and by calculating metabolite-to-transmitter ratios (NMN/NA, 

DOPAC/DA, and 5-HIAA/5-HT) as indices of neurotransmitter turnover. 

A selection of amino acid concentrations was assessed with HPLC-mass 

spectrometry by measuring α-alanine, β-alanine, isoleucine, leucine, and tryp-

tophan; N-acetyl aspartic acid was analysed in Study 1 only. 

Western blot analyses (Studies I and III) assessed dopamine D1 and D2 re-

ceptor proteins, with additional measurement of the dopamine transporter (DAT) 

in Study I and tyrosine hydroxylase in Study III. 

Study IV included a more extensive assessment of biological variables. In 

addition to monoamine analyses across multiple brain regions, serum glucose was 

measured from trunk blood, adrenal gland weight was expressed relative to body 

weight, and striatal mRNA expression of the dopamine transporter, dopamine D1 

and D2 receptors, Htr2c, and vesicular monoamine transporters 1 and 2 was 

quantified using real-time quantitative polymerase chain reaction (RT-qPCR). 

The biochemical and molecular analyses conducted in each study are sum-

marised in Table 1. 
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Table 1. Collected biochemical data across studies by region, assessment method, and 

assessed chemical compounds. 

Study Region Method Measurements 

STUDY I 

Striatum HPLC-ECD Monoamines, metabolites, and turnover 

Nucleus 

accumbens 

HPLC-ECD Monoamines, metabolites, and turnover 

Western blot DAT, D1 and D2 receptor proteins 

Frontal cortex HPLC-MS Amino acids 

STUDY II 

Frontal cortex HPLC-ECD Monoamines, metabolites, and turnover 

Hippocampus 

HPLC-ECD Monoamines, metabolites, and turnover 

HPLC-MS Amino acids 

HPLC-MS Amino acids 

STUDY III 

Nucleus 

accumbens 
HPLC-ECD Monoamines, metabolites, and turnover 

Striatum 
HPLC-ECD Monoamines, metabolites, and turnover 

Western blot Tyrosine hydroxylase, D1 receptor protein 

STUDY IV 

Frontal cortex 

HPLC-ECD Monoamines, metabolites, and turnover 

Striatum 

Nucleus 

accumbens 

Amygdala 

Hippocampus 
HPLC-ECD Monoamines, metabolites, and turnover 

HPLC-MS Amino acids 

Hypothalamus HPLC-ECD Monoamines, metabolites, and turnover 

Striatum RT-qPCR mRNA expression of htr2c, VMT1 and 2 

 

 

3.12 Statistical analysis 

Statistical analysis was performed using Statistica (TIBCO Software Inc., USA), 

StatView (SAS Institute Inc., USA), and Prism (GraphPad Software, LLC, USA) 

software. Across studies, data from the behavioural tests and biochemical 

measurements were analysed using categorical ANOVA, with 50-kHz USV (HC 

vs. LC), Sucrose (LSuc vs. HSuc – Studies III–IV) and Stress (control vs. CVS), 

Amphetamine (vs control – Studies I–III), and Fluoxetine (vs control – Study II) 

as independent variables. Where appropriate, a repeated measures factor Day was 

added. Group differences after significant ANOVAs were measured by post hoc 

Fisher’s PLSD test. For correlations, Pearson’s correlation coefficient was used. 

All data in journal articles and on the figures are presented as mean ± SEM.  
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4. RESULTS AND DISCUSSION 

This work demonstrated that there are innate differences in the brain’s affective 

and reward-related regulation, and that these differences influence the capacity 

of the organism to adapt to chronic stress. These differences are reflected both in 

behaviour and in the underlying biology. Across the studies, 50-kHz ultrasonic 

vocalisations served as an index of positive affectivity and as a behavioural 

expression of positive affective states, whereas stable sucrose consumption 

served as an indicator of hedonic capacity. Within the scope of this thesis, positive 

affectivity refers to an inherent neurobiological propensity to experience positive 

affects, whereas hedonic capacity refers to the reward consumption and pleasure-

related responsiveness. Here, the terms positive affect and hedonic response are 

not intended to correspond to complex human conscious experiences, but rather 

to species-specific expressions of neural activity within evolutionarily conserved 

affective-motivational circuits (Panksepp, 2005). 

 

 

4.1 Positive affectivity and psychostimulant reward 

expression under chronic stress 

Study I proceeded from the study by Mällo et al. (2009), which indicated that low 

50-kHz USV activity is associated with greater vulnerability to chronic stress, 

particularly in male rats. The study was further grounded in earlier work demon-

strating that rats can be selectively bred for different 50-kHz USV calling pheno-

types (Burgdorf et al., 2005) and these phenotypes can be assigned by tickling the 

adolescent rats (Mällo et al., 2007). Study I demonstrated that chronic stress 

produced phenotype-dependent differences in the affective expression of reward 

(Figure 2). Across the three testing days, the number of 50-kHz USVs differed 

significantly [Day F(2,64)=22.8, p<0.0001] and depended on amphetamine 

treatment [Day × Amphetamine F(2,64)=6.6, p<0.01] and prior stress exposure 

[Day × Stress F(2,64)=3.9, p<0.05]. The overall vocalisation response to ampheta-

mine also depended on prior stress exposure [Amphetamine × Stress F(1,32)=4.2, 

p<0.05]. Amphetamine has been observed to increase 50-kHz vocalisation 

activity dose-dependently, and this response is regarded as a behavioural correlate 

of its positive affective and rewarding effects (Burgdorf et al., 2001; Mulvihill & 

Brudzynski, 2019). Post hoc comparisons showed that chronic stress prevented 

the amphetamine effect in LC rats on Days 1, 5, and 14, whereas in HC rats the 

effect was attenuated only on Day 5. On the challenge day, amphetamine 

increased 50-kHz USVs in all previously saline-treated groups except stressed 

LC rats. In stressed LC rats, reduced vocalisation activity was accompanied 

by attenuated locomotor activity, particularly rearings. This behavioural pattern 

was supported by significant three-way interactions for total locomotor activity 

[50-kHz USV × Stress × Amphetamine F(1,32)=4.4, p<0.05] and rearings [50-kHz 

USV × Stress × Amphetamine F(1,32)=4.9, p<0.05]. 
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Figure 2. Study I – Day 1 – first day of amphetamine treatment; Day 5 – last day of 

amphetamine treatment; Day 14 – testing sensitisation to amphetamine. All rats received 

a challenge dose of amphetamine (1 mg/kg, IP). N = 4–6 per group. *, **, *** – p<0.05, 

0.01, 0.001 vs. respective saline group; #, ##, ### – p<0.05, 0.01, 0.001 vs. respective 

control group; ¤¤ – p<0.01 vs. Day 1. HC – high 50-kHz USV rats; LC – low 50-kHz 

USV rats; CTRL – control; CVS – chronic variable stress; AMPH – amphetamine; SAL – 

saline. Ultrasonic vocalisations were scored from six two-minute time bins: minutes 1–2, 

6–7, 11–12, 16–17, 21–22, and 26–27 of the 30-minute recording (Kõiv et al., 2016). 

