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ABSTRACT	
 
Various molecular pathways in the brain shape our understanding of good and bad, 
as well as our motivation to seek and avoid such stimuli. This work evolves around 
how systemic inflammation causes aversion; and why general unpleasant states such 
as sickness, stress, pain and nausea are encoded by our brain as undesirable; and 
contrary to these questions, how drugs of abuse can subjugate the motivational 
neurocircuitry of the brain. A common feature of these various disease states is 
involvement of the motivational neurocircuitry - from mesolimbic to striatonigral 
pathways. Having an intact motivational system is what helps us evade negative 
outcomes and approach natural positive reinforcers, which is essential for our 
survival. During disease-states the motivational neurocircuitry may be overthrown 
by the molecular mechanisms that originally were meant to aid us. 
 
In study I, to investigate how inflammation is perceived as aversive, we used a 
behavioral test based on Pavlovian place conditioning with the aversive 
inflammatory stimulus E. coli lipopolysaccharide (LPS). Using a combination of 
cell-type specific gene deletions, pharmacology, and chemogenetics, we uncovered 
that systemic inflammation triggered aversion by MyD88-dependent activation of the 
brain endothelium followed by COX1-mediated cerebral prostaglandin E2 (PGE2) 
synthesis. Moreover, we showed that inflammation-induced PGE2 targeted EP1 
receptors on striatal dopamine D1 receptor–expressing neurons and that this 
signaling sequence induced aversion through GABA-mediated inhibition of 
dopaminergic cells. Finally, inflammation-induced aversion was not an indirect 
consequence of fever or anorexia but constituted an independent inflammatory 
symptom triggered by a unique molecular mechanism. Collectively, these findings 
demonstrate that PGE2-mediated modulation of the dopaminergic circuitry is a key 
mechanism underlying inflammation-induced aversion.  
 
In study II, we investigate the role of peripheral IFN-γ in LPS induced conditioned 
place aversion by employing a strategy based on global and cell-type specific gene 
deletions, combined with measures of gene-expression. LPS induced IFN-ɣ 
expression in the blood, and deletion of IFN-ɣ or its receptor prevented conditioned 
place aversion (CPA) to LPS. LPS increased the expression of chemokine Cxcl10 in 
the striatum of normal mice. This induction was absent in mice lacking IFN-ɣ 
receptors or Myd88 in blood brain barrier endothelial cells. Furthermore, 
inflammation-induced aversion was blocked in mice lacking Cxcl10 or its receptor 
Cxcr3. Finally, mice with a selective deletion of the IFN-ɣ receptor in brain 
endothelial cells did not develop inflammation-induced aversion. Collectively, these 
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findings demonstrate that circulating IFN-ɣ binding to receptors on brain endothelial 
cells which induces Cxcl10, is a central link in the signaling chain eliciting 
inflammation-induced aversion. 
 
In study III, we explored the role of melanocortin 4 receptors (MC4Rs) in aversive 
processing using genetically modified mice in CPA to various stimuli. In normal 
mice, robust aversions were induced by systemic inflammation, nausea, pain and 
kappa opioid receptor-induced dysphoria. In sharp contrast, mice lacking MC4Rs 
displayed preference towards most of the aversive stimuli, but were indifferent to 
pain. The unusual flip from aversion to reward in mice lacking MC4Rs was 
dopamine-dependent and associated with a change from decreased to increased 
activity of the dopamine system. The responses to aversive stimuli were normalized 
when MC4Rs were re-expressed on dopamine D1 receptor-expressing cells or in the 
striatum of mice otherwise lacking MC4Rs. Furthermore, activation of arcuate 
nucleus proopiomelanocortin neurons projecting to the ventral striatum increased the 
activity of striatal neurons in a MC4R-dependent manner and elicited aversion. Our 
findings demonstrate that melanocortin signaling through striatal MC4Rs is critical 
for assigning negative motivational valence to harmful stimuli. 
 
The neurotransmitter acetylcholine has been implied in reward learning and drug 
addiction. However, the role of cholinergic receptor subtypes in such processes 
remains elusive. In study IV we investigated the function of muscarinic M4Rs on 
dopamine D1R expressing neurons and acetylcholinergic neurons, using transgenic 
mice in various reward-enforced behaviors and in a “waiting”-impulsivity test. Mice 
lacking M4-receptors from D1-receptor expressing neurons exhibited an escalated 
reward seeking phenotype towards cocaine and natural reward, in Pavlovian 
conditioning and an operant self-administration task, respectively. In addition, the 
M4-D1RCre mice showed impaired waiting impulsivity in the 5-choice-serial-
reaction-time-task. On the contrary, mice without M4Rs in acetylcholinergic neurons 
were unable to learn positive reinforcement to natural reward and cocaine, in an 
operant runway paradigm and in Pavlovian conditioning.  Immediate early gene 
expression mirrored the behavioral findings arising from M4R-D1R knockout, as 
cocaine induced cFos and FosB was significantly increased in the forebrain of M4-
D1RCre mice, whereas it remained normal in the M4R-ChatCre mice. Our study 
illustrates that muscarinic M4Rs on specific neural populations, either cholinergic or 
D1R-expressing, are pivotal for learning processes related to both natural reward and 
drugs of abuse, with opposing functionality.	  
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POPULÄRVETENSKAPLIG	SAMMANFATTNING	
	
Molekylära mekanismer bakom belöning och aversion 
Olika signalkretsar i hjärnan formar vår förståelse av gott och dåligt. Dessa kretsar är 
aktiva under all vår vakna tid, genom hela livet. De gör att vi uppsöker saker som är 
bra för oss, såsom mat och trevligt sällskap, medan vi undviker saker som är skadliga 
eller gör oss sjuka. Dessa kretsar är därför nödvändiga för vår överlevnad. De 
hjärnområden som är ansvariga för värdering och motivation till att söka det goda 
och undvika det dåliga är mitthjärnan som innehåller dopamin nervceller, vilka leder 
till vårt belöningscentrum i framhjärnan. Vid sjukdomstillstånd påverkas funktionen 
i dopamin belöningskretsen och de molekylära mekanismer som i friskt tillstånd är 
fördelaktiga för vår överlevnad kan vid sjukdom orsaka omfattande lidande. 
 
I min avhandling har vi identifierat flera molekylära mekanismer som reglerar det 
dopaminerga belöningssystemet vid olika sjukdomstillstånd. Vi har studerat hur 
inflammation, smärta och stress orsakar nedstämdhet och aversion, men också hur 
specifika molekylära förändringar i belöningssystemet kan leda till utveckling av 
drogberoende. Genom att studera dessa kretsar i prekliniska djurmodeller, hoppas vi 
att kunna utveckla behandlingar mot sjukdomar som betvingar vårt humör.  

 
I min första studie hittade vi orsaken till varför inflammatorisk sjukdom leder till 
olustkänslor och nedstämdhet. Vid sjukdomar som ger upphov till inflammation, 
som till exempel infektioner, frisätter immunceller inflammatoriska ämnen i blodet. I 
en musmodell för bakteriell infektion upptäckte vi att de inflammatoriska ämnena i 
blodet aktiverar blodkärl i hjärnan, vilket leder till bildning av ett hormonliknande 
ämne, prostaglandin E2. Prostaglandin E2 binder sedan till specifika receptorer på 
nervceller i belöningssystemet och minskar dopamin nervcellernas aktivitet. Den 
sänkta aktiviteten i belöningssystemet leder till olustkänslor och aversion.  
I min andra studie identifierade vi ett annat signalämne i blodet som också orsakar 
aversion. Detta ämne, som heter interferon gamma, är viktigt för signaleringen från 
immuncellerna till hjärnans kärl. 
 
I min tredje studie blev vi förvånade! När vi studerade möss som saknade en specifik 
receptor i hjärnan upptäckte vi att dessa möss föredrog saker som gjorde dom sjuka. 
De betedde sig som om de tyckte om inflammation lika mycket som vanliga möss 
gillar kokain. Djuren som saknade denna så kallade melanokortin 4 receptor tycktes 
även uppskatta saker som gjorde dem stressade eller illamående. Vi såg att djuren 
utan melanokortin-receptorn hade ett inverterat dopaminsvar på sjukdomsrelaterade 
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stimuli. I den normala hjärnan sjunker dopaminhalterna vid inflammation, medans i 
hjärnor utan melanokortin-receptorn ökar dopaminnivån specifikt i belöningscentret.  
 
Vi upptäckte att aktivering av de nervceller som frisätter signalämnet som binder till 
melanokortin 4 receptorn leder till aversion. Signalämnet gör detta genom att 
aktivera melanokortin 4 receptorn i en specifik grupp av nervceller i 
belöningssystemet. Detta är den första studie som visar att en specifik receptor på en 
särskild typ av nervceller kan omkasta vår uppfattning om vad som är bra och dåligt. 
Våra resultat visar hur tätt belöning och aversion är knutna med varandra i hjärnan. 
 
Slutligen fann vi att en typ av acetylkolinreceptorer (M4) är ansvariga för att dämpa 
utvecklingen av beroenderelaterade beteenden. Då vi tog bort dessa receptorer från 
hjärnans belöningssystem i möss, blev mössen mer impulsiva och mer intresserade 
av att söka efter kokain än normalt. Djuren utan M4-receptorn i belöningssystemet 
visade också ökad tendens till återfall, vilket är relevant eftersom det är mycket svårt 
att förebygga återfall till beroende med de nuvarande behandlingarna. Våra resultat 
kan hjälpa till att förklara varför olikheter i gensekvensen för M4 receptorn påverkar 
risken för beroende i människa. 
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INTRODUCTION	
 
The general aim of this doctoral thesis is to investigate how specific molecular 
pathways shape our understanding of good and bad, as well as our motivation to seek 
and avoid such stimuli. This work evolves around how systemic inflammation causes 
negative affect; and why general unpleasant states such as sickness, stress, pain and 
nausea are encoded by our brain as undesirable; and contrary to these questions, how 
drugs of abuse can subjugate the motivational neurocircuitry of the brain. Having an 
intact motivational system is what helps us evade negative outcomes and approach 
natural positive reinforcers, which is essential for our survival. During disease-states 
this motivational neurocircuitry may be overthrown by the molecular mechanisms 
that originally were meant to aid us. 
 
