
7 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

REAL-TIME MEASUREMENT OF LOCUS 
COERULEUS (LC) ACTIVITY DURING 

EATING AND MILD STRESS WITH FIBER 
PHOTOMETRY  

 
Master Degree Project in Biomarkers in molecular medicine 

Two years Level 120 ECTS 
20-11-2018 / 05-06-2019 

Spring term - 2019 
1st version 

Student: Mohammed Asker 
Email: A17mohas@student.his.se 
 
Supervisor: Karolina Skibicka 
Email: karolina.skibicka@gu.se 
 
Co-supervisor: Jean-Philippe Krieger 
Email: jean-philippe.krieger@gu.se 
 
Examiner: Patric Nilsson 
Email: patric.nilsson@his.se 
 
University of Skövde 
Department of Bioscience 
PO Box 408 
541-28 Skövde 
Sweden 
 



i 
 

Abstract 

Stress has been always associated with a deviating than normal feeding behavior. Both over-eating 
and under-eating accompanied by altered food choice towards palatable food have been reported in 
response to stress. The neuronal pathways that link stress with eating are still unclear. Locus Coeruleus 
(LC) is the main endogenous norepinephrine (NE) secreting nucleus. It lies in the center of the stress 
response mediating arousal state. LC-NE nucleus with its widespread innervations throughout the 
brain can modulate brain mechanisms linked with motivation towards food. In this study, the aim was 
to study the activity of NE neurons in the LC in relation to stress and food intake. The hypothesis was 
that NE neurons are activated by mild stressors and that this activity drives food intake. Because the 
association between LC activity and food intake is observational by nature, it is not expected to 
demonstrate a causal link but to show findings consistent with this hypothesis. Another aim was to 
standardize the photometry measurements and an analysis paradigm. In response to a stressor, 
animals showed freezing behavior, with photometry recordings displaying a significant reduction in 
Ca+2 signals right after the distressing stimulus. When a stressor preceded food intake, LC-NE activity 
significantly decreased right after the first meal the effect that did not last to the second meal with no 
difference between chow and palatable food. These results highlight the involvement of LC-NE in 
modulating feeding behavior by integrating environmental cues and internal needs. Future 
investigations of distinct, projection-defined, LC-NE sub-populations may reveal more specific food and 
stress interactions.   
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Popular scientific summary 

Worldwide obesity has nearly tripled since 1975, reaching pandemic levels. Overweight and obesity 
kill more people than underweight although it is largely preventable. 39% of adults were overweight 
in 2016, and 13% were obese. Obesity occurs when daily calorie intake exceeds energy expenditure, 
i.e. a positive energy balance. Individuals with obesity are more prone to develop other chronic 
diseases such as type 2 diabetes mellitus, dementia, stroke, and fatty liver disease and cancer which 
collectively reduce quality of life and life expectancy. Feeding behavior (how much and when we eat) 
is largely controlled by several brain regions. A network of communications is present all the time in 
which outputs from certain brain regions are inputs for others. This established system modulates 
behavioral outcomes (eat / not eat) based on the environment and internal needs. 

Generally, emotional changes are associated with appetite modifications. Previous studies have 
reported both over-eating and under-eating in response to stress. Regardless of the modifications that 
usually happen to the total amount of ingested food under stress, all humans and nonhumans favor 
eating more palatable food with high fat/sugar content. The exact underlying neuronal mechanisms 
that associate stress with eating are still unknown. The focus of this study was on a brain region called 
Locus Coeruleus (LC). It is well known as the main norepinephrine (NE) producing nucleus in the brain 
supporting behavioral outcomes in specific situations like stress and danger in the so-called fight or 
flight response. The aim of the study was to investigate the activity of LC-NE system in response to 
stress and food intake. The hypothesis was that LC-NE system is activated by mild stressors and that 
this activity will direct the motivation towards food ingestion. Another target of the study was to 
standardize the photometry measurements and an analysis paradigm.  

LC-NE firing modes are either, phasic and tonic where the phasic mode is linked with more focus, high 
attention and keeping on task while the tonic mode is connected with arousal state, less focus and 
going off the task. Normally, males and females have the same LC firing pattern. However, LC of 
females consists of more neurons than what can be found in males’ LC which implies a potentiality of 
more NE production with a hyper-arousal state in females. Sex differences in response to stress can 
evolve different behavioral outcomes, for instance, to eat more or less. Sex differences in 
responsiveness to a stressful condition were mostly found to be maintained by sex hormones 
molecular mechanisms. Female estradiol hormone supports more secretion, more release and less 
degradation of NE which make them more susceptible to develop hyperarousal state. In contrast to 
this, testosterone hormone plays an alleviating role in response to stress by mediating NE degradation 
mechanisms with less release and production. Interestingly, individual differences have also been 
established between different rats based on differential expression of genes of key stress-related 
molecules. 

Until recently, the activity of deep brain regions was difficult to be tracked. Fiber photometry is a new 
method that is able to excite the genetically encoded Ca+2 indicator GCaMP and then record the 
emission that comes back from it through the same cable. Based on this, it became possible to measure 
precisely the temporal neural activity that may be time-locked to a certain behavioral output in 
genetically defined neuronal populations. Photometry has been utilized in this study to investigate LC 
activity in response to eating (chow and palatable food) and a mild stress situation (distressing sound). 
Photometry traces in males revealed a significant reduction in LC-NE activity triggered by acute 
stressor. However, females kept on a high level of LC-NE activity mediated by their tendency to develop 
a hyperarousal state. Food ingestion after distressing sound deactivated LC-NE system in both males 
and females, the effect that has been repeatedly reported in previous articles. This food effect was 
locked to the first meal and was not observed with subsequent meals with no difference between 
chow and palatable food. These results assure that LC-NE neuronal activity is significantly modulated 
by the effect of food and stress. More research is needed to identify the specific underlying neuronal 
pathways that serve feeding behavior, and the interaction between food intake and stress. 
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List of abbreviations 

5-HT 5-hydroxytryptamine 

Arc Arcuate nucleus 

AVP Arginine – vasopressin 

BNST Bed nucleus of the stria terminalis 

CeA Central nucleus of the amygdala 

CNS Central nervous system 

COMT Catechol-o-methyl transferase 

CRH Corticotropin-releasing hormone 

DA Dopamine 

DNB Dorsal noradrenergic bundle  

EEG Electroencephalography 

ER Estrogen receptor 

GCaMP6f Genetically encoded calcium indicator  

GR Glucocorticoid receptor 

Hb Habenula 

LC Locus Coeruleus 

LHA Lateral hypothalamic area 

NE Norepinephrine 

PBN Parabrachial nucleus 

PVN Hypothalamic paraventricular nucleus 

SCN Suprachiasmatic nuclei 

TH Tyrosine hydroxylase 

VLPO Ventrolateral Preoptic Area   

VNB Ventral noradrenergic bundle 

VTA Ventral tegmental area 



iv 
 

Table of Contents 
Introduction ............................................................................................................................................. 1 

Obesity facts ......................................................................................................................................... 1 

Brain circuits involved in the feeding behavior ..................................................................................... 1 

Stress affects eating patterns ............................................................................................................... 2 

Locus Coeruleus background ................................................................................................................ 2 

LC innervations and established functions ............................................................................................ 2 

LC-NE system influences feeding behavior ........................................................................................... 3 

LC-NE system and feeding behavior in response to stress .................................................................... 4 

Sex differences in response to stress .................................................................................................... 5 

Concept of fiber photometry system .................................................................................................... 5 

Aim ........................................................................................................................................................... 6 

Materials and methods ............................................................................................................................ 6 

Experimental rats ................................................................................................................................. 6 

Viral constructs and Stereotaxic Virus Injection and Cannula Implantation .......................................... 6 

Fiber Photometry Calcium Imaging....................................................................................................... 7 

Baseline Recordings.............................................................................................................................. 8 

Behavioral Testing ................................................................................................................................ 9 

Fiber Photometry data analysis ............................................................................................................ 9 

Ethical aspects and impact on society ................................................................................................... 12 

Statistical methods ................................................................................................................................ 12 

Results .................................................................................................................................................... 12 

GCaMP specific expression in LC allows for measuring calcium events ............................................... 12 

Distressing sound reduces neuronal activity in the LC-NE neurons ..................................................... 13 

Chow intake reduces neuronal activity in the LC-NE neurons after a stressful stimulus...................... 15 

Palatable food ingestion decreases neuronal activity in the LC-NE neurons after a stressful stimulus 18 

Food re-establishes LC baseline activity after a stressful stimulus. ..................................................... 20 

Discussion .............................................................................................................................................. 21 



v 
 

Future perspectives ................................................................................................................................ 25 

Acknowledgments .................................................................................................................................. 26 

References ............................................................................................................................................. 27 



1 
 

Introduction 

Obesity facts 
In 2016, overweight individuals were more than 1.9 billion adults (18 years and older). Of these over 
650 million were obese (WHO, 2016). Over 340 million children and adolescents aged 5-19 were 
overweight or obese in 2016 (WHO, 2016). Obesity (BMI ≥ 30 kg/m2) has turned out to be one of the 
major causes for the global disease occurrence (Finucane et al, 2011; Misra and Khurana, 2008). 
Obesity is strongly associated with type 2 diabetes mellitus, cardiovascular diseases, and cancers, and 
is thus a leading cause of mortality and morbidity (Lancet, 2009). The impact of obesity was globally 
evaluated to be US $2.0 trillion or 2.8% of the global gross domestic product (GDP) in 2014. This obesity 
fact is pushing towards applying more preventive measures (Huang et al, 2009). One reason for the 
increasing obesity incidence is the dramatic changes that occurred in diet habits and lifestyles (Hawkes, 
2006). These changes maintained a positive energy balance, i.e. when one’s caloric intake goes beyond 
the energy expenditure, thus inducing weight gain (Kearney, 2010).   