 

Study I demonstrated that individual differences in positive affectivity influence 

how reward-related affective responses change under chronic stress. Study II 

continued from this by examining how responsiveness to psychostimulant reward 

is altered when stress is experienced in the presence of antidepressant treatment 

across these phenotypes. Previous research has shown that several effects of 

chronic stress can be attenuated or reversed by antidepressant treatment (Hitoshi 

et al., 2007; Lin et al., 2023), including changes in reward-related behaviour 

(Willner et al., 1987). Study II included a 27-day fluoxetine treatment from the 

beginning of day 17 of chronic stress regimen with daily administration of 

10 mg/kg, while control group received daily administration of saline. 



Figure 3. Study II – Number of 50-kHz ultrasonic vocalisations. Scored from seven 
selected time bins on Days 1, 10, and 19 of the amphetamine experiment. Data are 
expressed as mean + SEM. On Day 19, all animals (n = 62) were given amphetamine 
(1 mg/kg, IP). Vehicle and saline are both saline solutions but denote direct comparisons 
with fluoxetine and amphetamine, respectively. *, **, *** – p<0.05, 0.01, 0.001 vs. 
respective group on Day 1; #, ## – p<0.05, 0.01 stress vs. respective control group; 
¤ – p<0.05 vs. respective vehicle group; &, &&, &&& – p<0.05, 0.01, 0.001 vs. 
respective saline group. 

28
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Additionally, several aspects of the experimental conditions were modified, most 

notably the duration and structure of amphetamine treatment and the longer 

duration of stress exposure. Under these modified conditions, the suppression of 

amphetamine-elicited 50-kHz calls was no longer observed in the stressed LC 

group in the same manner as in Study I (Figure 3).  

Within Study II, psychostimulant sensitisation developed only in animals that 

had previously experienced chronic stress. Across Days 1, 10, and 19, 50-kHz 

USV activity changed significantly [Day F(2,92)=117.3, p<0.0001], and depended 

on prior stress and repeated amphetamine administration [Day × Stress 

F(2,92)=3.6, p<0.05; Day × Amphetamine F(2,92)=3.8, p<0.05; Day × Stress × 

Amphetamine F(2,92)=5.5, p<0.005]. Across the three testing days, the ampheta-

mine response was also potentiated by prior stress [Stress × Amphetamine 

F(1,46)=8.1, p<0.01]. In high-calling rats, sensitisation was observed in stressed 

groups irrespective of antidepressant treatment. In low-calling rats, by contrast, 

sensitisation did not develop under stress alone, nor under fluoxetine treatment in 

the absence of stress, but only when the two were experienced together. Both 

stress and antidepressant treatment have been reported to modify reward-related 

behaviour (Bogdan & Pizzagalli, 2006; Ironside et al., 2018; Willner et al., 2013). 

In this context, the present findings suggest that fluoxetine did not restore the 

reward-related response of LC rats to the pattern observed under unstressed 

conditions, but instead altered the conditions under which sensitisation devel-

oped. SSRIs have also been reported to potentiate amphetamine-induced loco-

motor activity, accompanied by an apparent increase in brain amphetamine con-

centrations (Sills et al., 1999). These findings may have relevance to clinical 

practice, as SSRIs and amphetamine-based medications can be used concomi-

tantly. This suggest that this interaction may alter behaviour and should therefore 

be examined further in clinical studies. 

Studies I and II differed in the pattern of chronic-stress effects on 

amphetamine-elicited 50-kHz calling. These differences can be related to the 

amphetamine-administration protocol: Study I included five consecutive daily 

amphetamine injections, whereas Study II extended repeated administration to 

10 consecutive days. The longer treatment phase may have contributed to the 

emergence of behavioural sensitisation, although other differences in the experi-

mental conditions may also have influenced the contrasting outcomes. This inter-

pretation is consistent with variability in the literature, where sensitisation of 

psychostimulant-induced 50-kHz vocalisation has been observed in some studies 

but not in others, suggesting that its emergence depends partly on the duration 

and temporal structure of drug administration (Taracha et al., 2012; Ahrens et al., 

2013; Simola et al., 2014; Simola & Morelli, 2015). Our findings parallel those 

of Taracha and colleagues (2012, 2014) at the level of the general pattern rather 

than the experimental conditions: in both lines of research, amphetamine-elicited 

50-kHz USV sensitisation varied markedly between individuals. In Studies I 

and II, this variability was observed following chronic stress and was associated 

with pre-existing differences in positive affectivity. Thus, the contrasting out-

comes of Studies I and II support the view that repeated psychostimulant reward 
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responses depend both on the administration schedule and on individual pro-

perties of the reward system. 

 

 

4.2 Introduction of sucrose consumption as a behavioural 

readout of reward sensitivity 

Studies I and II demonstrated that intrinsic differences in positive affectivity 

influence how chronic stress changes the later response to psychostimulant reward. 

Study III extended this approach by introducing hedonic capacity as a comple-

mentary dimension of reward function, indexed by stable sucrose consumption. 

Together with previous studies from our group (Tõnissaar et al., 2006b; Kanarik 

et al., 2011), and others (Sills & Crawley, 1996; Sills & Vaccarino, 1996; Brennan 

et al., 2001), the trait-like stability of sucrose consumption was supported at several 

levels. In Study III, individual sucrose consumption was consistent across the 

repeated sucrose tests, with correlations ranging from r=0.71 to 0.89, and being 

particularly high across the final three tests (r=0.81–0.89, all p<0.0001). In 

control animals, baseline consumption also remained strongly associated with 

consumption measured four weeks later (r=0.82, p<0.0001). Additionally, HSuc 

rats continued to consume more sucrose than LSuc rats throughout the chronic 

stress regimen [Sucrose F(1,36)=49.1, p<0.0001], despite changes in absolute 

intake and a temporary stress-related reduction in HSuc animals. Study IV 

reproduced the phenotype assessment, again showing stronger consistency across 

the final three baseline measurements (r=0.70–0.80) and a significant difference 

in consumption between HSuc and LSuc rats. These findings support sucrose 

consumption as a reproducible, trait-like behavioural measure, while also showing 

that its absolute expression remains responsive to environmental conditions. 

In contrast to previous studies, in Study III, 50-kHz vocalisation activity was 

used as a state measure instead. At baseline, HSuc and LSuc rats did not differ in 

their 50-kHz USV activity (Figure 4). With the introduction of stress, however, 

clear phenotype-dependent differences emerged. Across the three amphetamine-

testing days, 50-kHz USV activity changed significantly [Day F(2,64)=20.4, 

p<0.0001], and amphetamine increased the overall number of vocalisations 

[Amphetamine F(1,32)=18.5, p<0.001]. The Day × Amphetamine interaction 

approached statistical significance [F(2,64)=3.0, p=0.059]. The omnibus Sucrose 

× Stress × Amphetamine interaction and its interaction with Day were not statisti-

cally significant [F(1,32)=2.3, p=0.14, and F(2,64)=0.8, p=0.45, respectively]; 

consequently, the phenotype-specific pattern was identified by the post hoc 

comparisons. In high-sucrose rats, chronic stress potentiated the response to acute 

amphetamine, evident in increased 50-kHz USV emission and locomotor activity. 