NEUROBIOLOGY OF MOTIVATION 
The role of Dopamine 
Our motivational system is primarily the mesolimbic pathway, which is composed of 
the dopaminergic neurons in the ventral tegmental area (VTA) projecting to the 
nucleus accumbens (NAc). The motivational literature to a large extend ignores the 
nigro-striatal dopamine system, i.e. substantia nigra pars compacta (SN) 
dopaminergic projections to dorsal striatum (CPu). Yet, Wolfram Shultz’s first 
findings on the important learning principle “reward prediction error”, described in 
the next section, were primarily based on recordings from SN dopamine-neurons 
(Shultz and Romo, 1990; Shultz et al., 1997). Furthermore, the SN-CPu connectivity 
has been shown to be involved in both positive and negative motivational states 
(Belin and Everitt, 2007; Ilango et al., 2014). Irrespective of their location, dopamine 
neurons exhibit two specific firing patters: A tonic, steady-state firing (ca. 4 Hz) and 
a phasic, burst-firing (>15 Hz). Tonic firing reflects synaptic baseline-levels of 
dopamine, whereas phasic firing can be measured as synaptic peaks in dopamine-
levels typically associated with reward signaling (Bromberg-Martin et al., 2010). The 
first discovery that dopamine plays a role in the perception of reward, was done in 
Stockholm by Urban Ungerstedt. He conducted experiments lesioning the dopamine 
fibers that traverse the hypothalamus using 6-hydroxydopamine (6-OH-DA), and 
observed a detrimental impact on food-intake and other behaviors (Ungerstedt, 
1971). Following the studies of Ungerstedt, investigations on the role of dopamine in 
reinforcement-related behaviors expanded numerously and led to the general idea 
that dopamine is responsible for signaling reward. In the 1990’s Berridge, Robinson 
and Salamone challenged the concept of “reward” being a single psychological 
process, and the idea that such a process is intrinsically associated with the hedonic 
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features of the reinforcing stimulus. To prove this concept, they did experiments 
lesioning dopamine neurons projecting to the NAc or CPu using 6-OH-DA in rats. In 
Salamone’s experiments, normal rats would first learn a reward task, in which they 
were given the choice between an easy accessible small food-reward and a larger 
food-reward that would require them to climb a wall. Normal rats were motivated to 
climb the wall for the larger reward, but after lesioning dopamine neurons projecting 
to NAc the rats decreased their willingness to perform the task (Salamone et al., 
1994). This suggested that dopamine was playing an essential role in reward 
evaluation and motivation. Berridge and Robinson further demonstrated that similar 
lesions of dopamine-neurons projecting to either NAc or CPu did not impact hedonic 
responses to sucrose (rhythmic tongue protrusions and paw licks) (Berridge and 
Robinson, 1998). These findings clarified that reward is not a unitary process, but 
rather a constellation of separate psychological phenomena. This led to the 
conceptual separation of motivation from pleasure, and illustrated that the role of 
dopamine primarily is signaling “incentive salience”. In this manner dopamine is 
responsible for attributing positive significance to rewarding events and stimuli, and 
help motivate us to pursue these. 
 
Reward prediction error 
Wolfram Shultz conducted the first experiments demonstrating how dopamine 
neurons functionally signal reward evaluation. When submitting monkeys to a go/no-
go1 reward task, he found that dopamine neurons respond to visual and auditory cues 
predicting the arrival of a reward by burst-firing (Shultz and Romo, 1990). In follow-
up studies, he and others elucidated that dopamine neurons encode a reward 
prediction error, by which they teach us to predict outcomes of specific situations 
irrespective of valence (Shultz, 2013). The principle is simple: At the arrival of an 
unexpected reward dopamine neurons will burst-fire, leading to an increase of 
dopamine in downstream structures such as the striatum. With time and repeated 
exposure to this reward, the environment that predicts the arrival of the reward will 
instead lead to dopamine firing prior to the arrival of the reward. This makes sense as 
under natural circumstances rewards are retrieved after exposure to specific 
predictive cues (e.g. smells and visual and tactile cues). In this manner, the 
dopamine-signal has been transferred to the cues predicting the arrival of the reward. 
Essentially, we form associations with cues, which in turn will drive motivational 
                                                
1 In this task the monkeys would be placed in a small room in front of a wall with doors and 
hold one hand on a touch-sensitive key. At a trigger-stimulus (sound + opening of a door to a 
food-box) the monkey let go of the key to reach out and open the door of the food-box to 
receive a food-reward (GO) or remain motionless, holding the key for longer time, when 
another food-box door (NO-GO) would open to receive the food-reward. 
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acts, and need dopamine to do so. Furthermore, this signal is adaptive; in the case 
that a reward is larger than anticipated, the dopamine neurons will increase their 
firing at arrival of the positive stimulus, which in turn will be transferred to the cue-
dopamine-signal. This will shape the cue-dopamine-signal to better predict outcomes 
in the future. On the other hand, if the reward following the predictive cue is smaller 
or completely absent, the dopamine-neurons will decrease firing, and thereby the 
synaptic baseline dopamine-levels will drop. With time and habit, through 
association formation, dopamine will predict the difference between a reward 
anticipated to occur and the final reward received (Shultz et al., 1997). Finally, the 
reward prediction error is bi-directional. In the case of aversive events, dopamine 
neurons will decrease their tonic firing, causing a pause in dopamine-input to 
downstream structures, and this decrease will with repeated exposure be transferred 
to the predictive cues teaching us to avoid situations with negative outcomes in the 
future (Shultz, 2013; Bromberg-Martin et al., 2010).  
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The striatal direct and indirect pathways 
The midbrain dopamine neurons, besides responding to cues in the external 
environment, evaluate the value of specific stimuli compared to the current internal 
state in the organism. An example of this could be how the current state of satiety 
influences the value of a food-reward. The dopamine projections going to the 
striatum are particularly interesting, as this is the brain region determining how we 
react to motivational cues in our environment. The striatum is responsible for 
mapping states and response-options according to specific cues. It functions as the 
executing unit, as it passes this information on to other brains areas (Takahashi et al., 
2008). Ninety percent of the neuronpopulation in the striatum are inhibitory 
GABAergic medium spiny neurons (MSNs), while only 1-2% are cholinergic 
interneurons and the remaining striatal neurons are GABAergic interneurons. The 
MSNs can be subdivided into two large neural populations: Those that express 
dopamine D1-receptors (D1Rs) and those that express dopamine D2-receptors 
(D2Rs). These two types of neurons have opposing responses to dopamine, as the 
D1Rs are Gs-protein coupled 7-transmembrane receptors (GPCRs), which promote 
excitatory transmission, while the D2Rs are Gi-coupled and inhibit excitatory 
transmission. D1R and D2R MSN populations have very different projection-targets 
and thereby constitute two specific neural pathways named the direct and indirect 
pathway, respectively. These two pathways can be further subdivided dependent on 
if the MSNs originate from the ventral (Nac) or dorsal striatum (CPu). In general, 
direct-pathway D1R MSNs project to midbrain structures (VTA or SNreticulata), 
whereas indirect-pathway D2R MSNs project to the ventral pallidum (VP)/Globus 
pallidus external (GPe) and indirectly from there projections reach the midbrain. The 
main difference between the two pathways is an extra GABAergic connection in the 
VP/GPe of the indirect-pathway. Thereby, the principle of disinhibition ensures that 
both D1R-MSNs and D2R-MSNs in the presence of dopamine will enforce the same 
behavioral output (Kravitz and Kreitzer, 2012). Based on the properties of these two 
pathways, it has been suggested that high levels of dopamine in the striatum, 
activating D1Rs, will cause the direct pathway to select motivated movements for 
pursuing rewarding stimuli. Opposing to this, a decrease in dopamine-levels due to a 
pause in tonic firing will lead to excitability of D2R MSNs and cause the indirect 
pathway to suppress low-expectancy behaviors and prevent us from approaching 
aversive stimuli (Bromberg-Martin et al., 2010). This follows the principle of the 
bidirectional reward prediction error from a volitional movement perspective (Fig. 1, 
A and B). 
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Newer studies employing techniques such as optogenetics (please see technical 
description under methodological considerations) support the notion that activation 
of D1R MSNs drive preference behaviors and activation of D2R MSNs decrease 
reward, motivated movement and mediate aversion (Kravitz et al., 2012). 
 
Systemic inflammation and affective state 
The innate immune system is pivotal for our survival by helping the body combat 
external pathogens. It immediately responds to a pathogen-challenge by regulating 
several aspects of our physiology. White blood cells (leukocytes) are specialized in 
recognizing and initiating responses against invading bacteria and virus. When 
specialized leukocytes, such as macrophages, identify an intruding pathogen they 
will respond by producing pro-inflammatory cytokines, including tumor-necrosis-
factor-$ (TNF$), interleukin-1-# (IL-1#), interleukin 6 (IL-6), interferon-" (IFN-"), 
etc. The cytokines are key mediators of the acute phase of systemic inflammation. 
This phase is characterized by a variety of physiological symptoms named “the 
sickness syndrome” and is initiated by immune signaling to the brain. The symptoms 
include: Fever, loss of appetite, drowsiness/inactivity, hyperalgesia, hypothalamic-
pituitary-adrenal (HPA) axis activation and social withdrawal. How the peripheral 
cytokines signal to the brain to elicit these symptoms is a field-controversy, which 
will be further discussed in the section “signaling across the blood-brain-barrier”. 
Furthermore, systemic inflammation also negatively affects mood and is aversive 
(Dantzer et al., 2008; Morméde et al., 2003; Fritz and Klawonn et al., 2016; study I). 
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Interestingly, scientists have found many similarities between the negative affective 
and anhedonic state occurring during major depression and the inflammation induced 
“sickness syndrome”, and studies have shown that chronic inflammation leads to 
negative affect and overt depression via immune-to-brain signaling (Dantzer et al., 
2008; Dantzer, 2017). Clinical neuroimaging studies have implied that changes in 
motivational neurocircuitry and dopamine signaling are major contributors to 
inflammation induced negative affect, but the results from these reports are 
conflicting. There exists an equal amount of findings pointing towards inflammation 
being associated with decreased basal ganglia activity and reductions in dopamine 
levels, as towards the opposite, as reviewed by Felger (2017). Several factors, 
ranging from type of inflammatory state to the time point of measurement, could 
cause this discrepancy. Irrespectively, it is clear that the motivational neurocircuitry 
is involved in inflammation induced negative affect. At the first glance, the concept 
of dopamine in negative affective state seems easy to comprehend, but currently it 
has not been clarified how the dopaminergic neurocircuitry interacts with affective 
neurocircuitry (such as endogenous opioids and serotonin) during negative mood. As 
mentioned previously, dopamine is conceptually understood to signal motivational 
effects, and not the affective traits, of positive and negative stimuli.  
Studies investigating the immediate consequence of immune-activation, using 
healthy human subjects, have demonstrated that acute systemic inflammation leads 
to decreased activity in basal ganglia and higher depression scores (Reichenberg et 
al., 2001; Brydon et al., 2008; Eisenberger et al., 2010). The affective consequences 
of acute systemic inflammation were found to be directly correlational to plasma 
levels of the pro-inflammatory cytokines TNFα, IL-1β and IL-6 (Reichenberg et al., 
2001). In this way, the immune-to-mesolimbic system signaling serves an 
evolutionary purpose by helping us to avoid infections, places and food that make us 
sick. However, in the case of chronic inflammatory states, this pathway could be 
detrimental. 