Brain circuits involved in the feeding behavior 
A key player in governing body energy homeostasis is the brain (Elmquist et al, 2005). An uninterrupted 
flow of signals with relation to energy status from the periphery is being delivered to the brain which 
in turn affect energy expenditure in addition to the absorption of nutrients and their utilization by 
tissues (Flier, 2004). The brain combines all intrinsic inputs with environmental cues like when and 
where food can be possibly found, with details of social condition and with the memory of previous 
exposures. Several brain areas in ventricular, intermediate and monoaminergic nuclei have been 
shown to influence feeding behavior and reward. Strong reciprocal connections (solid lines in Fig. 1) 
have been established between intermediate and ventricular nuclei as well as between intermediate 
and monoaminergic nuclei. Ventricular and monoaminergic nuclei have sporadic direct connections 
that can fade in adults (dotted line in Fig. 1). Basically, ventricular neurons are expressing receptors for 
peripheral molecular signaling that are heavily involved in feeding more than other nuclei do. 
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Fig. 1: Brain regions that coordinate feeding behavior and reward. Arc, arcuate nucleus; PVN, paraventricular 
nucleus of the hypothalamus; CeA, central nucleus of the amygdala; BNST, bed nucleus of the stria terminalis  
LHA, lateral hypothalamic area; PBN, parabrachial nucleus; Hb, habenula; VTA, ventral tegmental area; DA, 
dopamine; 5-HT, 5-hydroxytryptamine.  

Stress affects eating patterns 
One of the conditions that are strongly associated with eating behavior is stress (Torres and Nowson, 
2007). Chronic stress increases consumption of high-energy foods (stress-induced altered food choice 
towards palatable food) which disrupts energy balance (Finch et al., 2019). Acute stress can drive the 
motivation for eating even in cases where hunger is not present. For instance, students have been 
reported to consume more high energy and fat diets or food of low nutritional value in exams period 
(Michaud at al., 1990). Moreover, being under chronic stress can potentially lead to the same result of 
stress-induced eating attitude (O'connor et al, 2008). Such chronic stress may be related to daily issues 
in work that in turn promotes ingestion of high-fat high sugar diet with limited consumption of 
principal meals. Stress-reduced eating has also been reported in about 30%-60% of humans in studies 
of self-reports of stress and food intake (Kandiah et al, 2008). Differences in eating patterns in response 
to stress are still being investigated to reveal underlying factors and mechanisms. Irrespective of 
changes happening to the amount of ingested food under stress, all humans and nonhuman animals 
tend to eat more palatable food with high fat/sugar content (Dallman, 2010). 

Locus Coeruleus background 
One crucial node in the acute stress response is Locus Coeruleus (LC). It merges input from many other 
brain circuits in relation to stress and consequently releases norepinephrine (NE) in its output areas in 
the central nervous system (CNS) promoting alertness (Su et al., 2015). An interaction between the 
central circuits integrating acute stress and those influencing food intake may be the underlying cause 
of stress-induced eating. 

LC has the biggest aggregation of the NE neurons in the central nervous system (Kiernan and 
Rajakumar, 2013). It has wide-ranging projections to broad regions in spinal cord and brain and the 
general belief was that it maintains the underlying neuronal mechanisms standing for arousal state 
(Gatter et al, 1977). Lately, more neuronal pathways that include LC have been identified. The very 
variant Inputs to LC from many brain regions and its significantly selective projections are playing a 
part in the complicated role that it performs in different functions (Berridge et al, 2003). Since LC is a 
massive NE- secreting area, follower cells getting input from LC will have their α1-, α2- or β-
adrenoceptors activated. The great abundance of those adrenoceptors in many areas has potentially 
allowed LC to perform many functions through its projections.  

LC innervations and established functions 
LC is a main NE-secreting nucleus that extensively innervates most of the neuraxis structures in a very 
selective way. Those structures are maintaining different physiological processes including arousal and 
autonomic function having LC in the core of all these processes. One major function of LC is maintaining 
wakefulness and alertness state. The significant innervation from LC to cerebral cortex has been found 
to support this role (Aston-Jones, 2005). In human subjects, LC electrical stimulation reduces the 
quantity of rapid eye movement sleep which affirms the established role in alertness maintenance 
(Kaitin et al, 1986). Additionally, projections from LC to Basal forebrain is found to promote arousal as 
well (Jones et al, 2004). Heavy innervations are reaching amygdala from LC and support an excitatory 
role potentially leading to increased anxiety, forming and retrieving memories.  The only source of NE 
to the hippocampus is supplied through LC innervation which assists the formation of memories 
(Kiernan and Rajakumar, 2013). This function of LC has been further confirmed in a study that 
discovered an impairment in olfactory learning in experimental animals with LC lesions (Sullivan et al, 
1994). Thalamus also receives dense input from LC that increases the responsiveness during waking 
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(Jones et al, 1990) and contributes to modulating the sensation of pain. LC projects to Ventrolateral 
Preoptic Area (VLPO) in hypothalamus maintaining arousal function by inhibiting GABAergic neurons 
of the VLPO that mediates sleeping (Chou et al, 2002). Through its remarkable innervation to 
paraventricular nucleus in the hypothalamus, LC is involved in neuroendocrine function leading to 
trope hormones secretion (Li et al, 2005). Lateral Hypothalamus/Perifornical Area (hypothalamus) 
receives an input from LC which plays a role in inhibiting excessive activity in arousal pathway (Li and 
van den Pol, 2005; Yamanaka et al, 2003). As per Fig. 1, LHA (lateral hypothalamic area) is broadly 
mediating the motivation toward feeding. Interestingly, direct LHA projections have been found to be 
innervating LC which are believed to be influencing feeding and reward (Laque et al, 2015). The arcuate 
nucleus of the tuberoinfundibular area gets an innervation from LC as well (Kang et al, 2000). Through 
this connection, NE activates α1-receptors stimulating arcuate neurons to regulate the secretion of 
prolactin (Samuels et al, 2006). Other LC projections that contribute to wakefulness maintenance 
include its innervation to dorsal raphe to stimulate the serotonergic neurons (Kim et al, 2004; Brown 
et al, 2002; Day et al, 2004), pedunculopontine tegmental nucleus and laterodorsal tegmental nucleus 
(Kayama et al, 1992) to activate the cholinergic neurons. Certainly, LC has a vital autonomic function 
that gives rise to the sympathetic system and a drop to the parasympathetic system (Samuels and 
Szabadi, 2008). Functions of LC are interrelated contributing to coordinating suitable body behavioral 
responses in encountered environmental situations.  

LC-NE system influences feeding behavior  
In a study published by Berridge and Foote, electroencephalographic (EEG) activity in Neocortex and 
Hippocampus was being recorded while activating LC. Animal behaviors have been classified into two 
types, type 1 behaviors (voluntary behaviors) like walking, running and isolated movements of the 
head have been concluded to be hippocampus-related, while type 2 behaviors like licking, chewing, 
and grooming was linked to LC activity. It has also been demonstrated that LC is relatively inactive 
during grooming and eating. However, it becomes active when the animal starts moving his head or 
other behaviors that can be considered as an engagement with the environment. (Berridge and Foote, 
1991) 

The role of several monoamines and peptides contributing to stress-induced eating have been 
investigated by Morley et al, 1982. Mild tail pinches have been applied to a group of rats to 
stimulate more food consumption. Afterward, animals have been injected with bombesin satiety 
hormone to counteract stress-induced eating. NE injection was able to diminish bombesin satiety 
effect and restore motivation for eating (Morley et al, 1982).  

Nutrient-seeking and food intake are greatly connected with gustatory sensation (Waterhouse and 
Navarra, 2019). A process which combines and integrates sensory inputs and motor outputs for tasting, 
chewing and swallowing.  Through activation of α1 and α2 adreno-receptors, NE respectively excites 
and inhibits postsynaptic potentials of prehypoglossal nerves modulating oromotor movements (Nasse 
and Travers, 2014). These results specify an important role of LC-NE in regulating ingestive behavior. 
Additionally, LC-NE has been proved to be regulating human taste thresholds. NE was capable of 
decreasing the thresholds of bitter and sour tastes by 39% and 27% respectively which implies a 
significant LC-NE role in setting taste thresholds (Heath et al., 2006). NE is also regulating taste aversion 
that is being processed centrally in the amygdala (Miranda et al., 2003) and insular cortex (Fresquet et 
al., 2007; Rojas et al., 2015) however, peripheral and central mechanisms underlying these effects are 
still not clear.  