This heightened responsiveness progressed into sensitisation with repeated 

amphetamine exposure indicated by their 50-kHz USV activity and rearings in 

the last day of amphetamine administration. Post hoc comparisons identified 

sensitisation of 50-kHz vocalisations in stressed HSuc rats on Day 19, relative 

both to Day 1 and to the corresponding saline-treated group (p<0.05). The number 
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of rearings also changed across testing days [Day F(2,64)=19.9, p<0.0001] and 

increased progressively following repeated amphetamine administration [Amphe-

tamine F(1,32)=28.1, p<0.0001; Day × Amphetamine F(2,64)=4.3, p<0.05]. Post 

hoc comparisons showed sensitisation of rearings in all repeatedly amphetamine-

treated groups except non-stressed HSuc rats. In contrast, low-sucrose rats 

displayed a different pattern. While sensitisation of 50-kHz USVs developed in 

non-stressed LSuc animals, this effect was absent under chronic stress.  

 

 

Figure 4. Study III – Effect of chronic variable stress on amphetamine-elicited 50-kHz 

calls. Amphetamine dose: 1 mg/kg, intraperitoneally (i.p.). Day 1 – first day of 

amphetamine (AMPH) treatment; Day 10 – last day of AMPH treatment; Day 19 – testing 

sensitisation to AMPH: all rats received a challenge dose of AMPH (1 mg/kg, i.p.). n=5 

per group. *, ** – p<0.05, 0.01 vs. respective saline group; ¤, ¤¤ – p<0.05, 0.01 vs. Day 1; 

# – p<0.05 vs. respective control group; %% – p<0.01 vs. respective LSuc group. CTRL – 

control; HSuc – high sucrose-consuming rats; LSuc – low sucrose-consuming rats; SAL – 

saline. 

 

A similar divergence was observed in stereotyped behaviour. On the Day 19 

amphetamine challenge, stereotyped behaviour was higher overall in HSuc than 

LSuc rats [Sucrose F(1,32)=6.7, p<0.05], in animals previously treated repeatedly 

with amphetamine rather than saline [Amphetamine F(1,32)=14.7, p<0.001], and 

in animals exposed to chronic stress [Stress F(1,32)=7.8, p<0.01]. However, 

under chronic stress, prior repeated amphetamine treatment did not further increase 

stereotyped behaviour relative to prior saline treatment. Notably, stressed HSuc 

rats receiving their first amphetamine dose displayed significantly more 

stereotypies than the corresponding stressed LSuc rats (p<0.05). In non-stressed 

LSuc rats, previous repeated amphetamine treatment also increased stereotyped 

behaviour relative to previous saline treatment (p<0.01). These rats likewise 

showed sensitisation in 50-kHz vocalisations, together indicating a broader 
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behavioural sensitisation profile across reward-related and motor measures 

(Robinson & Becker, 1986; Vanderschuren & Kalivas, 2000; Robinson & 

Berridge, 2008).  

In contrast to Study I, where stereotyped behaviour was generally higher in 

LC rats and stress increased stereotypy primarily in HC animals, Study III 

indicates that the motor expression of amphetamine depends on phenotype in a 

different way when animals are stratified by hedonic capacity. Importantly, 

stereotypies are related less to the hedonic than to the activating effects of psycho-

stimulants. In this context, they provide an additional behavioural dimension to 

50-kHz vocalisation and locomotor activity, further supporting the view that 

psychostimulant effects depend on the pre-existing properties of the organism, 

particularly in relation to reward and affective regulation. 

Whether these results represent a disruption of reward processing or an alter-

native form of adaptation cannot be determined from the present data. Never-

theless, there is consistency in results from Study III that higher hedonic capacity 

can be associated to increased sensitivity to psychostimulants and stress-induced 

sensitisation, which aligns well with previous work (Sills & Crawley, 1996; Sills 

& Vaccarino, 1996; Radke et al., 2013). Study I and III provide insights to the 

distinct nature of hedonic capacity and positive affectivity as well, as rats with 

lower levels of positive affectivity are more prone to stress effects, while in 

hedonic capacity higher levels are more reactive to stress. 

 

 

4.3 Positive affectivity and hedonic capacity in adaptation 

to chronic stress 

Implications from our previous studies determined the design of Study IV, where 

positive affectivity and hedonic capacity could be observed simultaneously in 

adaptation to chronic stress. In Study IV, prior experience of chronic stress signi-

ficantly suppressed amphetamine-elicited 50-kHz vocalisations overall [Stress 

F(1,68)=15.3, p<0.001], but post hoc comparisons showed that this effect was 

significant only in rats with lower positive affectivity and higher hedonic capacity 

(LC/HSuc; p<0.005), while other groups showed no comparable stress effect on 

reward-related vocalisations (Figure 5). The USV × Sucrose × Stress interaction 

approached, but did not reach, statistical significance [F(1,68)=3.78, p=0.056]. In 

addition to amphetamine-elicited vocalisation activity, this pattern was accom-

panied by broader behavioural differences. In the elevated plus-maze, the effect 

of stress on anxiety-like behaviour depended on the combination of phenotypes 

[USV × Sucrose × Stress F(1,72)=6.42, p<0.05], increasing anxiety in LC/HSuc 

rats, while producing an opposite, anxiolytic-like effect in HC/HSuc animals (both 

p<0.05). In contrast, locomotor activity in response to amphetamine remained 

unaffected by stress, whereas rearings were reduced across groups [Stress 

F(1,72)=21.8, p<0.001], indicating that different behavioural measures captured 

distinct aspects of the system’s response. 
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Figure 5. Study IV – Effect of chronic variable stress on amphetamine-elicited (1 mg/kg) 

50-kHz ultrasonic vocalisations. HC and LC – high and low 50-kHz vocalisation, 

respectively; HSuc and LSuc – high and low sucrose consumption, respectively. Data are 

presented as mean ± SEM. *** – p<0.005 vs. respective control group; ### – p<0.001 vs. 

the corresponding HC group. 

 

These studies demonstrate that chronic stress modifies the behavioural expression 

of affective and reward-related responses, and that the direction and magnitude 

of these effects depend on trait-like differences in positive affectivity and hedonic 

capacity. Study I further supported previous findings from our group indicating 

that low positive affectivity is associated with increased vulnerability to chronic 

stress (Mällo et al., 2009). Study III extended this framework to hedonic capa-

city, showing that HSuc rats displayed greater stress-induced modulation of 

amphetamine-elicited reward-related behaviour than LSuc rats, consistent with 

earlier work linking high sucrose intake to enhanced reward-related sensitivity 

(Sills & Vaccarino, 1994, 1996). Importantly, the stress-related behavioural pro-

files associated with positive affectivity and hedonic capacity were not 

equivalent. Although both phenotypes were associated with differential stress 

responsiveness, they affected reward-related behaviour in distinct ways, indi-

cating that positive affectivity and hedonic capacity represent separable dimen-

sions of stress adaptation. 