Drug addiction 
Drug addiction is a chronic, debilitating disease that affects millions of people 
around the world. People who are addicted will experience compulsion to seek and 
take the drug(s) of abuse, loss of control in limiting their drug-intake, and emergence 
of a negative affective state reflecting withdrawal symptoms (e.g. dysphoria, anxiety, 
irritability, and pain) in the absence of the drug (DSM-IV; Koob and Le Moal 2006). 
In this way, addiction is characterized by impulsive and compulsive behavior 
towards drugs of abuse. No one makes the choice to become an addict or to remain 
addicted. Drug addicts will typically be caught in a repetitive series of specific 
behavioral states, which can be described as the three-step cycle of addiction: 
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Binge/intoxication is the stage where the individual is consuming the drug of abuse 
and experiences its rewarding, pleasurable or relieving effects; during 
withdrawal/negative affect the individual is abstinent (i.e. without the drug) and 
therefore experiences the negative emotional and physical symptoms related to this; 
and finally anticipation/cravings describe the stage where the individual is seeking 
the drug of abuse after abstinence. Essentially, the addiction cycle contains two types 
of reinforcement: Positive reinforcement linked to drug-induced euphoria and 
negative reinforcement, linked to the alleviation of negative affective state by the 
drug of abuse (Koob and Volkow, 2010). 
Unfortunately, this disorder is characterized by immense neurobiological 
complexity, which is not made easier by the differences in mechanisms of various 
drugs, as well as variations arising from the duration of drug-consumption. Several 
neurotransmitter systems, hormones and neurotropic factors are involved in the 
pathology of addiction. Nevertheless, general theories based on empirical 
observations describing the development of addiction have evolved. Below is given 
two examples of eminent theories, reward allostasis and incentive sensitization, and 
an overview of the direct involvement of motivational circuitry in addiction. 
 
Reward allostasis 
The hypothesis of reward-allostasis in drug addiction by George F. Koob and Michel 
Le Moal is based on Solomon’s opponent process theory. The opponent process 
theory postulates that positive hedonic or motivational states (a-process) will always 
be modulated by central nervous system (CNS) mechanisms that reduce the intensity 
of these, leading to a negatively perceived b-process. In this manner, any stimulus 
that elicits an a-process will also promote an equivalent b-process, which is part of 
normal homeostatic regulation of reward function. Empirical evidence has 
exemplified the b-process as a consequence of the activation of brain stress systems, 
such as those releasing dynorphin, corticotropin releasing factor and noradrenalin 
(Koob and Le Moal, 2008). But while the a-process is fast and correlates with the 
characteristics of the stimulus, the b-process is slow in onset, lasts longer and gets 
larger with repeated exposures (Solomon, 1980).  
Koob and Le Moal expanded the opponent process theory, by suggesting that an 
“allostatic model” of the motivational system explains the persistent changes in 
motivation associated with drug dependence. In this context allostasis can be defined 
as the ability to achieve stability through change. The idea is, that in the case of 
drugs-of-abuse the a-process will be unnaturally large and in return cause an equally 
large b-process. Over time, when retaking the drug, this will lead the opponent b-
process to fail to return to its normal set-point and in this manner make the individual 
more prone to consume the drug of abuse for relief. This allostatic state represents a 
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deviation from the reward set point, caused by the brain and hormonal stress 
responses. In this way opponent motivational processes of drug consumption are 
responsible for the negative reinforcement driving the addict in a downward spiral 
(constituted by the three step circle of behaviors) into further compulsive 
consumption (Koob and Le Moal, 2008).  
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Incentive sensitization 
Terry E. Robinson and Kent C. Berridge postulated that the compulsive drug 
consumption that characterizes addiction is not motivated by the pleasure associated 
with the intake. In contrast to Koob and LeMoal, they argue that seeking drugs of 
abuse is unrelated to the desire to relieve withdrawal symptoms (the b-process). 
Instead it is the consequence of “incentive sensitization”. Incentive sensitization 
occurs due to the long lasting changes in motivational neurocircuitry induced by 
drug consumption. These neuroadaptations render the brain reward system sensitized 
to drugs and drug-associated stimuli (cues). Consistent with the role of dopamine, 
these changes only affect incentive salience, the motivational aspect of drug wanting, 
but not the hedonic sides, i.e. the drug liking. Hence, incentive sensitization depicts 
the process of sensitization of incentive salience signaling specifically associated 
with the drug of abuse (Robinson and Berridge, 2001). Since this theory was 
proposed in 1993, several studies have emerged supporting the idea of changes in 
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synaptic connectivity of the motivational neurocircuitry as the cause of drug 
addiction (as reviewed by Lüscher and Malenka, 2011), and in 2001 it was reported 
for the first time that a single cocaine exposure changes the plasticity of dopamine 
neurons in vivo (Ungless et al., 2001). 
 
Dopaminergic circuitry and striatal pathways 
All drugs of abuse share on thing in common: They increase mesolimbic dopamine 
levels. To use the example most relevant for the present work, the psychostimulant 
cocaine is a potent dopamine transporter (DAT) blocker and elevates dopamine in 
the synapse by preventing reuptake after neurotransmitter-release. In this way, it has 
been suggested that drugs of abuse produce pathologically stronger reward 
prediction errors (Keiflin and Janak, 2015). Preclinical studies have shown that the 
critical difference between natural and drug rewards, resides in the dopamine-
response they elicit. Whereas food causes a time-locked dopamine signal, which 
decreases as reward becomes expected, cocaine prompts a delayed long-lasting 
increase in the frequency and amplitude of dopamine transients (Heien et al., 2005; 
Stuber et al., 2005; Keiflin and Janak, 2015). Hence, with repeated drug-use, the 
pharmacological dopamine signal will continue to reinforce the drug-related cues. 
According to this hypothesis, drugs of abuse will bias future decision-making 
towards drug choice. These initial changes in the dopamine levels will inevitably 
affect direct and indirect pathway neurons of the striatum. Yet, the question of the 
involvement of the direct and indirect pathway in the development of addictive 
disorders is ambiguous. Imaging studies on abstinent human subjects addicted to 
various kinds of substances of abuse showed decreases in D2R binding (Volkow et 
al., 2007, Martinez et al., 2004; 2005). This may be the consequence of long-term 
drug-exposure rather than the initiating factor of addiction. On the other hand, 
studies show that subordinate monkeys and people from poor socioeconomic 
backgrounds have lower levels of D2R binding (Grant et al., 1998; Morgan et al., 
2002; Martinez et al., 2010). More importantly, there exist a strong link between low 
socioeconomic status and likelihood of substance abuse (Gauffin et al., 2013), and in 
line with this, socially inferior animals consume more drugs of abuse (Morgan et al., 
2002). These findings indicate that negative affective state, arising from social 
hopelessness and despair, influences the indirect pathway signaling, which in turn 
could affect the likelihood of developing addiction. At the same time, several 
preclinical studies point towards D1-receptors (the direct pathway) being important 
for the initial cue-associated learning in addiction. In the present work, the role of 
muscarinic M4 receptors on direct-pathway MSNs in impulsive and cocaine-
reinforcement behaviors has been investigated (study IV). 
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IMMUNE-TO-BRAIN SIGNALING 
Cytokines in motivation and affective state  
The release of pro-inflammatory cytokines influences a broad spectrum of cell types 
in the immune system. As explained previously, specialized leukocytes of the innate 
immune system, such as activated monocytes and macrophages, are responsible for 
the fast production of peripheral pro-inflammatory cytokines upon immune-
stimulation (Kindt, Goldsby and Osborne, 2007; Dantzer, 2001). The brain was long 
considered an “immune-privileged” organ, which implied that it was isolated from 
the immune system and unable to elicit an inflammatory response. This was 
primarily based on the function of the blood-brain barrier (BBB) in shielding the 
brain from non-soluble immune-factors, such as pro-inflammatory cytokines.  
We now know this view was an oversimplification, as the peripheral immune system 
has several pathways available for signaling to the brain - some of these will be 
clarified in the following sections. Furthermore, the brain has its own type of 
parenchymal (tissue) macrophages, the microglia. These cells respond to peripheral 
immune signaling with production of pro-inflammatory cytokines, and create in this 
way a brain mirror image of the cytokine-profile of the peripheral immune system. 
The main difference of this image, compared to that of the periphery, is that it does 
not involve an invasion of immune cells into the parenchyma and is not distorted by 
tissue damage at the site of infection (Dantzer et al., 2008). 
 

IL-1β signaling 

The interleukin-1 (IL-1) family comprises 11 different members, which despite 
structural homology exert substantially different biological functions (Schett, Dayer 
and Manger, 2016). The most studied of the IL-1 cytokines in pro-inflammatory 
signaling are IL-1β and IL-1α, and the IL-1-receptor specific antagonist (IL-1Ra). 
Though IL-1α binds to the same receptors as IL-1β, it is not actively secreted from 
innate immune cells during systemic inflammation; instead it is part of the 
inflammatory response to necrosis (Chen et al., 2007). IL-1β production is initiated 
by transcription of an IL-1-precursor protein gene, which final protein-product is 
cleaved by specific intracellular enzymes for the formation of IL-1β. In monocytes 
and macrophages, the cleavage is dependent on inflammasome (a multiprotein 
oligomer) formation, and the enzyme caspase 1, which is part of the inflammasome 
(Martinon et al., 2002; Wilson et al., 1994; Thornberry et al., 1992).  
IL-1β signaling is complex and involves strict negative control mediated by both IL-
1Ra and one of its receptors. IL-1β is able to bind to two receptors: IL-1- receptor 
(IL-1R) type 1 and type 2. The IL-1R type 1 is mediating signal transduction, while 
IL-1R type 2 has suppressive functions, as its short cytoplasmic tail is unable to 
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induce signaling (Re et al., 1996). Hence the IL-1R type 2 functions as a decoy that 
binds excess IL-1β. The natural IL-1R antagonist IL-1Ra is expressed in virtually all 
tissue and thereby competitively prevents uncontrolled activation of the IL-1R 
(Dinarello, 2000). 
When IL-1β binds to IL-1R type 1, it will then interact with the IL-1 receptor 
accessory protein (IL-1RAP) to induce signal transduction. The functional IL-1R/IL-
1RAP heterodimer will recruit the adaptor protein myeloid differentiation factor 88 
(MyD88), which can further recruit the signaling molecules IL-1 receptor-associated 
kinase 1 (IRAK1) and 4 (IRAK 4), and TNFα associated factor 6. This will result in 
the activation of several downstream transcription factors and protein-kinases that 
will initiate the executive actions of IL-1β signaling (e.g. nuclear factor κB (NFκB), 
p38, c-Jun N-terminal kinase (JNK), extracellular signal-regualted kinase (ERK) and 
mitogen-activated protein kinase (MAPK)) (Schett, Dayer and Manger, 2016).   
Interestingly, compensatory interactions between TNFα and IL-1β signaling have 
been demonstrated. During functional loss of IL-1β-signaling via IL-1R type 1 
knockout, TNFα has been reported to substitute for its absence in mediating various 
sickness symptoms in response to systemic inflammation (Bluthé et al., 2000).  
 