Pharmacologic assisted elevation of LC-NE can increase or decrease food intake based on the site and 
type of NE manipulation. Based on the location where it starts, dorsal noradrenergic bundle (DNB) and 
ventral noradrenergic bundle (VNB) transfers NE to the hypothalamus. The hypothalamic 
paraventricular nucleus (PVN) has a1 and a2 adreno-receptors, where activation of the former 
suppresses eating and activation of the latter increases eating (Wellman, 2000). Following behavioral 
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experiments demonstrated that NE carried by the VNB limits eating. While, NE transferred by the DNB 
stimulates eating (Hoebel et al., 1989). (Wellman, 2000) 

LC activity has been linked with motivational behavior towards reward. Manipulations of the reward 
size (food) and the way of obtaining it (active or passive) between two monkeys while recording the 
activity of LC have been tested in a study published by Bouret and Richmond in 2015. As a result of this 
experiment, LC was activated and this effect was even strengthened when reward size was expected 
to be bigger. A conclusion has been made that LC combines motivationally related information 
represented by external cues and internal drives. 

Together, the anatomical connectivity and functions of LC-NE suggest that this area may contribute 
broadly to regulating motivation that is directed toward feeding.  

LC-NE system and feeding behavior in response to stress 
LC-NE lies in the center of a stress response (central sympathetic system). As demonstrated in Fig.1, 
the stress response is started and supported by several brain circuits. The main stress processing areas 
are found in the hypothalamus and brain stem plus corticotropin-releasing hormone (CRH) and 
arginine – vasopressin (AVP) neurons of the paraventricular nuclei (PVN) of the hypothalamus and LC-
NE system (Chrousos, 1992; Tsigos and Chrousos, 1994). Previous elements cooperate together and 
with the adrenal gland and efferent sympathetic to control the whole process that will coordinate body 
reaction to a stressful stimulus (Gold et al., 1988). (Fig. 2) 

 

Fig. 2: this graph shows the stress system with its peripheral and central elements and how they interact with 
each other in a response to stressful stimuli. Reciprocal innervation is happening between LC-NE and CRH/AVP 
activating each other. Several feedbacks are controlling the HPA axis in order to keep a rational level of cortisol 
secretion. As a result of HPA axis stimulation, GH/IGF1, LH/testosterone/E2, and TSH/T3 axes are suppressed. 
While IL-6 secretion increases after sympathetic system stimulation. (Adapted from Tsigos and Chrousos, 1994) 

Glucocorticoid receptors (GR) are established to be present at brainstem NE neurons including LC 
which implies a possible modulatory role in supporting these neurons activity during stress. 
Modifications of NE neuronal activity in response to endogenous CORT was tested during acute and 
repeated stress. As a result of acute stress, mRNA expression of tyrosine hydroxylase (TH) in LC 
increased significantly (Makino et al., 2002). LC-TH (+ve) neurons are known to be NE-producing 
neurons. 
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Generally, emotional changes are associated with appetite modifications. Stress is of the emotional 
situations whose impact on feeding behavior has been heavily researched. Rats consuming behavior 
of sweet food has been assessed after acute and chronic stress when submitted to periods of fasting 
and when not. In acute stress, there was no difference in sweet food consumption whether they have 
been fasted or not, while in chronic stress, animals significantly ate more sweet food unassisted with 
hunger. Diazepam being anxiolytic (Greenblatt et al., 1983; Reves et al., 1985) was able to reverse the 
stress-induced eating normalizing it again. (Ely et al., 1997) 

Sex differences in response to stress 
In normal conditions (no stress), LC firing patterns are the same in both males and females (Bangasser 
et al., 2010; Bangasser et al., 2013; Curtis et al., 2006). However, LC of females has more neurons than 
what can be found in males’ LC which implies a potentiality of more NE production with a hyper-arousal 
state in females (Bangasser et al., 2018). Estrogen receptors (ERs) are found in LC (Mitra et al., 2003; 
Shughrue et al., 1997). Estradiol is actively participating in NE production and degradation (Bangasser 
et al., 2016).  It stimulates NE production in LC neurons (Pau et al., 2000; Serova et al., 2002) and 
inhibits its degradation by reducing catechol-o-methyl transferase (COMT) enzyme (Parvez et al., 1978; 
Jiang et al., 2003). Additionally, it promotes NE release by inhibiting presynaptic adrenergic receptors. 
Unlike estradiol, testosterone limits NE secretion by inhibiting TH enzyme that mediates tyrosine 
conversion to DOPA (precursor of NE) (Liaw et al., 1992). Moreover, it decreases NE release through 
presynaptic adrenergic receptors inhibition (Dygalo et al., 2002). Estradiol-dependant increase in NE 
levels implies that stimulation of NE system intensifies arousal in adult females more than males.  
These variations in the capacity of NE production explain differences in response to stressful stimulus 
between both sexes. 

The mechanism of increased arousal after exposure to a stressor involves neuropeptide corticotropin-
releasing factor (CRF) ((Valentino et al., 2005; Curtis et al., 1997). CRF is capable of modifying the LC 
firing pattern to a high tonic – low phasic mode (Valentino and Foote, 1988). Animal behavior can be 
shifted from concentrating on a stimulus to scanning the environment. But, when these shifts occur 
persistently, it can end up with a state of hyperarousal. Sex differences in CRF effect have been seen 
in LC-NE (Bangasser et al., 2010).  Using the same dose of CRF, stimulation of LC neuron can be achieved 
in females with no effect in males. This suggests that the LC-NE system in females has a higher 
sensitivity to CRF than in males which explains why females have a higher arousal state in response to 
a stressor. 

Concept of fiber photometry system 
Fiber photometry is a method in which an optical fiber is chronically implanted in the brain area of 
interest. Excitation light can be delivered to neurons of interest that have been tagged with a suitable 
fluorescent calcium indicator gathering emission light with overall activity-induced fluorescence. Fiber 
photometry sums up the activity-induced fluorescence of all neurons expressing the indicator. More 
details can be visualized in the materials and methods section. Calcium ions (Ca2+) play a vital role in 
excitable cells and transduction of the signals. During action potential, Ca2+enter the neurons that can 
eventually lead to the release of different neurotransmitters. Using GCaMP, activity of neurons can be 
indirectly quantified by measuring the modifications in the intracellular Ca2+. Whenever Ca2+is present, 
GCaMP undergoes conformational changes to give bright fluorescence that can be recorded. 



6 
 

Aim 
The aims of this study are:  

MAIN OUTCOME: determine the activity of NE neurons in the LC in response to stress and food intake. 
Here we hypothesize that NE neurons are activated by mild stressors and that this activity drives food 
intake.  

Because the association between LC activity and food intake is observational by nature, we cannot 
expect to demonstrate a causal link but to show findings consistent with this hypothesis.  

SECONDARY OUTCOME: Establish standard photometry measurements and analysis paradigm in the 
host laboratory. 

 

Materials and methods 

Experimental rats 
Males (n=8) and females (n=8) Sprague-Dawley rats, aged 5-6 weeks at arrival (Charles River, Italy) 
were maintained on a 12-h light- dark cycle at 22-25 °C with ad libitum access to food (normal rat 
chow) and water. Rats were group-caged (4 per cage) before cannula implantation surgery, and single-
housed afterward. All procedures were approved by the animal welfare committee of the University 
of Gothenburg, in accordance with the legal requirements of the European Community (Decree 
86/609/EEC; local ethical permit #137-2015) 

Viral constructs and Stereotaxic Virus Injection and Cannula Implantation 
Rats were anesthetized with an intraperitoneal injection of xylazine (Rompun_ Vet, Bayer Animal 
Health GmbH, Leverkusen, Germany; 2.5 mg/kg) and ketamine (Ketaminol_ Vet, Intervet International 
BV, AN Boxmeer, Holland; 18.75 mg/kg). 

AAV1-CMV-DIO-GCaMP6f (titer is 10^13gc/ul, Vector, PA USA) has been delivered to LC along with 
AAV1-TH-Cre for specific expression of the Ca+2 indicator in NE-producing neurons (TH+ neurons) in 
the LC. From the source, GCaMP6f gene has been cloned into the adeno-associated virus (AAV) vector 
with double-floxed inverted ORF (DIO) and Cytomegalovirus (CMV) promoter that cannot be expressed 
without Cre enzyme being expressed in the same cell. Cre enzyme will be only expressed in the neuron 
cells of interest that have shown to be TH+ve by the help of AAV1-TH-Cre where TH has been utilized 
as a promoter.  

Rats were positioned in the stereotaxic device (KOPF instruments). Both viruses were mixed in a ratio 
of 1:1 and 0.5 ul of that mixture has been unilaterally delivered via stereotaxic brain surgery to LC 
utilizing the following coordinates in relation to the Lambda position based on rat brain atlas (Paxinos 
and Watson, 5th edition); anteroposterior: +0.2 mm and Medio lateral: +0.5 mm and -4.5 mm dorsal 
to the surface of the skull at a speed of 0.1 uL/min using a Hamilton Neuros 10 mL syringe with a 33 
gauge metal needle (Hamilton Co. Reno, NV, USA). Ophthalmic eye drops were being mounted to the 
rat eyes during the surgery to protect against dryness. At the midline of the skull, the scalp has been 
cut using a blade. Using a dental drill, craniotomy has been made at the pre-mentioned coordinates in 
order to prepare for the injection. Viral infusion time was 5 min and the syringe was kept at the same 
place for more 10 min to allow for complete diffusion in the target area. In the end, the syringe has 
been slowly removed. After viral infusion, a CM2 fiber photometry cannula (Doric Lenses) was 
chronically implanted over the site of injection at LC. These cannulas were utilized to record from the 
TH+ sub-population (NE-producing cells) in the LC. The photometry cannula was usually connected to 



7 
 

the photometry system in all rounds of trials through a specific cable (P84332-01/FCM-CM2/core=400 
un/NA=0.48H). Using 009 drill bit, craniotomy has been made for the injection/cannula site, while 007 
drill bit was used to fix three screws in the skull around the cannula. Those screws along with dental 
cement (Kulzer GmbH, Germany) have been used to firmly fix the cannula at its exact site. Staples were 
used to close the incision when it seemed to be needed. To allow for viral expression, recordings have 
been taken after 4 weeks of the surgery date. 