Study IV further substantiated this interpretation by examining both pheno-

types within the same experimental design. The most pronounced stress-related 

alteration of reward-related behaviour was observed in LC/HSuc rats, whereas 

HC/HSuc rats showed a distinct behavioural profile, including preserved 

amphetamine-elicited 50-kHz vocalisation and lower anxiety-like behaviour 

following chronic stress exposure. These findings refine the view that chronic 

stress can either reduce or enhance reward sensitivity (Holly & Miczek, 2016) by 

showing that the direction of stress-induced behavioural adaptation depends on 

the configuration of pre-existing affective and hedonic phenotypes. 
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4.4 Biological correlates of phenotype-dependent 

stress adaptation 

4.4.1 Monoaminergic regulation of reward-related adaptation 

to chronic stress 

In Study I, there were phenotype-dependent differences in how chronic stress 

shapes reward-related responses. To examine whether these differences were 

reflected at the neural level, monoaminergic regulation was analysed in the nucleus 

accumbens and striatum. In the striatum, a clear divergence emerged. Post hoc 

comparisons showed that in low-calling rats, chronic stress combined with repeated 

amphetamine treatment increased dopamine turnover [striatal DOPAC/DA: p<0.05 

compared with the respective saline-treated group and p<0.01 compared with the 

corresponding non-stressed group], whereas in high-calling rats, striatal DOPAC 

was reduced [p<0.05 compared with the respective saline-treated group]. Of note, 

rats were sacrificed 10–11 days after the last amphetamine administration, 

suggesting that these effects reflected persistent dopaminergic adaptation. These 

findings complement those of Chaudhury and colleagues (2013), indicating that 

the effects of stress on dopaminergic regulation are modulated by pre-existing 

individual differences. Additionally, the persistent increase in dopamine 

regulation induced by repeated amphetamine administration in stressed LC rats 

was accompanied with reduced locomotor and 50-kHz vocalization activity 

during the challenge day of psychostimulant administration (Day 14). The corres-

ponding group of HC rats did not show similar pattern. Overall, these obser-

vations indicate a stress-induced adaptations in the dopaminergic system, which 

in turn, changes how psychostimulant motivating and rewarding effects are 

translated into relevant behaviour. 

In Study III, a related phenotype-dependent pattern was seen when rats were 

stratified by hedonic capacity. In HSuc rats, chronic stress elevated dopamine 

turnover in the striatum, but this effect was not apparent when these rats received 

repeated amphetamine treatment [Stress × Amphetamine F(1,32)=6.6, p<0.05]. 

Behaviourally the same group demonstrated psychostimulant sensitisation in  

50-kHz vocalizations and rearings, but not line crossings. In contrast, corres-

ponding LSuc group had increased turnover of dopamine, serotonin, and nor-

adrenaline in nucleus accumbens following stress and repeated amphetamine 

treatment [dopamine: Sucrose × Stress × Amphetamine F(1,32)=6.1, p<0.05; 

serotonin: Sucrose × Stress × Amphetamine F(1,30)=5.8, p<0.05; noradrenaline: 

Stress × Amphetamine F(1,32)=4.5, p<0.05]. This group demonstrated sensitisation 

in line crossings and rearings, but not in 50-kHz vocalisations. Again, stress led 

to distinct behavioural expression of psychostimulant reward, which was 

modulated by individual differences. 

Previous studies have shown that enhanced dopaminergic transmission within 

the nucleus accumbens region can elicit or facilitate 50-kHz vocalisations. In this 

respect, Study I and III extends the pattern by showing that stress-induced mono-

aminergic adaptation can change how psychostimulant rewards are behaviourally 



35 

expressed. While we did not directly distinguish the motivational and hedonic 

aspects of reward, the observed patterns are consistent with the view that dopamin-

ergic signalling contributes primarily to motivational and incentive processes 

rather than directly encoding hedonic experience (Berridge & Robinson, 1998; 

Ikemoto & Panksepp, 1999; Salamone & Correa, 2024). 

Study IV did not include repeated amphetamine treatment, but the drug was 

administered once to elicit calling and locomotor activity. Under these conditions, 

the clearest dopaminergic effect of stress emerged in the striatum, whereas no 

corresponding stress effect was detected in the nucleus accumbens. Chronic stress 

reduced dopamine metabolism most clearly in LC/HSuc rats [striatal HVA: 

USV × Stress F(1,68)=5.82, p<0.05, with a post hoc reduction of p<0.01 relative 

to the respective control group; total dopamine metabolite/DA ratio: Stress 

F(1,68)=4.52, p<0.05, with a post hoc reduction of p<0.05]. This neurochemical 

change occurred in the same phenotype that showed reduced 50-kHz vocalisation 

in response to acute amphetamine (p<0.005 relative to the respective control 

group) and higher expression of anxiety-like behaviour in the elevated-plus maze 

[open/total arm-entry ratio: p<0.05 relative to the respective control group]. No 

comparable reduction in striatal dopamine metabolism or amphetamine-elicited 

50-kHz vocalisation was observed in the remaining phenotype groups. 

Chronic stress also produced a more general reduction in serotonin turnover 

in the striatum across phenotypes [Stress F(1,68)=6.43, p<0.05]. This observation 

is further augmented by the finding that stress increased Htr2c mRNA expression 

selectively in the LC/HSuc group [Stress F(1,69)=3.82, p=0.05; post hoc p<0.05 

relative to the respective control group]. Altered 5-HT2C receptor function has 

repeatedly been linked to stress-related behavioural regulation (Higgins & Fletcher, 

2003; Strong et al., 2011), to the control of striatal dopaminergic transmission (Di 

Matteo et al., 1999; Lucas & Spampinato, 2000), and to inhibition of 50-kHz 

vocalisation (Wöhr et al., 2015). Taken together, these findings suggest that 

serotonergic regulation, particularly through 5-HT2C-related mechanisms, may 

contribute to the stress-sensitive striatal phenotype expressed most clearly in 

LC/HSuc rats. 

 

4.4.2 Monoamine regulation beyond the core reward system 

While the clearest phenotype-dependent monoaminergic effects were observed in 

the striatum and nucleus accumbens, the broader integration of reward into 

behaviour depends on a wider network of brain structures in mammals (Otis et al., 

2017; Yankouskaya et al., 2022). Among these, the hypothalamus is of particular 

importance, as it occupies a central role in the stress response (Ulrich-Lai & 

Herman, 2009) and may itself undergo adaptation under chronic conditions. In 

Study IV, HC/HSuc rats showed lower dopamine levels under control conditions 

in the hypothalamus, an effect linked to hedonic phenotype and not present in 

LC rats [dopamine: Sucrose × Stress F(1,68)=6.20, p<0.05; post hoc p<0.05 

compared with the control HC/LSuc group]. This difference was no longer 

apparent after stress exposure. In the same phenotype, chronic stress also reduced 
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hypothalamic 5-HIAA levels [5-HIAA: Stress F(1,68)=9.12, p<0.01; post hoc 

p<0.05 compared with the respective control group], suggesting altered serotonin 

turnover, whereas no comparable effect was observed in LC/HSuc rats. 