Myd88 and Toll-like receptors 
Myd88-dependent signal transduction is also utilized by other pro-inflammatory 
signaling receptors, such as the Toll-like receptors (TLRs). Toll-like receptors are 
pattern-recognition receptors (PRRs) responsible for recognizing pathogen-
associated molecular patterns (PAMPs) on microorganisms and initiating the innate 
immune response. 11 TLRs have been discovered in the human genome, and 13 in 
the mouse, responsible for recognition of everything from mycobacteria to virus 
(O’Neil, Golenbock and Bowie, 2013). TLR4 is particular relevant, as it binds to the 
membrane component lipopolysaccharide (LPS) from gram-negative bacteria, such 
as Escherichia Coli (E. coli), which is used as the primary model to induce systemic 
inflammation in the present work (study I, II and III) (Schett, Dayer and Manger, 
2016). The importance of Myd88-signal transduction for initiating an immune-
response is clear, since human beings deficient of Myd88 are immune-compromised 
and more susceptible to disease, while Myd88 knockout mice are unable to mount 
immune-responses to a number of pathogens (19 bacteria, 7 viruses, 5 parasites and 4 
fungi) (von Bernuth et al., 2008). 
 
IL-1β in motivation and affective state 
Though it is difficult to determine affective and motivational effects of IL-1β in 
preclinical models, due to sickness induced changes in metabolism and locomotion, 
different self-administration protocols have been designed to adress these issues. For 
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instance, low doses of systemic IL-1β have been demonstrated to decrease 
motivation to obtain food-reward, without reducing baseline food-intake (Nunes et 
al., 2014), while it has been shown that treatment with the antidepressant fluoxetine 
is capable of blocking IL-1β mediated reduction in motivation to obtain food-reward 
in a progressive ratio paradigm, without altering food-intake (Merali et al., 2003). 
Furthermore, systemic IL-1β has been demonstrated to induce both taste and place 
aversion in rodents (Tazi et al., 1988; Morméde et al., 2003). IL-1β signaling has 
also been implied in anxiety behaviors, as repeated administrations of low doses of 
IL-1β induce anxiety (Sokolova et al., 2007), while overexpression of the natural IL-
1R antagonist, IL-1Ra, has anxiolytic effects (Oprica et al., 2005). Several animal 
models of depression have demonstrated elevated IL-1β levels in the blood (Hodes et 
al., 2015). Finally, increased levels of IL-1β have been linked to negative affective 
state associated with inflammatory diseases in human beings (Rossi et al., 2017; 
Bouchard et al., 2016; Liebregts et al., 2007) and serum levels of IL-1β are elevated 
in patients with major depression (Hannestad et al., 2011). Interestingly, selective 
serotonin reuptake inhibitors (SSRIs) exhibit anti-inflammatory effects by reducing 
circulating IL-1β (Hannestad et al., 2011). 
 

TNFα-signaling in motivation and affective state 
The TNFα superfamily comprises 19 structurally related cytokines that in the same 
manner as the IL-1 family exert very different functions. TNFα is the prototypic 
member of the TNFα superfamily and is in the same manner as IL-1β a key player in 
initiating the acute phase response of inflammation (Dantzer et al., 2008). TNFα is 
primarily produced as transmembrane proteins arranged in stable homotrimers. The 
membrane-bound TNFα can also be cleaved from cells to form soluble sTNFα, 
which function is still considered controversial (Wajant et al., 2003; Croft and 
Siegel, 2017). Macrophages are the primary source of TNFα, but other cell-types 
such as lymphocytes, mast cells, endothelial cells and CNS microglia also produce 
TNFα (Wajant et al., 2003; Yu et al., 2017). TNFα binds to two membrane-bound 
receptors: The TNFα receptor type 1 and 2 (TNFαR1/2). TNFαR1 is expressed in 
most cell-types throughout the body, whereas TNFαR2 is more specifically 
expressed in immune cells of the lymphoid system. TNFαR1 and 2 have long 
cysteine-rich repeats, which interact with the lateral groove of the membrane TNFα-
trimers (Banner et al., 1993). Furthermore, the extracellular domains of both 
TNFαR1 and 2 can be cleaved forming soluble receptors, which retain the ability to 
bind TNFα and thereby compete with membrane-receptor binding (Van Zee et al., 
1992). On a more general note TNFαR1 mediated signal-transduction involves 
several pathways, including signal transduction factors and enzymes such as NFκB, 
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JNK, ERK, protein kinase C (PKC) and MAPK. A description of these signal-
transduction pathways are beyond the scope of this thesis; the interested reader is 
referred to reading reviews from Wajant, Pfizenmaier and Scheurich (2003) or Croft 
and Siegel (2017).  
 
Hardly any studies have investigated effects of TNFα on motivated behaviors, but it 
has been demonstrated that systemic TNFα injections, in the same manner as IL-1β, 
induce conditioned taste aversion in rats (Goehler et al., 1995). Several preclinical 
studies have found TNFα to be associated with elevated anxiety behavior both during 
baseline conditions and systemic inflammation (Simen et al., 2006; Silverman et al., 
2007). Interestingly, in humans TNFα is one of the most relevant cytokines implied 
in psychopathologies. Meta-analyses of a broad array of studies have demonstrated 
that peripheral TNFα is significantly upregulated in patients with major depressive 
disorder (Haapakoski et al., 2015; Dowlati et al., 2010). Furthermore, TNFα is, in the 
same manner as IL-1β, associated with depressive symptoms during inflammatory 
disease. Treatments targeting TNFα-signaling in inflammatory conditions have 
proven to be useful against the associated negative affective symptoms (Kappelman 
et al., 2016). In the preclinical literature, both peripheral and central TNFα has been 
demonstrated to play a role in the development of depressive symptoms (Kaster et 
al., 2012; O’Conner et al., 2009b). 
Preclinical studies have suggested that depressive symptoms, arising from 
inflammation induced TNFα, are due to the enzyme Indoleamine-2,3-deoxygenase 
(IDO) in the CNS. Both IFN-γ and TNFα lead to gene-induction of IDO, and 
upregulation of its activity. Blocking IDO induction, by decreasing TNFα or IFN-γ 
signaling, is efficient for preventing the development of inflammation-induced 
depression (O’Conner et al., 2009b). Furthermore, functional studies have 
demonstrated that deletion of IDO counteracts inflammation induced depression-like 
behavior in the forced swim test paradigm (O’Conner et al., 2009c). IDO is the rate-
limiting enzyme in the catabolism of tryptophan as part of the kynurenine pathway. 
Although the specific mechanism by which IDO signals negative affect is not yet 
clarified, it has been suggested that metabolites of the kynurenine pathway, such as 
kynurenic and quinolinic acid, may be key-players. Microglial cells primarily 
produce quinolinic acid, whereas kynurenic acid is synthesized by astrocytes. Both 
quinolinic and kynurenic acids influence glutamatergic neurotransmission via N-
methyl-D-aspartate (NMDA) receptors (Dantzer, 2017). 
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IFNγ-signaling in motivation and affective state 
The cytokine IFN-γ belongs to the family of type II interferons. The type I 
interferons include 13 subtypes, while IFN-γ is the only type II interferon. These 
cytokines are the first line of defense against viral infections, but are also generally 
released during the acute phase response of systemic inflammation (Dantzer et al., 
2008; Platanias, 2005). IFN-γ does not share marked structural homology with the 
type I interferons and it binds to a different receptor - the type II Interferon receptor, 
IFN-γR. It was included in the interferon-family due to its anti-viral properties. 
Irrespectively, there exist some common features of IFN-signal transduction; both 
types of interferons utilize the JAK-STAT pathway. The IFN-γR has two distinct 
subunits (IFNGR1 and IFNGR2), which each interact with a tyrosine kinase, Janus 
activated kinase (JAK). IFNGR1 associates with JAK1 and IFNGR2 is constitutively 
associated with JAK2. Upon binding of IFN-γ the two subunits will dimerize, which 
brings the JAKs closer together and causes cross-phosphorylation, and subsequent 
activation. When active, the JAKs typically phosphorylate the transcription factor 
STAT, which leads STAT to form an active dimer that can translocate to the cell 
nucleus (Platanias, 2005). In this manner IFN-γ-signaling can regulate the expression 
of a broad array of genes, including the ones expressing pro-inflammatory signaling 
molecules such as Cxcl10/IP10 (Interferon-γ Protein 10) (Majumder et al., 1998). 
The JAK-STAT is a central IFN-γ-R signaling route, but the receptors have also 
been found to recruit various other pathways, both dependently and independently of 
STAT (Platanias, 2005). Interestingly, IFN-γ-Rs were demonstrated to recruit 
Myd88, leading to stabilization of gene-transcripts arising from IFN-γ-R-signaling 
(Sun and Ding, 2006). 
IFN-α has received much more attention than IFN-γ in negative affective state. The 
focus on pro-inflammatory cytokines in psychopathologies was boosted by the high 
occurrence of major depressive disorder as a consequence of IFN-α treatment against 
hepatitis C (Lotrich, 2009). Recently, IFN-α mediated depressive behavior in mice 
was demonstrated to involve a mechanism similar to the ones described in study I 
and II. IFN-α was shown to induce negative affective state via receptors specifically 
on BBB endothelial cells leading to increased release of the chemokine Cxcl10, 
which in turn binds to Cxcr3-receptors on neurons (Blank et al., 2016). In this 
context, it is worthwhile noting that the Cxcr3-receptors are expressed on both 
neurons and microglia (Blank et al., 2016). This model offers a very direct 
mechanism through which interferons can cause negative affect. However, another 
molecular pathway has been suggested for IFN-γ induced depressive behaviors. 
Preclinical studies have suggested that inflammatory IFN-γ signaling results in 
activation of microglial IDO (in the same manner as TNFα does, as described above) 
(Myint et al., 2013; Mahmoud et al., 2017; O’Conner et al., 2009). 
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Signaling across the blood-brain-barrier 
It is clear that the peripheral pro-inflammatory cytokines play an important role in 
mediating changes in motivational and affective state. As mentioned previously, how 
the peripheral cytokines signal to the brain to elicit these symptoms is a field of 
controversy. The brain is protected from the blood by the BBB, which consists of 
endothelial cells connected by tight junctions and a layer of their extracellular matrix 
(basal lamina). The pro-inflammatory cytokines are large hydrophilic peptides that 
are unable to traverse the BBB, hence there must exist other mechanisms through 
which their signal can reach the brain.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Several mechanisms for signal-transfer across the BBB have been suggested; for an 
overview of these see figure 4. The four most central hypotheses are: 
1) Transporters on the BBB could provide direct entry of circulating cytokines into 
the brain. Such transport has been described for IL-1#, TNF$ and IL-6 (Banks, 
2015). The proteins responsible for the cytokine transport have not yet been 
characterized. Furthermore, as the systems are saturable they are slow and therefore 
less likely to induce the rapid effects for cytokines during systemic inflammation 
(Banks et al., 1995).  
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2) Areas devoid of a BBB provide direct access for pro-inflammatory cytokines to 
the brain. The circumventricular organs (CVOs) are structures that surround the 
brain ventricles and that lack functional BBB due to fenestrated capillaries. 
Furthermore, macrophages and microglia are known to reside in the CVOs (Dantzer 
et al., 2008). There are four CVOs (area postrema, suprafornical organ, median 
eminence and organum vasculosum of the laminae terminalis), which are located 
around the third and fourth ventricles of the brain. It remains unknown whether 
cytokines from the third ventricle can reach brain areas near the lateral ventricle. 
Interestingly, the choroid plexus, which is responsible for the production of 
cerebrospinal fluid, responds to peripheral PAMPs by expressing pro-inflammatory 
cytokines (Quan et al., 1998). 
 