Fiber Photometry Calcium Imaging 
In order to detect neural activity, ca+2 imaging in LC has been done using the Fiber Photometry system 
(Doric Lenses, Quebec, Canada). In real time, fiber photometry is able to excite the genetically encoded 
Ca+2 indicator GCaMP and then recording the emission that comes back from it through the same cable. 
Based on this, it became possible to measure precisely the temporal neural activity that may be time-
locked to a certain behavioral output. This technique has been extensively utilized in transgenic Cre 
mice/rat lines allowing to record the activity of a specific type of neural cells out of the population 
activity in free-to-move animals during behavior testing experiments. (Calipari et al, 2016) 

Having the optical fiber implanted in the rat brain, excitation lights can be sent and emission lights can 
be received on a detector. In this study, NE neural circuits activity thought to be involved in feeding 
behavior, will be detected and recorded. Using the genetically encoded Ca+2 indicators as GCaMP 
proteins will make it possible to record the different stages of activity of these neurons. (Guo et al, 
2015) 

Getting the pre-mentioned viruses injected in addition to utilizing photometry technique enabled 
recording only the activity of the TH+ NE producing neurons in LC in several behavioral sessions in 
freely moving rats. In order to closely correlate the electrophysiological data generated by the Fiber 
Photometry system with the behavior of the rats, EthoVision system has been utilized. EthoVision is a 
video tracking system that allows the study of the animal behavior in a reliable and accurate way and 
for long time periods that would be very difficult if intended to be done manually. It has been used to 
control the photometry system so it was possible to start both systems at the same time point. 

The Single Channel Two colors - GCaMP photometry recording system (Doric Lenses, Figure 3) has 
employed two excitation wavelengths - 405 and 465 nm. It measures the 405 nm (isosbestic point) 
excited GCaMP fluorescence, and the 465 nm excited Ca+2-dependent GCaMP fluorescence, on a single 
photodetector. In Fig. 3, all the elements of a typical setup for recording from a freely behaving animal 
have been set together. A Fiber photometry console is being utilized to synchronize output control and 
to acquire data. Excitation light sources provide light for the experiment. A Connectorized fluorescence 
mini cube with beam splitters has been employed to combine the excitation wavelengths and to 
separate the emission wavelengths. A Fiber-optic rotary joint has been used to allow free movement 
of the experimental subject with the least possible of artifacts. An Optical cannula, with connecting 
Fiber-optic patch cords (400-μm 0.48 N.A), delivered light to the subject. Emission fluorescence was 
collected with a photodetector capable of sensing low-intensity light. Optical fiber was tested to show 
the least possible auto-fluorescence to minimize auto-fluorescence and cross-talk between the two 
channels which is of utmost importance for the signal recovery. The light intensity at the tip of the 
fiber that usually goes to the animal was ranging between 50 – 150 μw. Occasionally, issues regarding 
the consistency of the light intensity have been encountered. This was usually solved by renewing the 
broken cables and sticking to periodical measurements. 
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Fig. 3: photometry setup (ref: http://doriclenses.com). 

Baseline Recordings 
A long fiber-optic patch cord (Sample patch cord) (P84332-01/FCM-CM2/core=400 un/NA=0.48H-
Doric Lenses) was connected to the chronically-implanted optical fiber (CM2 cannula) with a zirconia 
sheath and was hanged above the experimental arena to permit animals to freely move during 
stimulation. Ca+2 transients were being recorded for 30 min trials. GCaMP6f emission fluorescence was 
collected from the implant/patch cable. Ca2+-dependent (525 nm) and isosbestic control (430 nm) 
fluorescence signals (corresponding to 465 nm and 405 nm excitation, respectively) have been relayed 
to femtowatt photo receivers (Newport, 2151) through dichroic mirrors and band pass filters within 
the Fluorescence Mini Cube (Doric Instruments). All the recordings have been taken at the light phase 
and the Rats have been fasted before the day of acquiring recordings. The animals were allowed to 
acclimatize to the behavioral testing room for half an hour before testing. Plan for photometry trials 
can be inspected in Fig. 4. For analysis, the baseline has been considered to be one minute before the 
stimulus and the number of the Ca+2 events in this time window has been used to compare to the 
corresponding 1 min after that stimulus. 
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Fig. 4: trials’ plan on three consequent days of photometry recording. 

 

Behavioral Testing 
In this stage, signals generated in response to a specific stimulus have been recorded and the output 
peaks were analyzed to get an idea about the behavioral changes. Feeding behavior can be divided 
into several largely consecutive stages: motivation to eat, attention directed to a food stimulus, 
decision to pursue this stimulus, locomotion to reach the food, and lastly consumption. Rats were 
recorded (via an overhead camera (EthoVision) during all named stages, and neuronal activity as 
indicated by the photometry signal has been correlated with each of these stages in order to 
understand where the NE neurons become active. To differentiate baseline neuronal activity in the 
testing arena from that arising from interactions with food, rats were also recorded without any access 
to food. In order to assess the NE neuron activity during the process of selection of specific food, rat 
behavior during a choice between highly palatable (high-calorie food) and regular rat chow has been 
recorded. 

Three consequent days of behavioral testing have been accomplished in order to visualize LC-NE 
neuronal activity in response to stress with/without food offered. All recordings have been 
accomplished in the animal home cage. Animals have been frequently handled before the experiment 
to reduce researcher handling – induced stress. Thirty min trials of the first day have been started with 
20 min of baseline recording followed up by 10 min of recording with the distressing sound being 
played. On the second and third day, recordings were started with 10 min of baseline recording 
followed up by 5 min of distressing sounds then 15 min with food. Chow and M&M (palatable food) 
have been offered to the rats in the second and third day respectively. LC-NE activity changes were 
recorded throughout the whole trials using fiber photometry system. 

Fiber Photometry data analysis 
A custom written R software script has been used to analyze the signals. The fundamental aim is to 
analyze the change in the fluorescent signal (delta F/F) for 2 min time window around the behavior (or 
until next behavior of interest commences) (Lerner et al 2015). The acquired traces have been 
normalized in order to compare between different animals and sessions. Two channels have been 
employed in this system, the first is 405 nm channel that works as a control that is why all the signals 
that are gotten through it, are assigned as bleaching, fiber bending, artifacts or auto-fluorescence 
events. As part of the analysis procedures, all the signals from 405 nm channel has been subtracted 
from the GCaMP dependant channel (465 nm channel) as a preliminary step. 
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Data acquired by the Doric studio software are already demodulated and low pass filtered for 12 Hz. 
High pass filtration of 0.1 Hz has been also applied before going ahead with further analytical 
procedures. Normalization has been accomplished by first applying the least square linear fitting to 
the 405 nm channel (the control channel) to align it to the 465 nm channel (Ca+2 -dependent channel) 
with the same amplitude and y-intercept. In order to do this, data points for both channels have been 
utilized to draw a line that is intercepting at the y-axis where the 465 nm curve starts. The slope has 
been calculated for the drawn line which represents the amplitude. The following equation represents 
what has been made 

CH 465 = a*CH 405 + b 

Where CH 465 is the Ca+2-dependent channel, a is the slope, CH 405 is the control channel, and b is the 
y-shift. In the end, the control channel has been shifted to fit the ca dependent channel with the same 
amplitude. Linear regression has been applied with a 1 min rolling window for pre-post distressing 
sound in day one and with a 1-sec rolling window for pre-post meals in day two and three. The aim of 
the rolling window is to adjust for the shifts that usually happens during the recording. This fitted 405 
signal was used to determine the Ca2+-dependent signal as follows: 

ΔF/F =100*(465 nm signal - fitted 405 nm signal)/fitted 405 nm signal 

Where DF is the fluorescence at specific time point on 465 nm trace minus fluorescence at the same 
time point on the fitted 405 nm channel divided by the fluorescence at the same time point on the 
fitted 405 nm channel then multiplied by 100 to get it represented in percentage.  

After normalization, and, in order to define the significant Ca+2 signals, the Median Absolute Deviation 
of the ΔF/F has been utilized to set the cut-off value. This started with calculating the median for the 
whole trace so all the values are fluctuating up and down that median value. The next step was to 
calculate the absolute differences of all these data points from the median value and allocating them 
in a new column. Finally, the median absolute deviation was calculated by getting the median of the 
new column containing all the absolute difference values. The threshold value was imported from 
‘’Calipari et al, 2016’’ which was set to be 2.91*MAD so any event that exceeded that threshold have 
been counted as a Ca+2 event. During different trials, TTL signals from Noldus (Ethovision) software 
have been used to mark the exact time point at which the animal started to eat or stopped eating. 
These markings were helpful to accurately analyze the temporal profile of the Ca+2 events before and 
after a specific feeding attitude. For each rat, the time at which the rat started to eat, has been 
recognized then the Ca+2 events in 2 minutes around that time point were analyzed e.g. a number of 
Ca+2 events in 1 min before and 1 min after.  