A similarly selective pattern was seen in the frontal cortex and amygdala. In 

HC/HSuc rats, chronic stress increased normetanephrine levels in the frontal 

cortex (post hoc p<0.01 compared with the respective control group), while no 

such increase was present in stressed LC/HSuc animals. By contrast, stressed 

LC/HSuc rats showed a marked reduction of 5-HIAA both in the frontal cortex 

(p<0.01) and in the amygdala (p<0.001, compared with the respective control 

groups). More broadly, dopamine turnover in the amygdala was reduced in LC 

rats under stress [USV × Stress F(1,69)=4.58, p<0.05; post hoc p<0.05 in both 

LC/HSuc and LC/LSuc rats compared with their respective control groups]. 

The frontal cortex and amygdala are both involved in evaluating affectively 

salient stimuli and in shaping appropriate behavioural responses, including those 

related to reward and stress (Otis et al., 2017; Godoy et al., 2018). In this context, 

the monoaminergic changes observed in Study IV are consistent with the broader 

behavioural profile of the LC/HSuc phenotype. In stressed LC/HSuc rats, reduced 

5-HIAA levels in both the frontal cortex and amygdala, together with reduced 

amygdalar dopamine turnover, were accompanied by higher anxiety-like 

behaviour in the elevated plus-maze and reduced amphetamine-elicited 50-kHz 

vocalisation. This pattern suggests that the phenotype most susceptible to the 

effects of chronic stress was not distinguished by striatal changes alone, but also 

by alterations in corticolimbic regions involved in affective regulation and 

behavioural control. The relevance of the amygdala is supported by earlier work 

showing that stress strongly engages amygdalar dopaminergic activity (Coco et 

al., 1992; Inglis & Moghaddam, 1999; Kienast et al., 2008), and more recent work 

further places amygdalar dopamine within the circuitry of aversive associative 

learning (Zafiri & Duvarci, 2022). In contrast, HC/HSuc rats showed a more 

resilient response profile, with preserved reward-related vocalisation and a lower 

expression of anxiety-like behaviour under stress. 

 

4.4.3 Phenotype-dependent differences in amino acid homeostasis 

In Studies I, II, and IV, a selected panel of amino acids was analysed, among 

which the branched-chain amino acids (BCAAs) emerged as particularly 

relevant. In the present context, these were specifically isoleucine and leucine. 

BCAAs are essential amino acids that mammals cannot synthesise in sufficient 

amounts themselves and must therefore obtain them from the diet (Neinast et al., 

2019). They circulate in the blood and enter the brain across the blood-brain 

barrier mainly via the large neutral amino acid transporter LAT1, where they 

contribute to protein synthesis, nitrogen shuttling, and glutamate-related metabo-

lism (Sperringer et al., 2017). Importantly, the same transporter also carries the 

aromatic amino acids tryptophan, tyrosine, and phenylalanine, meaning that 

BCAAs may compete with monoamine precursors for transport into the brain 

(Zaragozá, 2020). 
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Study I showed that HC rats had higher baseline concentrations of isoleucine 

than LC rats in the frontal cortex [USV F(1,34)=5.3, p<0.05], and in Study IV a 

similar phenotype-related difference was observed in the hippocampus [USV 

F(1,70)=3.99, p<0.05]. This finding aligns with the notion that circulating BCAA 

levels are normally maintained within a relatively stable range and are under 

homeostatic control (Neinast et al., 2019). Such a pattern may reflect individual 

differences in baseline amino-acid utilisation and cellular metabolism, with these 

differences also detectable in the brain. At present, the functional significance of 

isoleucine in the frontal cortex remains unclear, as research on amino-acid 

involvement in brain function is still limited. 

Previous work has suggested that stress-related conditions may be associated 

with altered brain BCAA-related metabolism. For example, Chen et al. (2015) 

reported lower isoleucine in the frontal cortex in a rat model of depression, and 

Nasrallah et al. (Nasrallah et al., 2019) showed that experimental BCAA adminis-

tration attenuated certain adverse consequences of chronic social defeat stress. In 

the present studies, however, stress did not produce new phenotype-dependent 

differences in brain BCAA levels; rather, the pre-existing baseline difference in 

isoleucine was no longer evident after stress exposure. Thus, the present results 

do not support a simple model in which stress consistently increases or decreases 

brain BCAAs. At the same time, the repeated observation of higher baseline 

isoleucine in HC rats is broadly consistent with the possibility that elevated 

isoleucine is associated with the more resilient phenotype in this model. This 

interpretation remains tentative and requires further study.  

In our studies, higher concentrations of isoleucine or leucine were not 

generally accompanied by broad changes in monoamine or precursor levels. The 

clearest relationship emerged in Study II, where amino-acid concentrations were 

inversely correlated with serotonin turnover in the hippocampus under SSRI 

treatment, specifically in unstressed fluoxetine-treated rats that had received 

repeated amphetamine treatment [isoleucine: r=−0.527; leucine: r=−0.412]. No 

significant correlations were observed in the other treatment groups. This 

supports previous work, as it has been previously reported that SSRI treatment 

can cause alterations in levels of lipids, lipid metabolism-related molecules and 

amino acids in antidepressant-treated astrocytes (Bai et al., 2015), and in certain 

parameters, can cause a 50–70% increase in BCAA concentrations (Webhofer 

et al., 2011). 

However, in our study series, the effect of SSRI treatment on BCAA concen-

trations was not uniform. Between-group analysis revealed a complex, pheno-

type-dependent pattern of changes associated with fluoxetine treatment, repeated 

amphetamine administration, and prior stress exposure. Frontal cortical isoleucine 

was affected by Fluoxetine [F(1,44)=4.09, p<0.05] and by the Stress × Ampheta-

mine interaction [F(1,44)=4.44, p<0.05]. In the frontal cortex, isoleucine was 

increased in HC rats after fluoxetine and subsequent repeated amphetamine treat-

ment, and this effect was evident only in the stressed group, suggesting that prior 

stress modified the amino-acid response to pharmacological challenge (p<0.05 

compared with both the respective vehicle-treated and saline-treated groups). In 
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contrast, in LC rats, stress itself was associated with increased isoleucine (p<0.05 

compared with the corresponding non-stressed group), whereas neither fluoxetine 

nor amphetamine produced a comparable significant effect. A similarly selective 

pattern was observed for leucine, which was increased in the same combined 

treatment condition in HC rats, but not in LC animals [USV × Fluoxetine 

F(1,46)=6.28, p<0.05; USV × Amphetamine F(1,46)=5.38, p<0.05; Stress × 

Amphetamine F(1,46)=4.65, p<0.05]. In amphetamine-treated HC rats, the 

fluoxetine-related increase was significant in both the control and stressed groups 

(p<0.05); within stressed fluoxetine-treated HC rats, leucine was also higher after 

amphetamine than saline (p<0.01). No significant leucine effects emerged in LC 

rats. 