3) Cytokine-receptors have also been found on peripheral nerves, such as the vagus 
nerve. The vagus nerve is activated by pro-inflammatory cytokines and projects 
directly to brain-stem nuclei, such as the NTS (Ek et al., 1998). Vagal activity has in 
particular been implied during abdominal and visceral infections (Dantzer et al., 
2008). Unfortunately, the functional role of the vagus nerve in systemic 
inflammation induced sickness and negative affect remains to be clarified. Results 
from vagotomized rats and mice are difficult to interpret, as this type of experimental 
procedure leaves the animals with severe physical complications, such as 
gastrointestinal dysfunction (Saper, Romanovsky and Scammel, 2012). 
 
4) Cytokine-receptors localized directly on BBB endothelial cells have been 
demonstrated to transduce a second-messenger signal to neurons. These receptors 
stimulate synthesis of prostaglandin E2 (PGE2), which is preferentially released on 
the basal side of the endothelial cell and target prostaglandin receptors on neurons 
(Ek et al., 2001; Engblom et al., 2003; Ching et al., 2007; Wohleb et al., 2014). It is 
likely that cytokine or PAMP binding to receptors on the BBB endothelial cells can 
facilitate release of other types of messenger molecules. For instance, it has been 
shown that endothelial cells from other parts of the body release various pro-
inflammatory molecules, including monocyte chemoattractant protein-1 (MCP-1) 
(Schratzberger et al., 1998). This type of signaling could represent a whole new path 
for recruitment of microglia within the brain. 
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Prostaglandin E2 synthesis and receptors 
Prostaglandin E2 is a key player in inflammation signaling. Inhibition of PGE2 
synthesis has been a major anti-inflammatory strategy throughout the past 100 years 
by use of common NSAIDs (non-steroidal anti-inflammatory drugs) such as aspirin 
and salicylate.  
PGE2 is synthesized from membrane phospholipids. The enzyme Phospholipase A2 
cleaves membrane phospholipids by hydrolysis, leading to the release of arachidonic 
acid. Subsequently, cyclooxygenase enzymes convert the arachidonic acid through 
two steps (oxygenation and reduction) to the unstable prostanoid Prostaglandin H2 
(PGH2). There exist two genetically distinct isoforms of the cyclooxygenases: COX1 
and COX2. COX1 is in general a constitutive enzyme, but has been demonstrated to 
be upregulated during certain inflammatory conditions (Schwab et al., 2000; Shukuri 
et al., 2011; Anrather et al., 2011; Matousek et al., 2010). The COX2 gene on the 
other hand has several transcriptional regulatory sites in its promoter and can be 
induced by various pro-inflammatory cytokines. Both enzymes reside at the 
endoplasmatic reticulum (Park et al., 2006). There exist other splice variants of 
COX1, but their functions in inflammation remains to be clarified. Brain COX1 
expression is strongest in microglia, but it is also expressed in endothelial cells 
(Tanaka et al., 2012; Garcia-Bueno et al., 2009). COX-2 is expressed in neurons of 
the cortex and hippocampus, but is otherwise not strongly expressed under basal 
conditions. In response to systemic inflammation a strong induction takes place 
primarily in endothelial cells (Cao et al., 1995). The unstable product of the 
cyclooxygenases, PGH2, serves as substrate for various specific enzymes that 
produce more stable prostanoid species, among others PGE2. There exist three 
specific PGE2 synthases: microsomal PGES-1 and- 2, and cytosolic PGES. mPGES1 
is the main isomerase responsible for inflammation induced PGE2 (Jakobsson et al., 
1999). Studies have suggested that mPGES1 primarily couple to COX-2 over COX1, 
but other findings demonstrate exceptions to this rule, and mPGES1 has been found 
to couple to COX1 in cases where the concentration of arachidonic acid is high 
(Matousek et al., 2010; Chandrasekharan et al., 2005; Murakami et al., 2000).  
COX2 provides the main source of prostaglandin E2 production mediating 
inflammatory symptoms such as fever and loss of appetite (Wilhelms et al., 2014; 
Nilsson et al., 2017a) and in particular endothelial mPGES1 is important for the 
pyrogenic response to inflammation (Ek et al., 2001; Engblom et al., 2003; Wilhelms 
et al., 2014). In comparison, COX 1 is responsible for PGE2 leading to social defeat 
stress, which has been implied to involve microglial activation (Tanaka et al., 2012), 
and COX-1 expression in endothelial cells has been suggested to drive the early 
phase of corticosterone release during systemic inflammation (Elander et al., 2009; 
Garcia-Bueno et al., 2009). Interestingly, mPGES-1 is co-induced with COX-1 
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mediating PGE2 elevation in the hippocampus during long-term IL-1β-mediated 
inflammation (Matousek et al., 2010).  
Four different GPCRs have been discovered which are activated by PGE2: EP1-EP4 
receptors. These have been found to have primary functions in signaling specific 
aspects of sickness during systemic inflammation. EP1Rs are Gq-coupled receptors 
and widely expressed throughout the brain of rodents, but in particularly in forebrain 
structures, including striatum and prefrontal cortex, and in the brain stem 
(Candelario-Jalil et al., 2005). The EP1Rs are expressed on both direct (D1R) and 
indirect (D2R) pathway neurons in the striatum (Kitaoka et al., 2007), as well as on 
dopaminergic neurons in SN (Tanaka et al., 2009). In line with this, EP1Rs have 
been shown to increase GABA-mediated inhibition of dopaminergic neurons in the 
SN (Tanaka et al., 2009). The EP1R mediated effect on dopaminergic transmission is 
important for mediating affective and motivational behaviors such as social defeat 
stress and impulsivity in mice (Tanaka et al., 2012; Matsuoka et al., 2005). EP2Rs 
are Gs-coupled receptors and are also expressed throughout the brain. Interestingly, 
in particular forebrain structures express EP2Rs and this expression is upregulated by 
systemic inflammation in structures related to affective state, such as the lateral 
septum, BNST, cortex and amygdala (Zhang and Rivest, 1999). The EP2Rs have not 
until recently received any major attention, but there exist a few studies that have 
implied these receptors in hyperalgesia (Ota et al., 2017). EP3Rs are primarily Gi-
coupled receptors that are responsible for the pyrogenic response to systemic 
inflammation (Ushikubi et al., 1998; Lazarus et al., 2007). They have been found 
throughout the brain of rodents, with particularly high expression levels in the 
median preoptic hypothalamus and in thalamic nuclei, but also in areas such as the 
hippocampus, septum and amygdala, as well as in brainstem nuclei such as NTS and 
the parabrachial nucleus (Ek et al., 2000). In particular the EP3Rs of the preoptic 
hypothalamus have been found to be responsible for signaling inflammatory fever 
(Lazarus et al., 2007). The EP3Rs also play a role in signaling PGE2 mediated 
hyperalgesia and in the affective component of pain (Minami et al., 2001; Singh et 
al., 2017). EP4Rs are Gs-coupled which are widely expressed throughout the brain of 
rodents. In particular the PVH, cerebellar cortex and brainstem structures exhibit 
high levels of EP4Rs in rodents (Zhang and Rivest, 1999), but the role of EP4Rs in 
immune-to-brain signaling during systemic inflammation is largely unknown. 
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MELANOCORTINS IN MOTIVATION AND AFFECTIVE STATE 
Food intake and motivational valence are by nature intricately linked. The evaluation 
of a food reward and motivation to pursue it rely on the same neurocircuitry (i.e. the 
mesolimbic system) as all other types of salient stimuli. The loss of control over food 
consumption in obese people who struggle to maintain a healthy weight is in many 
ways like the compulsive character traits associated with drug abuse. On the other 
hand, during inflammation induced sickness and other aversive states, such as pain 
and stress, there naturally occur a shift in the motivational valence associated with 
food. These examples demonstrate how the circuitry regulating satiety essentially is 
linked with our perception of good and bad. 
 