How systems biology methods were utilized 
In the raw traces generated by photometry system, fitting a linear regression with ch465 as a 
dependent variable has been applied with a rolling window (ch465=a*ch405+b). Amplitude (a) and y 
shift (b) were both determined for a specific amount of time and were updated constantly. Using 
Rolling window allowed to minimize the negative effect of the shifts in baseline that might have 
happened during trace acquiring. Applying linear regression (following the pre-mentioned equation) 
made it easier to exclude all non-relevant events and getting only the Ca+2 dependent signals after 
subtraction of control channel from the GCaMP channel.  

Several attempts were committed to develop an efficient algorithm for identifying and counting Ca+2 
signals. Knowing that Ca+2 events spike in a very short time and fade gradually, first approach was to 
determine slope of the spiking part of the curve of Ca+2 event after applying a linear regression. 
Correlation coefficient has been calculated between this slope value and all the slopes for all events 
around the behavior of interest. All the events that had very high and positive correlation were 
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assumed to be Ca+2 events. Investigating identified peaks revealed misclassification of some motion 
artefacts and Ca+2 events. 

Second approach was to utilize again correlation coefficient for detecting all the peaks that have 
positive and high correlation with a manually identified Ca+2 peak in the GCaMP trace, and a negative 
correlation with the control channel at the same time window. This algorithm was not also efficient 
enough as it misidentified some motion artefacts as Ca+2 events. Finally, Median average deviation was 
calculated for the whole trace and threshold value was set to be 2.91*MAD (Calipari et al., 2016). All 
events that exceeded the threshold value were counted as calcium events. 

Data normality was verified using the Shapiro-Wilk test (when n ≥ 7) and the Kolmogorov-Smirnov 
(when n ≤ 6). Levene’s test was done to check whether the same variance is present among different 
groups or not. 

Two-way ANOVA test was applied to first day data, since rats have experienced only one condition 
(distressing sound). Factors included in the test were sex, stressor and the interaction in-between. 
Repeated measures two-way ANOVA was utilized in second and third days. Animals were exposed to 
a distressing sound and offered food in the same trial. The pre-post effect was quantified in both 
situations. Sex, pre-post and their interaction were tested for significance.  

Heat maps visualizing tool was utilized to demonstrate the pattern of Ca+2 signals happening around 
the behavior of interest. 

Different sources of knowledge were combined (Literature, Doric company and codes from other labs) 
in order to establish photometry experiments in Skibicka lab where this thesis work has been 
accomplished. R software was used to perform all analytical steps and Graph prism software to check 
for statistical significance. 
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Ethical aspects and impact on society 
All studies were carried out with ethical permissions from the Animal Welfare Committee of the 
University of Gothenburg, in accordance with the legal requirements of the European Community 
(Decree 86/609/EEC). All efforts were made to minimize suffering. All the animal work was 
accomplished under conditions that meet the requirements for good working for animal welfare and 
research staff. The care and use of live animals in research are controlled by the 3 R principle that 
includes replacement, reduction, and refinement. The animals were bred, cared for according to the 
European ethical standards. The choice of methods has been done based on the 3 R principle through 
a careful hierarchy of the requirement to use alternative methods. The animal work was conducted 
according to local, national and international regulations. As few animals as possible have been used 
that can yield statistically safe results. Stress and pain that the animals were exposed to have been 
minimized during the trials by providing appropriate veterinary care all the time, and, a staff member 
is responsible for the care and welfare of the animals. At the end of the study, the elimination of pain, 
suffering, distress or lasting harm has been done by injecting the rats with a lethal dose of anaesthesia 
(a mixture of ketamine and xylazine). This thesis work is a part of the worldwide extensive research to 
tackle obesity. Figuring out how exactly the brain is controlling the feeding process will certainly lead 
to a novel medication that can save many lives and reduce the suffering of millions of people around 
the world.    

Statistical methods 
Two-way ANOVA test (Repeated measures) has been utilized to compare the means between three or 
more groups of data where two independent variables are assessed. Data was found to be normally 
distributed using the Shapiro-Wilk test (when n ≥ 7) and the Kolmogorov-Smirnov (when n ≤ 6). 
Homogenous variance between groups was confirmed by Levene’s test. Data were expressed as mean 
± SEM and, significance was set at P < 0.05. Tests used and statistical results are given in each figure 
legend. Graph Prism software (GraphPad Inc, La Jolla, CA, USA) was used to accomplish statistical tests. 

Results 

GCaMP specific expression in LC allows for measuring calcium events 
In order to investigate the in vivo activity of LC neuronal cell bodies in real time in freely moving rats 
during stress situations and to clarify the possible effect on both regular and palatable food 
consumption, Fibre photometry was utilized to record ca+2 signals associated with LC-NE activity. 
GCaMP6f can detect ca+2 influx via voltage-gated Ca+2 channels and modify fluorescence during 
neuronal activity testing. 

Wild-type rats have been injected with AAV1-CMV-DIO-GCaMP6f and AAV1-TH-Cre that allowed for 
specific GCaMP6f expression in all LC-TH promotor expressing neuronal cells. Using an optical fibre 
chronically implanted in freely moving rats (Fig. 5 A), fluctuations in fluorescence have been tracked in 
awake and anesthetized male and female rats (Fig. 5 B and B’). The change in the target cell population 
activity is being reflected in the temporal modification of fluorescence normalized to the baseline 
(ΔF/F) that can be time-locked to a specific rat behavior in millisecond scale.  

As neuronal activity is generally lower in the anesthetized state, a comparison of LC-NE activity in 
anesthetized vs awake animal has been accomplished (Fig.1 B and B’). Ca+2 events were indeed more 
numerous in the awake state than in the anesthetized state, indicating that the recorded signal reflects 
neuronal activity rather than noise. This allowed to validate the setup of the system and to ensure the 
reliability of the technique in general. 
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Because the protocol used is based on the use of a distressing sound to induce acute stress, freezing 
was measured as behavioural evidence of stress induction. Time at which the animals became frozen 
after starting the distressing calls has been summed till the end of the trials for all rats in 2 min 
intervals. Different responses to stress can be visualized between both sexes and within the same sex 
(Fig. 5 C). 

     

Fig. 5: GCaMP specific expression in LC allows for measuring Ca+2 events. (A) Viral expression of AAV1-CMV-DIO-
GCaMP6f and AAV1-TH-Cre and cannula implantation in LC (coronal section (up), sagittal section (down)). (B and 
B’) Two representative traces from LC presented as the change of fluorescence over the median fluorescence in 
percentage (ΔF/F), the first recording was taken from anesthetized female rat while the second one is from the 
same animal while being awake and freely moving. (C) Freezing behavior of males and females in response to a 
stressor, graphs show the no-movement (freezing) time (sec) after initiating the distressing call and till the end 
of the trial (10 min in total) data are presented as mean±SEM. 

Distressing sound reduces neuronal activity in the LC-NE neurons  
After establishing that LC-NE firing is more pronounced in awake states. It was important to look into 
the effect of stress on the firing patterns of the LC-NE as well. To trigger a stressful situation, distressing 
calls have been used in the design for this experiment. A baseline recording was initially acquired for 
the first 20 min of the trial followed up by 10 min of rat distressing sound (Fig. 6 A). This trial design 
allowed to compare the number of ca+2 signals before and after the distressing stimulus. Days before 
the experiment, rats have been frequently handled in order to reduce the researcher handling-related 
stress. 

Visualizing 2 min before and 2 min after distressing call initiation through a heat map was of help to 
assess the differences in firing patterns of LC-NE in response to a stressful condition. In male rats, it 
can be consistently seen that the number and frequency of Ca+2 events have greatly reduced (Fig. 6 B). 
The change of fluorescence over the median fluorescence in percentage for one representative trace 
of a male rat (male # 4) can be depicted in Fig. 6 B’. In the mentioned figure, the red line is referring to 
the time at which the distressing sound started while the blue line represents the threshold value. This 
threshold value has been determined to be 2.91*MAD (Median absolute deviation) (Calipari et al, 
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2016) and all the events that have been found to be exceeding it were counted as Ca+2 events. As 
shown in Fig. 6 B, the number of Ca+2 spikes across all male rats is robustly less after the red line than 
before. 

The results are a bit different when it comes to female rats. Traces of only three females have shown 
a mild reduction in Ca+2 signals in 1 min after the distressing sound compared to 1 min before while 
the rest of female traces has revealed opposite results. The heat map in Fig. 6 C is demonstrating the 
differentiation in Ca+2 frequency between 2 min around the point of applying the stimulus. In the heat 
map, all Ca+2 events are represented by red lines while the baseline is depicted by blue colour. One 
female representative trace (female # 9) is showing some Ca+2 spikes that go beyond the threshold 
value (blue line) (Fig. 6 C’). Unlike Fig. 6 B’, the number of Ca+2 signals seem to be elevated after the 
distressing sound than before. 