In the hippocampus, BCAA levels again changed in a phenotype-dependent 

manner. Increases in isoleucine and leucine were observed in HC rats under 

selected fluoxetine- and amphetamine-related treatment conditions [isoleucine: 

USV × Fluoxetine F(1,45)=4.6, p<0.05, with fluoxetine increasing isoleucine in 

non-stressed HC rats (p<0.05); leucine: USV × Stress × Fluoxetine × Amphetamine 

F(1,45)=4.8, p<0.05, with leucine increased in non-stressed fluoxetine-treated 

HC rats receiving repeated amphetamine (p<0.01)]. No corresponding fluoxetine-

related increase was seen in LC rats; instead, non-stressed LC rats showed 

increased hippocampal isoleucine after repeated amphetamine treatment 

(p<0.05). Thus, the effects of fluoxetine and amphetamine on BCAA concen-

trations were conditional on both prior stress exposure and the inherent positive-

affect phenotype, rather than representing a uniform pharmacological effect. 

The systemic physiological effects of chronic stress are well established 

(Tamashiro et al., 2011), and in the present study series chronic stress consistently 

altered weight gain relative to the corresponding non-stressed groups. Study IV 

extended this perspective by including peripheral indices of stress physiology, 

namely body weight-adjusted adrenal gland weight [Sucrose × Stress F(1,72)= 

10.8, p<0.01; USV × Sucrose F(1,72)=4.96, p<0.05] and serum glucose [USV × 

Sucrose × Stress F(1,72)=4.89, p<0.05; USV × Sucrose F(1,72)=9.46, p<0.01]. 

Together with the amino-acid findings, these results indicate that phenotype-

dependent adaptation to chronic stress is not confined to reward-related behaviour 

or monoaminergic regulation, but is also expressed in selected metabolic and 

peripheral physiological measures. However, these findings should be interpreted 

as evidence for broader biological involvement rather than as a mechanistic 

explanation of metabolic or endocrine regulation. The present studies demon-

strate differential phenotype-dependent biological responses to chronic stress, but 

more detailed conclusions about the underlying regulatory mechanisms require 

further targeted investigation. 
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5. CONCLUSIONS 

The present dissertation investigates how stable individual differences in positive 

affectivity and hedonic capacity contribute to the heterogeneous and sometimes 

apparently opposing effects of chronic stress on reward-related behaviour and 

neurobiology. Across the individual studies, chronic stress attenuated reward-

related responses in some experimental contexts, whereas in others it potentiated 

them. The direction and magnitude of these effects varied according to pre-

existing reward-related phenotype, indexed by positive affectivity through 

tickling-evoked 50-kHz ultrasonic vocalisations and by hedonic capacity through 

stable sucrose consumption. 

One of the central findings is that positive affectivity and hedonic capacity 

describe related but distinct dimensions of reward-related regulation. Positive 

affectivity reflects the propensity to generate and express positive-valence 

responses, whereas stable sucrose consumption reflects a complementary 

dimension of reward consumption and pleasure-related responsiveness. The 

weak, non-significant association between tickling-evoked 50-kHz vocalisations 

and sucrose consumption, together with their different patterns of stress respon-

sivity, indicates that these phenotypes do not represent the same underlying 

characteristic under different labels. Low positive affectivity was primarily 

associated with attenuation of reward-related responding following chronic 

stress. By comparison, stressed HSuc rats showed sensitisation of 50-kHz vocali-

sations and rearings, whereas stressed LSuc rats showed sensitisation in line 

crossings and rearings but not in 50-kHz vocalisations. These patterns indicate 

that reward-related function is multidimensional and that pre-existing differences 

in its components modulate how psychostimulant reward-related responsivity is 

behaviourally expressed following chronic stress. 

The combined assessment of positive affectivity and hedonic capacity con-

firmed low positive affectivity as a phenotype associated with increased suscepti-

bility to chronic stress and further demonstrated that this vulnerability was most 

pronounced when low positive affectivity coincided with high sucrose con-

sumption. In LC/HSuc rats, chronic stress reduced amphetamine-elicited 50-kHz 

vocalisation and increased anxiety-like behaviour, accompanied by phenotype-

dependent changes in striatal and corticolimbic monoamine neurochemistry. 

LC/LSuc rats did not show the same convergence of reduced reward-related 

vocalisation and increased anxiety-like behaviour, whereas HC/HSuc animals 

maintained reward-related vocalisation and showed lower anxiety-like behaviour 

under stress. Thus, high sucrose consumption identified the subgroup in which 

the established vulnerability associated with low positive affectivity was expressed 

most clearly, while high positive affectivity was associated with a more preserved 

response profile even among HSuc animals. 

The findings also indicate that behavioural and monoaminergic outcomes 

following chronic stress and repeated amphetamine exposure were not neces-

sarily concordant. In Study I, stressed LC rats showed increased striatal dopamine 
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turnover despite reduced amphetamine-elicited vocalisation and locomotor activity. 

In Study III, stressed LSuc rats showed increased accumbal dopamine, serotonin, 

and noradrenaline turnover together with sensitisation in line crossings and 

rearings, but without sensitisation of 50-kHz vocalisations. Thus, monoaminergic 

adaptation did not map directly onto the magnitude of reward-related responding, 

but was associated with different behavioural expressions of psychostimulant 

responsivity depending on phenotype and treatment history. 

The pharmacological findings further indicate that, in the present model, long-

term fluoxetine treatment did not exert a uniform normalising effect on sub-

sequent reward-related responsivity. Fluoxetine modified the later response to 

amphetamine in a manner that depended on positive-affectivity phenotype. In 

stressed LC rats, sensitisation of amphetamine-elicited 50-kHz vocalisations 

emerged after fluoxetine pretreatment under conditions in which it was otherwise 

absent. In fluoxetine-pretreated stressed animals, repeated amphetamine reduced 

hippocampal serotonin turnover in HC rats but increased it in LC rats, while 

selected amino-acid responses also depended on phenotype and treatment history. 

Thus, the behavioural and biochemical consequences of long-term fluoxetine 

treatment were conditional on positive-affectivity phenotype, prior stress expo-

sure, and the subsequent pharmacological challenge. 

Phenotype-dependent effects extended beyond the striatum and nucleus 

accumbens to monoaminergic measures in the frontal cortex, amygdala, hypotha-

lamus, and hippocampus, as well as to selected amino-acid and peripheral physio-

logical measures. LC/HSuc rats showed the clearest adverse profile, including 

reduced frontal cortical and amygdalar serotonergic indices, reduced amygdalar 

dopamine turnover, and pronounced alterations in body-weight dynamics. 

HC/HSuc rats displayed a distinct pattern involving frontal cortical noradren-

ergic, hypothalamic monoaminergic, serum glucose, and adrenal responses, while 

higher baseline isoleucine was associated more consistently with the HC 

phenotype. Thus, individual differences in stress adaptation were expressed across 

central and peripheral systems rather than within an isolated reward pathway. 