The arcuate nucleus melanocortin circuitry 
The arcuate nucleus of the hypothalamus (ARC) is known for its role in monitoring 
homeostatic states related to caloric energy balance, and regulating appropriate 
behavioral responses to changes in these. Two neuropopulations with dichotomous 
functions are responsible for maintaining the delicate equilibrium between energy-
intake and satiety. Not too surprisingly, these are direct targets of the major 
hormonal pathways responsible for regulating metabolism and food-intake, such as 
the peripheral leptin, insulin and ghrelin signaling pathways (Krashes, Lowell and 
Garlfield, 2016). The ARC neurons expressing the agouti-related peptide (AgRP) 
and co-expressing neuropeptide Y and GABA are responsible for anabolic processes, 
i.e. promoting increased food-consumption for building up energy-storage. This 
signaling is under normal circumstances stimulated by caloric insufficiency, in order 
to drive food intake, while conserving energy expenditure and promoting weight-
gain. In contrast, the proopiomelanocortin (POMC) expressing neurons of ARC are 
responsible for promoting satiety and cessation of feeding, in combination with 
increasing energy expenditure and weight loss. The functional transmitters of 
POMC-neurons are the bioactive products α-, β- and γ- melanocyte stimulation 
hormones; these are part of the melanocortin-peptides, which arise from POMC-
processing (Krashes, Lowell and Garfield, 2016). Subpopulations of ARC POMC 
neurons have also been reported to either co-release the neurotransmitter GABA or 
Glutamate (Atasoy et al., 2014). The ARC POMC and AgRP neurons target most of 
the same brain areas, with the strongest innervation occurring in hypothalamic 
structures (such as the paraventricular hypothalamic nucleus (PVH), lateral 
hypothalamus, medial preoptic nucleus, dorsomedial hypothalamus) and the 
paraventricular thalamic nucleus (Wang et al., 2015; Betley et al., 2013; Atasoy 
2008). Multiple studies have revealed that the appetite reducing effect of 
melanocortin signaling primarily is mediated by ARC POMC-neurons projecting to 
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the PVH (as reviewed by Krashes, Lowell and Garfield, 2016). Interestingly, the use 
of modern techniques such as chemogenetics and optogenetics for activation of ARC 
AgRP and POMC neurons have demonstrated different temporal dynamics of this 
circuitry. For instance, AgRP-activation leads to immediate consummatory behavior, 
whereas POMC-neurons produce late onset responses (Aponte et al., 2011; Atasoy et 
al., 2012; Zhan et al., 2013). Though ARC is considered the primary site for 
melanocortin synthesis, other structures contain POMC neurons as well, such as the 
nucleus of the solitary tract (NTS). The NTS is primarily involved in encoding 
gustatory and visceral information. Activation of the NTS POMC population 
produces anorexigenic effects (Zhan et al., 2013), in the same manner as ARC 
POMC neurons. 
Recent studies indicate that the molecules and circuits controlling energy balance 
also regulate the affective state (Liu, Lee and Elmqvist, 2014). Both POMC and 
AGRP neurons target neurocicruictry involved in motivation and affective state, such 
as the bed nucleus stria terminalis (BNST), central amygdala and NAc (Wang et al., 
2015; Betley et al., 2013; Atasoy et al., 2008). Recently it was discovered that 
optogenetic activation of ARC AgRP-neurons leads to aversion, and that these 
neurons directly respond to cues associated with food by decreasing their activity 
(Betley et al., 2015). Other studies have implied a role for POMC-derived 
melanocortins in signaling negative affect, such as anxiety and depression (Lim et 
al., 2012; Liu et al., 2013; Goyal et al., 2006; Kokare et al., 2005). 
Intracerebroventricular (i.c.v) or intra-amygdala injections of melanocortins in the 
CNS triggers stress signaling, including HPA-axis activation and induction of 
corticotropin releasing factor expression (Lu et al., 2003; Liu et al., 2013).  
Collectively, these findings have demonstrated that circuitry encoding satiety and 
homeostasis also play a role in motivational valence and affect, though the work on 
elucidating their exact function is still in its early phase. 
 
Melanocortin 4 receptors 
The mammalian genome encodes 5 melanocortin receptors, but only the 
melanocortin 3 and 4 receptors are expressed in the CNS. The role of the MC3R in 
satiety and motivation remains to be further clarified. The MC4R is known to be a 
cornerstone in appetite and energy balance control. MC4Rs are activated by α-
melanocyte stimulating hormone (α-MSH) released from POMC neurons, while 
AgRP acts as an antagonist (Krashes, Lowell and Garfield, 2016). MC4R mutations 
leading to deficient signaling is the most prevalent monogenic cause of obesity in 
human beings (Farooqi et al., 2003). MC4Rs are GPCRs, which promote excitation, 
but various studies have identified different ways through which this can occur. 
MC4R agonists have been demonstrated to promote Gs-dependent cAMP synthesis, 
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Gq-dependent phospholipase activity and small GTPase associated MAPK-signaling 
(Gantz et al., 1993; Daniels et al., 2003; Vongs et al., 2004). Interestingly, a recent 
study uncovered a G-protein independent mechanism in PVH-neurons, where 
MC4Rs recruit the inward rectifying potassium channel Kir7, which leads to Kir7-
closure and thereby depolarization (Ghamari-Langroudi et al., 2015). Based on these 
findings it has been suggested that the MC4Rs may be promiscuous between 
different G-protein and nonG-protein pathways (Krashes, Lowell and Garfield, 
2016).  The MC4Rs are present throughout the brain in areas targeted by AgRP and 
POMC neurons (Liu et al., 2003; Kishi et al., 2003), and in this manner are 
expressed on both circuitry involved in satiety regulation and energy homeostasis, 
but also on neurons regulating motivation and affective state.  
It has previously been suggested that melanocortin signaling plays a role in sickness-
induced aversion, and MC4Rs have been demonstrated to be involved in 
inflammation induced appetite loss (Marks et al., 2001). In this context, it is relevant 
that i.c.v. injections of melanocortins elicit conditioned taste aversion (Thiele 1998; 
Benoit et al., 2003). Furthermore, a few studies have implied central MC4Rs as 
important for pain perception. For instance, i.c.v. administration of melanocortins 
induces hyperalgesia in rats (Sandman and Kastin, 1981), while central MC4R 
antagonism blocks pain-responses in hyperalgesia and potentiates the analgesic 
effects of morphine (Hellard et al., 2016; Kalange et al., 2007). The pharmacological 
studies on the melanocortin system have made the idea of MC4Rs as general 
mediators of negative valence intriguing. 
The MC4Rs have been found on striatal D1R and D2R MSNs (Ophuis et al., 2014; 
Cui et al., 2012; Lim et al., 2012). The MC4Rs expressed by direct pathway D1R 
MSNs, but not indirect pathway D2R MSNs, were uncovered to mediate synaptic 
plasticity leading to stress-induced anhedonia (Lim et al., 2012), while having only 
minor effects on body weight and basal food intake (Cui et al., 2012; Cui and Lutter, 
2013). Surprisingly, the subpopulation of MC4Rs on D1R neurons has been 
demonstrated to play a role in procedural memory (Cui et al., 2012). It is worthwhile 
noting that the experiments conducted in this study were based on negative 
reinforcement (watermaze) or self-administration of a high-fat diet over several days. 
Therefore, it is difficult to determine if the observed effects indeed were memory 
related, or perhaps rather a consequence of changed motivational valence and 
metabolic side effects. Evidence exist that the MC4R knockout mice when fed a 
high-fat diet over several consecutive days, as in the self-administration paradigm, 
eventually decrease their food intake compared to wildtype controls (Panaro and 
Cone et al., 2013). This could explain the positive phenotype occurring in the 
procedural learning paradigms. 
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ACETYLCHOLINE IN MOTIVATION AND ADDICTION  
Acetylcholinergic circuitry 
Cholinergic neurons form a wide network throughout the CNS. Acetylcholine 
signaling in forebrain structures has long been implied in attention, learning and 
memory. The principal source of acetylcholine to the cerebral cortex and 
hippocampus is the basal forebrain complex. But other cholinergic neurons (nucleus 
basalis of Meynert, the horizontal nucleus of the diagonal band of Broca and the 
magnocellular preoptic area) project to the neocortex, olfactory bulb, amygdala and 
limbic cortex (Brady et al., 2012). Modern studies, utilizing optogenetics to 
investigate the role of the forebrain acetylcholine projections, have confirmed the 
previous views on the role of acetylcholine in cognitive functions (Hersman et al., 
2017; Jiang et al., 2016; Zant et al., 2016; Pinto et al., 2013). Interestingly, the brain 
also has specific cholinergic neuropopulations innervating motivational brain areas 
such as NAc and VTA. These include acetylcholinergic neurons that can modulate 
either local or distal neuro-circuitry. The mesolimbic system is innervated by 
cholinergic projections arising from two brainstem nuclei: The laterodorsal 
tegmental (LDT) nucleus and the pedunculopontine (PPT) nucleus (Oakman et al., 
1995; Dautan et al., 2014), while the striatum has its own population of cholinergic 
interneurons, which constitutes overall 1-2% of its neurons (Witten et al., 2010).  
The cholinergic interneurons of the NAc have been found to exert tight control over 
proximal neurocircuitry. For instance, optogenetic activation of cholinergic 
interneurons in the NAc was shown to enhance local phasic dopamine release 
(Cachope et al., 2012) and regulate MSN activity (Witten et al., 2010). The 
cholinergic interneurons are characterized by their tonic activity. They exhibit 
continuous spontaneous action potentials with a frequency of 2-8 Hz. The 
multiplicity of cholinergic neurons in the brain underlines the importance of this 
system, but also complicates the dissection of its functionality. 
 
Acetylcholine and reinforcement learning 
Acetylcholine has been suggested to play a role in reinforcement learning to both 
natural reward and drugs of abuse. The distinct firing-pattern of striatal cholinergic 
interneurons may encode a functional component related to reward learning, as 
behavioral studies in primates have shown that the interneurons pause their activity 
during display of a conditioned stimulus predicting reward (Joshua et al., 2008; 
Aosaki et al., 1994). In contrast to these observations, it has been demonstrated that 
rats display a significant increase of NAc acetycholine during the learning of a drug 
of abuse operant runway model for morphine, remifentanil and cocaine (Crespo et 
al., 2006; Crespo et al., 2008). Findings on cortical acetylcholine in the 5-choice-
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serial-reaction-time-task (5CSRTT) mirror those of the striatum during the operant 
runway-procedure. Dalley and colleagues demonstrated that acetylcholine levels in 
the cortex of rats increased specifically during contingent performance in the 
5CSRTT task (Dalley et al., 2001). Hence increased synaptic acetylcholine, in 
striatal and cortical circuitry, is associated with the learning of a reward-associated-
task and not only the reward consumption. According to this notion, optogenetic 
inhibition of the NAc cholinergic interneurons attenuates the acquisition of cocaine 
conditioned place preference (Witten et al., 2010). Yet, the question remains: What 
does the pause in striatal cholinergic interneuron activity in response to reward-
predicting cues signify? Perhaps the source for synaptic acetylcholine during operant 
responding is not the cholinergic interneurons, but rather the projection-neurons in 
LDT or PPT? 
There exist several contradictory studies on the role of acetylcholine in reward-
learning, with results ranging from U-shaped dose-response curves towards 
cholinergic receptor agonists, to opposing results from lesion and inhibition studies 
(as reviewed by Grasing, 2016). The overall picture shows how the influence of 
acetylcholine on reinforcement learning follows a bell-shaped curve, where too little 
or too much transmitter in the synapse is unfavorable (Grasing, 2016). This is not a 
new concept, as it is known that acetylcholinesterase inhibitors (which directly 
elevate the level of acetylcholine) only exert their effect at lower doses, whereas 
higher concentrations impair learning (Braida et al., 1996; Braida et al., 1997).  
In this context, it is not too surprising that newer studies have revealed striatal 
acetylcholine to have a modulatory role rather than directly reinforcing properties. 
Neither optogenetic activation nor inhibition of choline acetyltransferase (ChAT)-
positive neurons in the NAc is capable of inducing place preference or avoidance 
(Lee et al., 2016). 
 