Peak analysis of the number of Ca+2 events in 2 min before the stimulus and 2 min during stimulus has 
been accomplished (Fig. 6 D). Two-way ANOVA test has been performed to test which factor (sex 
factor, stressor factor) is significantly affecting the variation between the two groups and to also test 
whether the interaction between the two factors is significant or not. As a result, the sex factor and 
the interaction between sex and stressor factors were both significant while stressor factor alone was 
not significant.  The main source of variation between the two groups was the interaction factor (**) 
followed up by stressor factor (*). 

      

Fig. 6: Distressing sound alters neuronal activity in the LC-NE neurons in a sex-specific manner. (A) Timeline of 
the experimental setup for each trial in day one, 20 min of initial recording followed by 10 min of distressing-
sound tracking the effect of stress on Ca+2 events. (B)  Heat map of male rats (n=5) presented as Ca+2 events (red 
lines) (Events that have the same or more than 2.91*MAD (Median Absolute Deviation) threshold value) among 
baseline events (blue lines), it starts at 2 min before initiating the distressing sound and continues for another 2 
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min during the distressing sound. (B´) A representative trace of a male rat showing Ca+2 events during 4 min (2 
min pre-stress, 2 min during stress), the red vertical line represents the exact time point at which the distressing 
sound started during the trial while the blue horizontal line represents the threshold value (2.91*MAD). (C) Heat 
map of female rats (n=8) presented as Ca+2 events (red lines) among baseline events (blue lines) (2 min before 
stress and during stress, the black vertical line represents the time point of applying stress) (C´) A representative 
trace of a female rat showing Ca+2 events during 4 min (2 min pre-stress, 2 min during stress), the red vertical 
line represents the exact time point at which the distressing sound started during trial while the blue horizontal 
line represents the threshold value (2.91*MAD). (D) Peak analysis of ca+2 events in 2 min pre-stress and 2 min 
during stress in all male and female rats, number of Ca+2 events decrease after stress [two-way ANOVA; Sex factor 
was significant (*), P = 0,0227, n = 13; Sex and stressor interaction was also significant (**), P = 0,0076; Stressor 
factor alone was not significant, P = 0,0970]. (Bonferroni correction has been done to adjust P values for multiple 
comparisons) 

Chow intake reduces neuronal activity in the LC-NE neurons after a stressful 
stimulus 
To check the consequence of a mild stress situation on chow intake, an initial 10 min of photometry 
baseline recording has been taken followed up by 5 min of distressing call sound then 15 min of 
recording with chow being offered (Fig. 7 A). This design allowed to monitor ca+2 events across the 
baseline time followed up by the distressing effect and eventually how consumption of chow can affect 
NE-LC neuronal activity. It has been detected that the number of ca+2 signals in male rats before starting 
the first meal is much higher than after (Fig. 7 B). This course was fixed among all male rats with no 
exception. Most of the traces of female rats have exhibited the same pattern as males except for two 
that displayed a slight rise in ca+2 events number after the first meal (Fig. 7 C). In order to visualize ca+2 
events, subtraction of the control channel from the GCaMP dependant channel has been done. The 
final trace is displaying the change of fluorescence over the median fluorescence in percentage. The 
number of events that exceeded the threshold value represented by the blue line before the first meal 
was more than after the first meal in almost all rats of both sexes (Fig. 7 B’, C’).  

The first chow meal effect on the activity of NE-LC can be concluded to be mimicking the temporal 
effect of stress. In both cases, number and frequency of Ca+2 transients decline after a stressful 
condition or after the first meal (Fig, 6 B’; Fig. 7 B’) (Fig. 6 C’; Fig. 7 C’). 

Peak analysis of ca+2 signals in 1 min before and 1 min after the first chow meal has been created to 
collectively look at the trends of ups and downs for all male and female rats (Fig. 7 D). In order to reveal 
which factor is significantly affecting the variability in ca+2 frequency before and after the first chow 
meal, two-way ANOVA test has been done. It has been found that the sex factor was not significant 
and sex and pre-post first meal interaction was not significant as well. Only pre-post effect was 
significant (% of total variation = 33, 65, P = 0, 0041]. 

For the last 15 min of the trials, animals have approached the food in several meals fashion and in 
order to make sure that the post-meal reduction in ca+2 events is consistent with all meals. Heat map 
analysis of the subsequent second meals has been created for all rats. Unexpectedly, the number of 
ca+2 events after the second meal was higher than before in almost all rats. Traces of all male rats have 
shown homogeneous results with less Ca+2 events in 1 min before the second meal than 1 min after 
the second meal (Fig. 7 E). Only two female rats have displayed more ca+2 events before the second 
meal than after while other female traces have steadily introduced opposite results (Fig. 7 F). To 
imagine the frequency and amplitude of Ca+2 signals, one representative trace of a male rat has been 
imported focusing on 2 min time range around the second chow meal time point (Fig. 7 E’). It can be 
obviously depicted that much more Ca +2 spikes in 1 min after the second meal are exceeding the 
threshold level (red line) than before. A female representative trace (Fig. 7 F’) is showing more ca+2 
spikes after the second chow meal mimicking results of the male rat traces. 
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Peak analysis of the number of Ca+2 events in 1 min before the first meal and 1 min during it has been 
accomplished (Fig. 7 D). Two-way ANOVA test has been performed to test which factor (sex factor, 
pre-post 1st meal factor) is significantly affecting the variation between the two groups and to also test 
whether the interaction between the two factors is significant or not. As a result, the sex factor and 
the interaction between sex and pre-post 1st meal were both not significant while pre-post 1st meal 
effect alone was significant.  The main source of variation between the two groups was the pre-post 
1st chow meal.  
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Fig. 7: Chow intake reduces neuronal activity in the LC-NE neurons after a stressful stimulus. (A) Timeline of the 
experimental setup for each trial in day two, 10 min of initial recording followed by 5 min of distressing sound 
then 15 min of tracking the effect of stress with chow being offered. (B) Heat map of ca+2 events for all male rats 
(n=5) in 1 min before and after the first chow meals represented by all the events that exceeded the threshold 
value (2.91*MAD) (each line represents a rat). (B’) A representative trace of a male rat showing a reduction in 
Ca+2 events for 1 min after the first chow meal compared to 1 min before. Data are represented as the percent 
change in fluorescence over the median fluorescence (ΔF/F). The red vertical line represents the exact time point 
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at which the rat started his first meal while the blue horizontal line represents the threshold value (2.91*MAD). 
(C) Heat map of ca+2 events for all female rats (n=6) in 1 min before and after the first chow meals represented 
by all the events that exceeded the threshold value (2.91*MAD). (C’) A representative trace of a female rat 
showing a reduction in Ca+2 events for 1 min after the first meal compared to 1 min before. Data are represented 
as the percent change in fluorescence over the median fluorescence (ΔF/F). The red vertical line represents the 
exact time point at which the first meal started while the blue horizontal line represents the threshold value 
(2.91*MAD). (D) Peak analysis of ca+2 imaging traces for male (n=5) and female (n=6) rats. First chow meal 
decreases the number of Ca+2 events. [Two-way ANOVA; Sex factor was not significant (% of total variation = 
1,346, P = 0, 5711, n = 11; Sex and pre-post 1st meal interaction was not significant as well (% of total variation = 
1,132, P = 0, 5132; Pre-post effect was significant (**) (% of total variation = 33, 65, P = 0, 0041]. (E) Heat map of 
ca+2 events for all male rats (n=5) in 1 min before and after the second chow meals (E’) A representative trace of 
a male rat showing Ca+2 events during 1 min after the second meal compared to 1 min before. (F) Heat map of 
ca+2 events for all female rats (n=6) in 1 min before and after the second chow meals. (F’) A representative trace 
of a female rat showing Ca+2 events for 1 min after the second meal compared to 1 min before.  

Palatable food ingestion decreases neuronal activity in the LC-NE neurons after a 
stressful stimulus 
Mildly stressed rats have demonstrated more motivation to ingest high caloric food than normal food 
with regular calories content. This feeding behavior is underlined with specific neuronal circuits’ 
activities that need further investigating to understand. In order to reveal how NE-LC neurons react 
when a mildly stressed rat is offered palatable food, trials have been designed to start with 10 min of 
recording baseline followed up by 5 min of distressing sound then offering M&M chocolate pellets to 
the rat (Fig. 8 A). Fiber photometry system was able to detect any change in NE-LC activity at the 
different phases of the recording based on ca+2 ion concentration. 

Unlike Fig. 7 B that demonstrated homogenous results among all male rats in the first chow meal, 
results of the first M&M meal (Fig. 8 B) have lost that consistency. It has been found that three traces 
are showing less ca+2 events after the first M&M meal which is compatible with the previous results of 
the first chow meal. However, the other two traces have shown reverse results with more ca+2 before 
the first meal than after.  Traces of female rats have shown a bit more uniform results in the first M&M 
meal than the first chow meal (Fig. 8 C). Ca+2 events tended to decrease after the first M&M meal in 
six out seven females. Only one trace of a female rat that had a mild increase in ca+2 signals after the 
first meal. Male and female representative traces around the first M&M meal are being shown in Fig. 
8 B’ and Fig. 8 C’ respectively. Both traces resulted from the subtraction of the control channel from 
the ca+2 dependant channel and represent the change in fluorescence over the median fluorescence. 
The number of ca+2 events exceeding the threshold value before the first M&M meal is outweighing 
events occurring after.   