Overall, the present dissertation supports the view that adaptation to chronic 

stress depends on the pre-existing organisation of reward-related functions. Low 

positive affectivity emerged as a recurring vulnerability phenotype, while its co-

occurrence with high sucrose consumption was associated with the clearest stress-

sensitive profile. Positive affectivity and hedonic capacity therefore represent 

distinct but jointly informative dimensions that help explain why subsequent 

reward-related responses can be attenuated, preserved, or potentiated. At the same 

time, the non-concordance between behavioural and monoaminergic outcomes 

shows that stress adaptation cannot be described as a simple increase or decrease 

in monoaminergic reward-system function. The principal contribution of this 

work is to demonstrate that apparently contrasting outcomes of chronic stress can 

arise systematically from individual differences in reward-related regulation, the 

particular component of reward being assessed, and the context in which the 

adapted system is subsequently challenged. 
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5.1 Limitations 

The results of this dissertation should be interpreted according to what the 

experimental designs and method selection allow. All studies were conducted in 

male Wistar rats. The conclusions therefore concern phenotype-dependent adap-

tation to chronic stress in male rats under the experimental conditions applied. 

Whether the same patterns occur in female rats was not examined in the present 

study series. This restricts the generalisation of the findings beyond male rats but 

does not alter their interpretation within the experimental model used here. 

A second limitation is the modest number of animals in individual experi-

mental groups. This was particularly relevant in studies that included several 

independent variables and multiple phenotype, stress, and pharmacological 

treatment conditions. The group sizes reflected the complexity of the experi-

mental designs and the need to maintain controlled environmental conditions. 

The main conclusions are based primarily on robust phenotype-dependent effects 

and on related patterns observed across the study series, whereas individual sub-

group comparisons and exploratory biochemical findings should be interpreted 

with appropriate caution. 

Finally, the monoamine analyses were based on endpoint tissue samples 

collected after the behavioural and pharmacological procedures. Tissue concen-

trations of monoamines and their metabolites, together with calculated turnover 

indices, provide endpoint measures of regional monoamine content and meta-

bolism but do not reveal the dynamic processes or exact mechanisms that pro-

duced the observed differences. The biochemical findings should therefore be 

interpreted as regional and phenotype-dependent correlates of prior stress and 

treatment history rather than as direct evidence of a specific causal mechanism. 

Within this scope, the analyses were informative in identifying the magnitude and 

direction of biological differences associated with the behavioural phenotypes. 

Overall, these limitations define the scope of the present conclusions without 

changing the principal finding that stable individual differences in positive affec-

tivity and sucrose consumption were associated with distinct behavioural and 

neurochemical responses to chronic stress. The conclusions apply to male rats 

under the experimental conditions used and concern phenotype-dependent 

behavioural outcomes and their endpoint biological correlates rather than defi-

nitive causal mechanisms. 

 

 

5.2 Future directions 

The present studies identified distinct phenotype-dependent behavioural, neuro-

chemical, and physiological outcomes of chronic stress but did not determine at 

which stage of adaptation these differences became expressed. Future work 

should therefore establish whether vulnerable and more resilient phenotypes 

diverge in their initial stress reactivity, during repeated adaptation, in the termi-

nation and restoration of stress-activated systems, or in their later response to 
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reward-related and pharmacological challenges. An hypothesis can be drawn that 

phenotype-dependent vulnerability may arise partly from differences in the 

restoration of neural and physiological regulation after repeated stress, rather than 

solely from differences in the magnitude of the initial response. This possibility 

should be examined alongside the alternative that the phenotypes differ already 

in their acute stress reactivity. The theoretical framework of this dissertation 

identifies efficient termination and recovery as central components of stress 

adaptation, while the present endpoint findings provide the phenotypic outcomes 

whose development remains to be explained. 

Defining the stage at which phenotype-dependent divergence occurs would 

provide the basis for targeted investigation of the mechanisms responsible for 

these outcomes. Initial studies should compare the phenotypes at selected phases 

of stress exposure and recovery to identify biological processes that are activated 

similarly, restored at different rates, or remain persistently altered. Candidate 

processes should then be examined experimentally to determine whether they 

contribute causally to the later behavioural phenotype. Particular attention should 

be directed to the regulation of striatal and corticolimbic monoamine systems 

and to the mechanisms underlying the inconsistent correspondence between 

monoaminergic measures and reward-related behaviour. In LC/HSuc rats, the 

combination of reduced striatal dopamine metabolism, increased striatal Htr2c 

expression, reduced reward-related vocalisation, and increased anxiety-like 

behaviour identifies serotonergic regulation of dopaminergic function as one 

specific candidate mechanism. Future work should establish whether 5-HT2C-

related signalling contributes to the development or maintenance of this stress-

sensitive profile, or whether the serotonergic and dopaminergic changes represent 

parallel consequences of a broader adaptive process. 

The interaction between long-term antidepressant treatment and subsequent 

psychostimulant responsivity requires separate investigation. In the present study 

series, fluoxetine did not restore a uniform control-like reward response. In stres-

sed LC rats, sensitisation of amphetamine-elicited 50-kHz vocalisations emerged 

after fluoxetine pretreatment under conditions in which it was otherwise absent, 

while the subsequent hippocampal serotonergic and amino-acid responses also 

depended on positive affectivity phenotype. These findings raise the possibility 

that chronic serotonergic treatment produces persistent changes in how a stress-

adapted reward system responds to later dopaminergic stimulation. Future 

experiments should distinguish the contributions of stress exposure, fluoxetine 

treatment, treatment withdrawal, and possibly subsequent reward challenge, and 

determine when the phenotype-dependent divergence in behavioural responsivity 

develops. This interaction is relevant to the mechanisms of antidepressant action, 

and also to conditions in which serotonergic antidepressants and amphetamine-

based medications are used within the same treatment history. 

The role of branched-chain amino acids, particularly isoleucine, should also 

be investigated more systematically. Higher baseline isoleucine concentrations 

were observed in HC rats in the frontal cortex and hippocampus, while sub-

sequent effects of stress, fluoxetine, and amphetamine on branched-chain amino 
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acids were dependent on phenotype and treatment history. These findings identify 

isoleucine as a candidate correlate of positive affectivity phenotype and stress 

resilience, but they do not establish its functional significance. The first step 

should be to determine whether the phenotype association can be replicated 

across brain regions and in peripheral samples obtained under corresponding 

conditions. Subsequent studies should examine whether the differences arise 

from systemic amino-acid availability, transport across the blood-brain barrier, or 

regional amino-acid utilisation. Subsequently isoleucine availability could be 

manipulated to determine whether it modifies monoaminergic regulation, re-

covery from chronic stress, or reward-related behaviour. 

A related objective is to clarify how phenotype-dependent neural changes are 

connected to adaptation elsewhere in the organism. The present findings show 

that differences in reward-related behaviour and brain neurochemistry occurred 

together with phenotype-dependent variation in body-weight gain, relative adrenal 

weight, serum glucose, and selected amino acids. These measures demonstrate 

that stress adaptation is expressed across central, metabolic, and peripheral 

physiological systems, but their temporal and causal relationships were not 

resolved in the present studies. Future studies should determine whether changes 

in neural regulation precede and contribute to the peripheral outcomes, whether 

altered metabolic and endocrine conditions modify CNS adaptation, or whether 

both reflect a common regulatory difference between phenotypes. Combining 

corresponding brain and peripheral measurements at defined stages of stress 

exposure and recovery would allow the direction of these relationships to be 

examined before individual mechanisms are experimentally manipulated. 