The muscarinic acetylcholine receptor M4 
The complexity of cholinergic signaling may also involve differences in expression 
of acetylcholinergic receptors on diverse subsets of neurons. In this manner, specific 
types of neurons carrying the same types of receptors, or the same type of neurons 
carrying diverse receptors, could mediate maintenance of the appropriate 
acetylcholinergic (bell-shaped) effect-balance for reward perception and learning. 
Acetylcholine binds to two types of receptor-families, ionotropic and metabotropic, 
categorized according to their selectivity towards specific pharmacological ligands: 
The nicotinergic and the muscarinic acetylcholine receptors. Muscarinic receptors 
are GPCRs and exist in five subtypes. The M1, M3 and M5 receptors are excitatory 
(Gq) receptors, whereas M2 and M4 acetylcholinergic receptors (Gi) inhibit neuronal 
firing through decreasing the intracellular concentration of cAMP (Langmead et al., 
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2008) and activating G-protein coupled inward rectifying potassium channels 
(GIRKs). Muscarinic M4-receptors (M4R) mediate opening of GIRKS via the Gβγ-
subunit, which leads to direct efflux of potassium ions from the cytoplasm causing 
hyperpolarization (Wess et al., 2007). The M4Rs in particular control synaptic 
acetylcholine tone in the striatum and VTA, as they provide feedback-inhibition of 
transmitter release from the presynaptic cholinergic neurons (Zhang et al., 2002; 
Tzavara et al., 2004). The M4Rs are highly expressed throughout the forebrain, with 
the highest expression-levels occurring in the striatum as shown with in-situ 
hybridization (Allen Brain Atlas, http://mouse.brain-map.org/experiment/show/261). 
Here they have been found to co-localize especially with D1R-expressing MSNs 
(Jeon et al., 2010). This particular location could make the M4Rs functional brakes 
on the striatal direct pathway. In this context, M4Rs have previously been shown to 
play a role in the responding to drugs of abuse. Studies have uncovered that global 
deletion of muscarinic M4 receptors leads to enhanced cocaine and alcohol self-
administration in mice (Schmidt et al. 2011; De la Cour et al., 2015). Moreover, the 
conditional deletion of M4 receptors from D1-receptor expressing neurons leads to 
increased locomotor responses to psychostimulants, as well as an elevated dopamine 
efflux in the striatum upon amphetamine injections (Jeon et al., 2010). A recent 
study on genetic polymorphisms within the M4R gene revealed a link to both 
cocaine and heroin addiction in human subjects (Levran et al., 2016). 
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AIMS	
	
The general aim of this doctoral thesis is to investigate how specific molecular 
pathways shape the understanding of good and bad, as well as motivation to seek and 
avoid such stimuli. Specifically, the thesis aims were: 
 
 

• To elucidate the molecular mechanisms behind inflammation induced 
aversion and how immune signaling affects the mesolimbic system (Study I 
and II). In more detail, these studies aimed to explore the role of the 
following targets for the development of systemic inflammation induced 
aversion. 

• Peripheral cytokines TNFα, IL-1β and IFNγ 
• PGE2- synthesis and signaling to PGE2 receptors 
• Motivational circuitry - including striatal signaling and midbrain 

dopamine 
 

 
• To investigate the role of melanocortin 4 receptors and their natural agonist 

α-melanocyte-stimulating hormone in various types of aversion, as well as 
how this satiety-peptidergic system influences motivational neurocircuitry 
(Study III). 

 
 

• To assess how different subpopulations of muscarinic M4 receptors 
expressed specifically on MSNs or acetylcholinergic neurons affect positive 
reinforcement behaviors and impulsivity (Study IV). 
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METHODOLOGICAL	CONSIDERATIONS	
	
In the following section, methods and animal models employed for the thesis work 
will be clarified. The rationale behind the use of each technique and model will be 
explained, with a particular emphasis on design, generalizability and proper controls 
for exclusion of confounding variables. This section will focus on the experimental 
techniques where I have been directly involved in both design and conduct. Any 
remaining technical information can be found in the specific manuscript on the 
individual study. 
 