To get an overview of how the data behave, peak analysis of ca+2 signals in 1 min before and after the 
first M&M meal has been done (Fig. 8 D). Three male traces have shown a drop in ca+2 signals after the 
first meal while two male traces have displayed a mild to moderate increase. Almost all females have 
shown a significant reduction in ca+2 events. Two-way ANOVA statistical test has been done to check 
for significant factors that govern the variation. As a result, the sex factor and the interaction between 
sex and the pre-post 1st meal were found to be not significant while the pre-post effect was significant. 
To check whether the reduction in ca+2 events number is repeated with the next M&M meal, heat map 
has been made for 1 min before and after the second meal initiation. Results were perplexing with no 
specific trend to be concluded as some rats tended to have more ca+2 events after the second meal 
while others tended to have less. These ambiguous results have been found in both male and female 
rats. (Fig. 8 E and F) 

Frequency and amplitude of ca+2 signals in 2 min time range around the second meal can be visualized 
in Fig. 8 E’ and F’ for a male and female rat respectively. In Fig. E’, ca+2 spikes before initiation the 
second M&M meal have higher magnitude than after meal initiation however, the frequency seems to 
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be more after initiation of the meal. In Fig. 8 F’, ca+2 events in 1 min before and after second M&M 
meal initiation seems to have more or less similar amplitudes and frequencies. 
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Fig. 8: Palatable food ingestion decreases neuronal activity in the LC-NE neurons after a stressful stimulus. (A) 
Timeline of the experimental setup for each trial in day three, 10 min of initial recording followed by 5 min of 
distressing sound then 15 min of tracking the effect of stress with M&M chocolate being offered. (B) Heat map 
of ca+2 events for all male rats (n=5) in 1 min before and after the first M&M meals represented by all the events 
that exceeded the threshold value (2.91*MAD) (each line represents a rat). (B’) A representative trace of a male 
rat showing a reduction in Ca+2 events for 1 min after the first M&M meal compared to 1 min before. Data are 
represented as the percent change in fluorescence over the median fluorescence (ΔF/F). The red vertical line 
represents the exact time point at which the rat started his first meal while the blue horizontal line represents 
the threshold value (2.91*MAD). (C) Heat map of ca+2 events for all female rats (n=7) in 1 min before and after 
the first M&M meals. (C’) A representative trace of a female rat showing a reduction in Ca+2 events for 1 min 
after the first M&M meal compared to 1 min before. (D) Peak analysis of ca+2 imaging traces for male (n=5) and 
female (n=7) rats. First M&M meal decreases the number of Ca+2events. [Two-way ANOVA; Sex factor was not 
significant (% of total variation = 0,436, P = 0, 74, n = 12; Sex and pre-post 1st meal interaction was not significant 
as well (% of total variation = 0,001, P = 0, 98; Pre-post effect was significant (*) (% of total variation = 22, 83, P 
= 0, 01]. (E) Heat map of ca+2 events for all male rats (n=5) in 1 min before and after the second M&M meals (E’) 
A representative trace of a male rat showing Ca+2 events during 1 min after the second M&M meal compared to 
1 min before. (F) Heat map of ca+2 events for all female rats (n=6) in 1 min before and after the second M&M 
meals. (F’) A representative trace of a female rat showing Ca+2 events for 1 min after the second M&M meal 
compared to 1 min before. 

Food re-establishes LC baseline activity after a stressful stimulus. 
To figure out how NE-LC activity is being affected by different stimuli, it was needed to look at the 
recording traces in a broader time range. In Fig. 9, the thin vertical blue lines refer to the start and stop 
of the distressing sound while the red vertical line refers to the start of the first meal. Ca+2 events have 
been tracked along 2 min before initiating the distressing stimulus followed up by 5 min of playing the 
mentioned sound then 2 min after stopping the sound. It has been observed that ca+2 events undergo 
a reduction in number as soon as the distressing sound is launched then they begin to increase again 
with higher frequency and magnitude than the baseline (Fig. 9 A and A’). After stopping the sound and 
as soon as the animal starts his first meal, the baseline level is being re-established again. These 
modifications in NE-LC activity was the same in both chow and M&M meals for male rat # 4 (Fig. 9 A 
and A’).  Other two traces for female rat # 9 have shown similar trends for both chow and M&M food. 
The only difference was that female rat traces have maintained the same level of baseline ca+2 events 
after initiating the distressing sound. However, ca+2 events tended to increase by the end of distressing 
sound then it dropped again after starting the first meal (Fig. 9 B and B’). This mode of changes was 
fixed in both chow and M&M food. 
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Fig. 9: Four representative traces (two for each sex for both chow and M&M) showing pre-stress baseline 
followed by a reduction in Ca+2 events after applying the distressing sound then Ca+2 events gradually increase 
till the point of offering food at which the activity declined again.   

Discussion 
Results of this study have displayed a significant increase in LC-NE activity represented by more Ca+2 
events in a state of wakefulness compared to a sleeping state. Photometry recordings showed no LC-
NE activity in the anesthetized animal but it turned up to be very active with many Ca+2 signals as the 
animal became fully awake(Fig. 5 B and B’). This result was fully in agreement with findings of another 
study published by Aston-Jones and Bloom, 1981, in which LC-NE activity has been investigated during 
the sleep-waking cycle in freely moving rats. In the pre-mentioned article, LC-NE activity was found to 
be at its maximum during waking, lower during slow-wave sleep with no activity during paradoxical 
sleep. LC-NE neuronal discharging rate is modified by the degree of consciousness.  As depicted in Fig. 
1, LC-NE is a central nucleus in stress response (Tsigos and Chrousos, 1994). Based on this, LC-NE 
activity reduction can be explained by the complete loss of ability of anesthetized animal to respond 
to any of the environmental distressing elements which drives LC-NE activity to be in its lowest levels 
with no any Ca+2 signals that can be visualized in the photometry trace.  

A significant reduction in LC-NE activity was instantly observed in all male rats after initiating the 
distressing sound, a reduction that followed up by a gradual activity recovery. Previous studies have 
investigated LC-NE activity in response to both acute and chronic stress.  LC-NE activity has significantly 
reduced after acute stress while chronic stress has maintained NE transmission (Pavcovich et al., 1990).  
Pavcovich et al., 1990 have only used male rats and their results agree in part with the findings of the 
current thesis work (male group).  Despite this agreement, other studies have shown an elevation in 
NE metabolites in LC in response to stress represented by a shock (Cassens et al., 1981; Cassens et al., 
1980; Korf et al., 1973; Thierry et al., 1968). Auditory stress was also found to increase the extracellular 
NE in terminal areas of LC (Britton et al., 1992).   

LC-NE firing rate is positively correlated with the arousal state, a fact that has been previously 
established (Foote et al., 1980; Aston-Jones and Cohen, 2005; Williams and Marshall, 1987; Aston-
Jones and bloom, 1981). This implies that an elevation in ca+2 signals can be expected after stress-
mediated arousal and attention state. In males’ case, the discrepancy in results might be because of 
the different age of the rats between the studies.  

Adult rats can demonstrate different results than youngsters since they have higher levels of 
testosterone compared to younger ones. Even if the rats have similar ages, individual differences in 
relation to testosterone blood levels are still present. Basically, testosterone decreases NE secretion 
by inhibiting TH enzyme which mediates the conversion of tyrosine to DOPA (the precursor of NE) 
(Liaw et al., 1992). It can also reduce NE release by inhibiting presynaptic adrenergic receptors (Dygalo 
et al., 2002). This effect can be one source of the difference that is clearly encountered between the 
studies. 

In this experiment, consistent results were observed in all male rats and approximately half of the 
female rats with lower LC-NE activity after stress (Fig. 6 B and C). However, five female rats showed 
the opposite result with more Ca+2 signals after auditory stress start (Fig 6. C and D). In a parallel way, 
different blood levels of estradiol can be a source of variation in females’ results. Estradiol is actively 
participating in NE production and degradation (Bangasser et al., 2016).  It stimulates NE production 
in LC neurons (Pau et al., 2000; Serova et al., 2002) and inhibits its degradation by reducing catechol-
o-methyl transferase (COMT) enzyme (Parvez et al., 1978; Jiang et al., 2003). Additionally, it promotes 
NE release by inhibiting presynaptic adrenergic receptors. Since Estradiol can significantly increase the 
activity of LC, differences in its level can be a reason to why some differences within female group have 
evolved. 
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Sex differences in response to stress were observed in this experiment. Females have displayed higher 
activity of LC-NE after the distressing sound which was contraindicating what was already established 
in males (Fig. 6 D). Differences in LC neuronal population were recently established which can help to 
understand these differences. It has been revealed that LC of females has more neurons than what 
can be found in males’ LC which implies a potentiality of more NE production with a hyper-arousal 
state in females (Bangasser et al., 2018). Since testosterone and estradiol are contributing to 
differences in response to stress within each sex, this implies a more powerful differentiating effect in 
response to stress between both sexes.  