These directions would extend the present work from the identification of 

phenotype-dependent outcomes towards a mechanistic account of their develop-

ment. The central question is not only which biological differences distinguish 

vulnerable and more resilient animals after chronic stress, but when those dif-

ferences emerge and which of them determine the subsequent behavioural out-

come. Establishing the temporal stage of phenotype divergence, identifying the 

restorative and regulatory processes involved, and then testing their causal 

contribution would provide a coherent basis for further investigation of individual 

vulnerability and resilience to chronic stress. 
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SUMMARY IN ESTONIAN 

Tasustamisega seotud süsteemide käitumuslik ja neurobioloogiline 

kohanemine kroonilise stressiga, erineva positiivse afektiivsuse ja 

hedoonilise võimekusega rottidel 

 

Käesolevas väitekirjas uuriti, kuidas individuaalsed erinevused positiivses 

afektiivsuses ja hedoonilises võimekuses mõjutavad kroonilise stressiga koha-

nemist ning tasuga seotud käitumist ja neurobioloogiat. Positiivset afektiivsust 

hinnati kõditamisega esile kutsutud 50-kHz ultrahelihäälitsustega ning hedooni-

list võimekust püsiva suhkrutarbimisega. Töö põhineb neljal isastel Wistari liini 

rottidel läbi viidud uuringul, milles kasutati kroonilise stressi, amfetamiini 

korduvmanustamise ja pikaajalise fluoksetiini manustamise kombinatsioone. 

Käitumuslikke tulemusi analüüsiti monoamiinide, nende metaboliitide, retsep-

torite, aminohapete ning valitud perifeersete füsioloogiliste näitajate foonil. 

Tulemused näitasid, et krooniline stress ei vähenda ega suurenda tasuga seotud 

reageerimist ühetaoliselt. Erinevates uuringutes stress nii pidurdas kui ka 

võimendas amfetamiini poolt esile kutsutud käitumist ning mõju suund sõltus 

looma varasemast positiivse afektiivsuse ja hedoonilise võimekuse fenotüübist 

ning farmakoloogilisest kuurist. Madal positiivne afektiivsus oli korduvalt seotud 

suurema stressitundlikkusega, mis väljendus 50-kHz ultrahelihäälitsuste ja 

liikumisaktiivsuse vähenemises pärast stressirežiimi. Kõrge suhkrutarbimisega 

rottidel võimendas krooniline stress seevastu amfetamiini akuutset toimet ja 

soodustas käitumusliku sensitiseerumise kujunemist, teisalt madala suhkru-

tarbimisega stressirühmas sellist nähtust ei ilmnenud. 

Positiivse afektiivsuse ja hedoonilise võimekuse samaaegne hindamine näitas, 

et kõige tundlikumad stressi mõjude suhtes olid madala positiivse afektiivsuse ja 

kõrge suhkrutarbimise fenotüüpi kuuluvad rotid. Nendel loomadel pidurdas 

krooniline stress amfetamiini poolt esile kutsutud 50-kHz ultrahelihäälitsusi ja 

esines kõrgemat ärevust käitumiskatsetes. Kõrge positiivse afektiivsuse ja kõrge 

suhkrutarbimisega loomadel säilis tasuga seotud 50-kHz häälitsemine ning 

ärevust väljendav käitumine oli stressi järel harvemini esinev. Tulemused kinni-

tasid, et positiivne afektiivsus ja hedooniline võimekus on omavahel põimunud, 

kuid eristatavad tasusüsteemi mõõtmed, mille koostoime võimaldab määratleda 

organismide stressitundlikkust. 

Käitumuslikud ja monoaminergilised näitajad ei olnud alati samasuunalised. 

Uuringus I suurenes stressis madala positiivse afektiivsusega rottidel pärast 

amfetamiini korduvmanustamist dopamiinikäive juttkehas, kuid sellega kaasnes 

amfetamiini esile kutsutud 50-kHz ultrahelihäälitsuste ja liikumisaktiivsuse 

vähenemine. Uuringus III suurenes stressis madala suhkrutarbimisega rottidel 

pärast amfetamiini korduvmanustamist dopamiini, serotoniini ja noradrenaliini 

käive naalduvas tuumas. Nendel loomadel väljendus amfetamiini sensitisatsioon 

liikumisaktiivsuses, kuid mitte 50-kHz häälitsustes. Seevastu stressis kõrge 

suhkrutarbimisega rottidel väljendus amfetamiini sensitisatsioon 50-kHz häälit-
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sustes ja tagajalgadele tõusmistes, kuid mitte jooneületustes, ning stress takistas 

korduva amfetamiiniga seotud monoamiinikäibe suurenemist juttkehas ja mandel-

kehas. Need tulemused näitavad, et monoaminergiline kohastumine ei ennus-

tanud otseselt psühhostimulandi toime käitumuslikku tugevust, vaid oli seotud 

fenotüübist sõltuvate erinevustega ning kuidas psühhostimulandi hüvesid käitu-

muslikult väljendati. Ka fluoksetiini mõju sõltus fenotüübist: Uuringus II kujunes 

stressis LC-rottidel 50-kHz ultrahelihäälitsuste sensitiseerumine ainult pärast 

fluoksetiinravi, stressis HC-rottidel aga nii fluoksetiini kui ka süstelahust saanud 

rühmades. 

Fenotüübist sõltuvad muutused ei piirdunud juttkeha ja naalduva tuumaga, 

vaid ilmnesid ka otsmikukoore, mandelkeha, hüpotaalamuse ja hippokampuse 

monoaminergilistes näitajates. Lisaks leiti erinevusi valitud aminohapete, keha-

kaalu muutuse, neerupealiste suhtelise massi ja seerumi glükoosisisalduse osas. 

Eriti väärib edasist uurimist isoleutsiini võimalik seos kõrge positiivse afektiiv-

suse ja paremini säilinud stressikohanemisega. Need tulemused osutavad, et 

individuaalsed erinevused kroonilise stressiga kohanemises väljenduvad mit-

metes organismi süsteemides ning erinevatel uurimistasanditel. 

Kokkuvõttes näitab doktoritöö, et kroonilise stressi tagajärjed sõltuvad tasu-

süsteemi varasemast ülesehitusest. Madal positiivne afektiivsus kujunes korduvaks 

stressitundlikkuse tunnuseks ning selle koosesinemine kõrge suhkrutarbimisega 

oli seotud kõige selgema stressihaavatavusega. Töö aitab selgitada, miks krooni-

line stress võib erinevates tingimustes põhjustada näiliselt vastandlikke tulemusi: 

stressi mõju sõltub uuritava valimi fenotüübilisest koosseisust, hinnatavast tasu-

protsessi komponendist ning kontekstist, milles stressiga kohanenud süsteemi 

hiljem aktiveeritakse. 
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