In addition to the sex-based mechanisms that support differences in response to stress, individual 
differences in response to stress within the same sex have also been established which gives some 
insights on why LC-NE firing pattern is not the same for all female or male rats. Genes of key stress-
related molecules have been found to be differentially expressed between two groups of high-
responding and low-responding rats to a novel environment and stressors (Kabbaj et al., 2000). This 
finding suggests individual differences in responsiveness to novelty and stress, an indication that 
explains why some rats are showing deviating behavioral outcomes (Fig. 6 D). 

First chow meal has significantly reduced LC-NE activity (Fig. 7 B and C). With chow, results were 
homogenous with a significant reduction in ca+2 events in both males and females (Fig. 7 D). These 
results harmonize with findings of a previous study in which LC was observed to be relatively inactive 
during behaviors such as grooming and eating. However, it becomes active again when the animal 
moves his head in an interaction with the surrounding environment (Berridge and Foote in 1991). In 
Fig. 7 B’ and C’, it can be clearly depicted that LC-NE firing has reduced exactly at the time of eating 
the first chow meal. 

Further investigation has revealed that first chow meal mediated reduction in LC-NE activity did not 
last till the second meal (Fig. 7 E and F) and that effect was only related to the first chow meal. This 
can be possibly explained by the time range in which the animals were allowed to eat after stopping 
the distressing sound. It was only 15 min which is relatively short taking into consideration the salient 
stressor that preceded. Having such a stressful environment, it is hard to expect that animals will eat 
as if they are in normal and safe conditions. An animal under such conditions will probably eat his meal 
in several bouts fashion and the reduction in ca+2 events is locked to the first food approach (chow in 
this case). Shifts between LC-NE tonic and phasic firing patterns can be mediating the animal transition 
states between focusing on eating on one hand and scanning the environment for a possible threat on 
the hand (Rajkowski et al., 1994; Usher et al., 1999; Aston-Jones and Cohen, 2005).  

First M&M meal effect was similar to the first chow meal effect with a significant reduction in LC-NE 
activity after the first meal (Fig. 7 B and C; Fig. 8 B and C). It has been reversed in the second M&M 
meal which also agreed with what happened during the second chow meal (Fig. 7 E and F; Fig. 8 E and 
F). Direct LHA projections to LC has been confirmed using the retrograde tracing technique. These 
projections are thought to be influencing feeding and reward knowing that LHA is the main area that 
supports motivation towards feeding (Laque et al, 2015). Consistent with this, when bilateral LC lesions 
were made in rats by passing electrical charges, NE depleted in the cerebral cortex with a significant 
reduction in running for a food reward (Anlezark et al., 1973). These studies indicate that LC-NE activity 
changes in order to satisfy internal needs e.g. palatable food intake. Such activity modifications of LC-
NE have been recorded in this thesis work However, further investigation is still needed to understand 
the underlying neuronal pathways. 

Estradiol and testosterone effect in mediating and diminishing stress response can be visualized in Fig. 
9 A and Fig. 9 B respectively. The broader time range of photometry recordings for male # 4 in both 
chow and M&M intake displayed a specific sequence of ca+2 events (Fig. 9 A and A’). A reduction in 
ca+2 events number followed up by a gradual increase happens after initiating the distressing sound. 
Unlike males, a trace of female # 9 did not show the same sequence after the distressing sound but a 
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consistent relatively high level of activity was maintained instead. This can be explained by the 
tendency of females to develop a hyperarousal state mediated by estradiol effect (Bangasser et al., 
2016). In contrast to that, testosterone tends to decrease NE effect by reducing its production and 
release (Dygalo et al., 2002) which alleviates stress response. LC-NE activity has demonstrated a 
significant rise before the first meal represented by the increased number of ca+2 signals (Fig. 7 B’ and 
C’; Fig. 8 B’ and C’; Fig. 9). As soon as animals started their first meal (both chow and palatable food 
with no difference), LC-NE activity declined back to baseline. This rhythm of LC-NE activity 
modifications has been repetitively observed among animals (Fig. 9).  

Tonic and phasic firing patterns of LC were proven to support specific behavioral outcomes. In Fig. 6 B’ 
and C’, a burst of LC-NE discharge can be observed around 1300 and 1250 time point in a male and a 
female trace respectively. These bursts appeared in electrophysiological recordings in less than 1 min 
after initiating a salient auditory stimulus preceding the orientation to the stimuli. This result agreed 
with the findings of Foote et al., 1980 and Aston-Jones and Bloom, 1981, indicating that the LC-NE 
system is responsible for the initial redirection of attention to salient stimuli. There is still an area to 
investigate whether these changes happening to the activity of LC-NE drives the motivation towards 
food intake or not. 

 One approach to use, to address this, is optogenetics in which specific neuronal population can be 
activated or inhibited after being illuminated by a light of the right frequency. This can allow 
monitoring animal’s feeding behavior when LC-NE neurons are activated and inhibited (Guru et al., 
2015).   

Some motion artifacts were generated during recording. Adjustments of all parameters along with 
using new tested cables for low auto-fluorescence have been done to minimize cross-talk between the 
two channels (control and GCaMP dependent) and motion artifacts. As previously mentioned, females 
are more prone to develop a hyperarousal state after a stressor than males due to NE-estradiol 
potentiating effect. This fits with the idea that females were a bit more immune to motion artifacts 
than males since they generate more signals by nature. A recording trace with as less as possible of 
generated artifacts and shifts in the baseline is a key for getting a confident conclusion. 

The animals’ young age (5 weeks) when surgeries have been done might be a week point since the 
distance between Bregma and Lambda landmarks in rat skull at that age is usually less than 8 mm 
minimizing the chances of targeting LC precisely. 

Viruses used in this experiment have specifically expressed GCaMP6f (ca+2 indicator) in all LC-TH +ve 
neuronal subpopulation. This might explain the similarity in firing patterns during recording in both 
chow and palatable food ingestion experiments as photometry sums up the activity of those neurons. 
LC-NE innervations to brain regions that control feeding and reward (Fig. 1) do not originate from the 
same position in LC. Underlying mechanisms that support motivation towards normal and palatable 
food ingestion are most probably different. One possible suggestion, to reveal them, is to apply 
photometry technique to record from TH (+ve) neuronal sub-populations which may reveal the activity 
of a very specific subpopulation within TH +ve neurons. This approach can lead to further 
understanding of NE neuronal activity at the second level of sub-populations. 

Based on the results, a stressor or food intake is significantly decreasing LC-NE activity with less ca+2 
events in both sexes. Frequent shifts between both tonic and phasic LC-NE firing patterns controlled 
the animal behavioral outcome shifting between eating and scanning the environment for threats. 
Females were more prone to develop a hyperarousal state than males. Underlying sex-related and 
individual related mechanisms are contributing to the differences that have been demonstrated. LC-
NE firing pattern in fig. 9 showed a reduction in activity after a stressor followed by an increase which 
declines again mediated by the first meal effect. Further investigation is needed to reveal the 
underlying neuronal mechanisms.  
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In this thesis work, several systems biology methods have contributed to enhance better 
understanding of LC-NE activity. Linear regression (ch465=a*ch405+b) demonstrated high efficiency 
to align ch405 over ch465 with similar amplitude. This allowed to get only the Ca+2 relevant peaks after 
subtraction. However, there were still some events that are not certainly Ca+2-related. That is why, 
there was a need to apply more systems biology methods to develop an algorithm that can identify 
the peaks of interest with high performance. After several attempts that previously detailed in the 
methods, Median Average deviation was calculated setting the threshold value based on it. Two-way 
ANOVA test demonstrated that sex and interaction (sex*stressor) were significant while only pre-post 
effect was significant in the next comparisons. All these methods have contributed to refine the 
photometry traces and to get a clear idea about LC-NE activity in response to stress and how this 
response can drive the motivation for ingestive behavior. Better understanding of underlying neuronal 
mechanisms that regulate feeding behavior can potentially lead to a novel obesity treatment that will 
save a lot of lives and minimize suffering of many patients. 
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Future perspectives 
From the results of this study, it can be concluded that LC-NE activity is influenced by environmental 
cues and internal drives, supporting the rise of a specific behavioral outcome. In this experiment, 
photometry recordings showed that LC-NE activity decreased after encountering a stressor with a 
gradual rebound increase immediately after, while food intake tended to deactivate LC. These results 
were consistent with other findings from previous studies. Employing the photometry system in 
further investigation of the LC-NE system can reveal more information in relation to the activity of its 
subpopulations. Such an approach can help in understanding how LC-NE function in various 
environmental contexts. One key to get reliable data from photometry is the precision of the 
stereotaxic surgical procedure (Rangarajan et al., 2016; Katz et al., 2019). Age of animals at surgery 
time should be at least 6 weeks since the distance between bregma and lambda landmarks starts to 
be 8 mm which is optimal for getting the most possible precision in targeting the area of interest. 
Sacrificing animal subjects involved in this experiment, perfusing them, dissecting their brains followed 
up by cutting into sections and visualizing using confocal microscopy is required to confirm correct viral 
injections and cannula implantation. Retrograde tracing (McCall et al., 2015) to LC from main brain 
region involved in feeding and reward such as LH, PVN or Arc accompanied by photometry recording 
from LC neuronal cell bodies that innervate those areas can be helpful to identify the activity of LC 
subpopulations in real time.  
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