Experimental animals - The mouse 
In this thesis mice were used as the experimental model organism. Mice share a high 
level of biological equivalence with human beings, corresponding to 90% of their 
DNA being homologous with ours (Waterston et al., 2002). In this perspective, it is 
not surprising that biological foundations for affective state to a large extent are 
similar between mice and human beings. To give a few examples of this: The 
mesolimbic dopamine system encodes reward and motivation in the same way in 
mice as in primates and humans (Ramchandani et al., 2011; Eisenberger et al., 2010; 
Martinez et al., 2010; Volkow et al., 2007; Shultz and Romo, 1990), and structures 
such as the nucleus accumbens, hypothalamic nuclei, central and basolateral 
amygdala and medial prefrontal cortex (mPFC) are heavily involved in regulating 
affective state in both mice and humans (Tye and Deisseroth, 2012). Currently the 
mouse is the most preferred animal model in neuroscience. The reason for this is not 
only the high level of biological homology with humans, but rather that mice are 
extremely suited for genetic engineering, enabling various kinds of target-specific 
manipulations. Null mutations can be introduced in virtually all genes of the mouse 
by applying the mechanism of homologous recombination in embryonic stem cells 
via gene-targeting techniques (Copeland et al., 2001). Mouse embryonic cells by 
nature have a higher frequency of homologous recombination than any other cultured 
cells. This fact, in combination with the ability to generate fertile mice from 
embryonic stem cells in culture, makes the mouse extremely suited for genetic 
engineering (Gardner and Brook, 1997; Glaser et al., 2005). Collectively the above-
mentioned features make mice appropriate experimental animals in the search for 
new treatment targets for human psychopathologies. Still an important problem in 
preclinical research remains: Finding suitable behavioral models, with a high level of 
face-validity and translatability, for exploring affective state in mice. 
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Ubiquitous knockout mice  
In the 1980’s, it was discovered that microinjections of foreign DNA into the cell 
nucleus of embryonic stem cells lead to genomic integration by homologous 
recombination in mice. This breakthrough allowed for an array of different 
modifications to be introduced to the mouse genome (Thomas and Capecchi, 1987; 
Doetschman et al., 1987). In this manner, scientists could take control over the 
expression of specific genes and the first knockout mice were produced in 1989 
(Thompson et al., 1989; Koller et al., 1989; Zijlstra et al., 1989). These were 
ubiquitous knockout mice, which meant that they lacked a specifically chosen gene 
from their genome in every cell of the body. In study I, II and III ubiquitous 
knockout mice were employed for studying specific components of immune-to-brain 
signaling and the role of MC4Rs in motivational valence to negative stimuli. These 
mice had null-mutations targeting the following proteins:  Caspase-1, IL-1R, 
TNFαR1/2, TNFαR1 and IL-1R, COX1, COX2, mPGES1, EP2R, EP3R, IFN𝜸, 
IFN𝜸R, Cxcl10, Cxcr3. EP1R and MC4R knockout mice are also ubiquitous, but 
were generated using a different strategy than that of classical null mutation mice. 
These are conditional mutagenesis mice as specified in the section below. When 
working with global knockout mice, considerations should be made on viability, as 
well as on developmental and compensatory mechanisms. Several cellular receptors 
involved in immunity are also key players in embryonic and neonatal development 
(Turgeon and Meloche, 2009). For instance, complete abolishment of the PGE2 EP4-
receptor gene (ptger4), which is a key player in adult immune signaling, is associated 
with neonatal heart and respiratory failure (Nguyen et al., 1997). Furthermore, viable 
knockout mice may develop compensatory adaptations or other secondary effects 
due to absence of the explicit gene. This complicates interpretation of results arising 
from global null mutations, and may make translation for development of new 
treatments difficult. The global nature of the null mutations in classical knockout 
mice may also obstruct the uncovering of discrete biological mechanisms, as several 
biological sites are affected. Due to these limitations, complementary interventions 
and biological measurements are pivotal for ensuring appropriate deductions when 
employing ubiquitous transgenic mice. In the present studies, pharmacological 
manipulations combined with measurements of gene expression and specific 
metabolites in restricted brain-regions have been used as complementary tools for 
evaluating results arising from null mutations.  
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Conditional strategies for knockout and knockin 
Site-specific recombination and gene targeting in murine embryonic stem cells, as 
described above, has resulted in the development of technologies that overcome 
some of the issues encountered with ubiquitous null mutations. Conditional 
mutagenesis technologies enable induction of mutations, which are specified 
according to cell-type and can be temporally regulated. A multitude of conditional 
knockout and knockin mice have been generated based on conditional mutagenesis, 
numerous of which are commercially available. In the studies of this thesis several 
transgenic mouse-lines have been used in order to investigate specific molecular 
pathways. The most common type of conditional mutagenesis utilizes DNA-
processing enzymes from other organisms, such as prokaryotes and lower 
eukaryotes, named recombinases. Recombinases mediate DNA rearrangements by 
breaking and joining the DNA-molecules at specific sites (recombination targets). So 
far, only three of these recombinases have been shown to function efficiently in 
embryonic stem cells when introduced artificially, of which the Cre-recombinase is 
the most widely used. The E. coli P1 phage Cre-recombinase specifically recognizes 
short DNA-sequences named loxP-sites (Sternberg et al., 1986; Branda and 
Dymecki, 2004). LoxP sites consist of 34 base pairs (bp), which include two 13 bp 
palindromic sequences, separated by an 8 bp spacer-sequence (Branda and Dymecki, 
2004). The Cre-recombination system can be used for generating conditional 
knockout mice by placing the Cre-gene under control of a cell-type specific 
promoter, while expressing the loxP-sites surrounding the gene of interest 
ubiquitously. This will cause inactivation of the gene of interest to occur only in cells 
where the promoter controlling the Cre-gene is active. For this kind of application, 
two transgenic mouse-lines are generated. In one mouse line, two loxP-sites are 
inserted on each side of an essential exon of the target-gene by homologous 
recombination, thereby producing a floxed (“flanked by lox-P sites”) mouse (Branda 
and Dymecki, 2004; Lodish et al., 2008). The loxP-sites are introns and will not 
disturb the normal function of the target-gene. Another mouse line, the Cre-mouse, 
carries the introduced Cre-gene linked to a cell-type specific promoter, as described 
above. The Cre will not affect the function of other genes when placed appropriately 
in the DNA-sequence, due to its specificity towards the bacteriophage loxP-sites. 
When the two mouse-lines are crossed, they will produce Cre-loxP mice resulting in 
cell-specific recombination according to the chosen Cre-driving promoter. Hence the 
Cre-expressing cells are the only cells where recombination catalyzed by Cre occurs, 
leading to deletion of the target-gene located between the two loxP-sites (Branda and 
Dymecki, 2004; Lodish et al., 2008).  
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Dependent on the orientation of the lox-P sites, in the same direction or opposite to 
each other, Cre-recombinase will mediate either excision or inversion of the DNA-
sequence they flank (Branda and Dymecki, 2004), as illustrated in figure 5. This 
feature has allowed for the development of the double-floxed inverted open reading 
frame (DIO). Introduction of mutations in the 8 bp spacer-regions of wildtype loxP-
sites has generated artificial heterospecific loxP-sites. This is relevant, as Cre-
mediated recombination is inefficient between two loxP-sites differing in spacer-
regions (Hoess, Wierzbicki and Abremski, 1986; Lee and Saito, 1998). In this 
manner, the DIO-technique utilizes two different sets of heterospecific, antiparallel 
loxP-type recombination sites (loxP and lox2272), which in the presence of Cre 
induces inversion of the coding sequence followed by the excision of two of the 
loxP-sites. This process leaves one loxP and one lox2272 recombination site in 
opposite orientation, and therefore unable to be further recombined (Schnütgen et al., 
2003; Atasoy et al., 2008; Branda and Dymecki, 2004) as illustrated in figure 6 on 
the next page. The DIO has become one of the most commonly used Cre-loxP based 
systems for introducing expression of genetic-constructs in transgenic mice, and is 
particularly employed in viral vector-based strategies, which were used in study I 
and III (Atasoy et al., 2008; Urban and Roth, 2015). 
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Another interesting application of the Cre-loxP system is that of re-expression of 
genes of interest in already ubiquitous knockout mice. Disrupting the expression of a 
target-gene, by inserting a non-coding-sequence called a “stop-cassette”, is typically 
used for generating ubiquitous knockout-mice. If the stop-cassette is flanked by 
loxP-sites, the knocked-out gene can be reintroduced by removal of the stop-cassette 
via Cre-recombination, following the same principle as explained above (Branda and 
Dymecki, 2004). This mechanism was utilized for generating global EP1R and 
MC4R knockout mice, and subsequently rescuing their expression on specific neural 
populations by using D1R-CreERT2 or DAT-CreERT2 lines in study I and III.
Knock-in strategies strengthen the conclusions derived from studies employing trans-
genic interference of specific target-genes. The re-expression of genes provides 
direct evidence of the necessity of that specific gene for its associated phenotype, 
whereas in the case of knockout observed consequences may be due to adaptive or 
secondary effects. Finally, the Cre-recombinase can be controlled temporally, 
thereby preventing developmental adaptive problems arising from gene knockout. In 
the present work two means for temporal induction of the Cre-recombinase were 
utilized: Ligand-dependent inducible Cre-recombinase mouse-lines and virus 
equipped with a Cre-recombinase-carrying construct. By adding a mutant estrogen-
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receptor ligand-binding domain to the C-terminus of the Cre-recombinase, it is 
possible to control translocation of Cre to the cell nucleus, and hence regulate its 
ability to approach lox-P sites and excise the target-gene. In this manner, the 
recombination requires ligation of the modified estrogen-receptor by 4-OH-
Tamoxifen. We have utilized transgenic mice based on the CreERT2-system, which 
is the most sensitive for inducing both translocation and recombinase activity (Indra 
et al., 1999). The following ERT2-lines were used in study I, II and III: Slco1c-
CreERT2, DATCreERT2 and Drd1CreERT2. To ensure that off-target Tamoxifen-
effects do not influence behavioral readout, control animals (mice carrying the floxed 
alleles, but no Cre) underwent the same Tamoxifen administration protocol as the 
test-animals (mice with floxed alleles carrying the Cre-recombinase gene).  
Though the above-mentioned techniques for cell-specific recombination have 
provided more exact means for elucidating molecular mechanisms than the 
ubiquitous null mutations, each transgenic Cre-loxP mouse should be carefully 
evaluated. The use of Cre-dependent reporter-genes (e.g. eGFP, tdTomato) has 
allowed for target-site recombination to be properly validated. Yet, considerations 
should be made when choosing an appropriate promoter for expression of the Cre-
recombinase, as several cells-types express similar proteins and thereby utilize the 
same promoter-sequences. In study II, unintended knockout of IFNγR using the 
Slco1c-CreERT2 line was present in the spleen. It is unlikely that the spleen 
endothelial cells are directly involved in immune signaling to the brain, but its 
potential contribution to inflammatory aversion signaling cannot be excluded based 
on these experiments. Lack of expression in other cells than the hypothesized target-
cells, could be a confounding variable preventing scientists from properly validating 
their hypothesis. Such limitations of the Cre-loxP system should be considered when 
drawing conclusions based on results from the technique. Furthermore, when using 
any kind of transgenic animals, whether conditional or ubiquitous, it is important to 
exclude potential confounding factors arising due to changed health status or 
baseline behaviors (locomotor responses, metabolism, learning etc.). The behavioral 
aspects monitored in the experimental paradigms, should be considered regarding the 
overall phenotype of the animals - that is: Are the mice capable of performing the 
task? 
The transgenic lines utilized in the current studies have been thoroughly described in 
the literature and by the commercial providers (please see references in the 
individual studies). In study I, III and IV, the most central transgenic animals were 
investigated to ensure intact learning and responding to alternative rewarding or 
aversive stimuli in the experimental conditioning paradigms. 
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Stereotaxic surgeries 
The use of stereotaxic surgeries in preclinical neuroscience has allowed for the direct 
manipulation of specific cell populations in brain areas of living animals. In study I 
and III, stereotaxic surgeries for the purpose of specific microcannula placement or 
viral vector injections were employed.  
Briefly, animals are anesthetized using isoflurane (1.0 - 1.5%) and when deeply 
asleep, they are mounted on a stereotaxic frame. The stereotaxic frame ensures 
proper fixation of the head of the mouse for the surgery, and provides precise 
placement of the surgical tools according to the target brain area (syringe, cannula-
holder etc.). Species-specific stereotaxic atlases specify 3D coordinates of brain-
areas in regard to anatomical structures on the skull (lambda and bregma). A micro-
drill is used for making tiny holes in the skull through which the dura can be 
penetrated, and subsequently a syringe or cannula can be lowered into the brain for 
injection of viral vectors or specific placement. In this way, the stereotaxic surgery 
technique allows for exact and direct targeting of various brain areas. The animals 
are treated with antiseptics (chlorhexidine), maintained on a heating-pad, and surgery 
wounds are enclosed or sutured. When given postoperative analgesia for 48 hours, 
mice recover this type of surgeries exceptionally well, without signs of pain or 
behavioral changes. In animals that received a microcannulation surgery, the cannula 
is mounted to the skull with anchor-screws and dental cement, and a dummy-probe is 
placed in the cannula to protect it from contamination and blockage. Dummy-probe 
insertion does not cause pain or discomfort as it is bypassing skin, muscle and 
meningeal tissue through the guide cannula (Geiger et al., 2008). Issues with 
stereotaxic surgeries include not only problems related to anesthesia and pain-
recovery, but also to the destruction of brain-tissue on the path of reaching the target-
area. Destruction of brain-tissue is minor when using thin needles, with a large 
Gauge, for viral injections. However, in the case of microcannula (which are 0.4 mm 
in diameter) the effect on bypassed brain-areas, in the small mouse-brain, might be 
detrimental. To ensure that consequences from surgical procedures do not become 
confounding variables in the final experimental design, control animals go through 
the same surgeries as test-animals. 
 
Viral expression strategies 
In study I and III, viral-vector transduction using adeno associated viruses (AAVs) 
were employed for transgene expression-strategies. This type of genetic tools was 
enabled by the identification of viruses with the potential to be engineered into 
effective gene-delivery (transduction) vectors. AAVs allow temporal and spatial 
control over expression of transgenes, and therefore have been used for a broad array 
of applications in preclinical neuroscience. 
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Compared to other viral vectors, the parvovirus AAVs have low levels of immune 
reactivity, stable transduction and are easy to work with, as they are considered non-
pathogenic. The AAVs can carry constructs of sizes up to approximately 4.7-5.0 
kilobases, corresponding to the size of the wild-type AAV genome (Aschauer et al., 
2013). This has made it possible to make cells in the brain express various kinds of 
transgene proteins, such as “Designer receptors exclusively activated by designer 
drugs (DREADDs)” (please see the subsequent section on chemogenetics) and Cre-
recombinases in combination with fluorescent reporter proteins (e.g. mCherry, 
eGFP). Several considerations on choice of experimental protocol, in terms of AAV-
serotype, injection-dose, type of promotor for transgene expression and expression 
time, should be made prior to experimentation. 
Natural AAV serotypes have been described based on specific surface-properties of 
the capsid (the protein-shell of the virus). Recombinant AAV-vector serotypes have 
arisen from providing AAV2 with the cap-genes of other AAV-serotypes, thereby 
changing the characteristics of AAV2 in its surface-interaction with target-cells 
(Zincarelli et al., 2008). Significant differences have been reported between 
serotypes of AAVs in transduction-efficacy of specific tissue and cell types. Hence it 
is important to select the appropriate AAV-serotype dependent on the particular 
application. In the current work AAVs were employed solely for the transduction of 
neurons, but were applied in different areas of the mouse brain: CPu and VTA 
(study I); VTA, whole striatum, arcuate nucleus and NAc shell (study III). AAV5 
and AAV8 have been demonstrated in a multitude of studies to effectively transduce 
neurons of these brain areas (Aschauer et al., 2013; Atasoy et al., 2012; Betley et al., 
2015; Wang et al., 2015; Witten et al., 2010). Another important aspect to consider 
for experimental design is that both AAV5 and AAV8-serotypes are capable of 
axonal transport in both retro- and anterograde directions (Castle et al., 2014). This 
phenomenon, can be regulated in a dose-dependent manner. For instance, by using 
lower doses of AAVs for transduction, axonal transport can be diminished (Castle et 
al., 2014). In study III, a high dose of AAV8 (600 nl per site of 3x1012 genome 
copies/ml) was applied for retrograde transduction from the NAc shell to the ARC, 
compared to direct targeting of POMC-somas in the ARC (250 nl per site of 3x1012 
genome copies/ml). The axonal-transport features of AAVs emphasize the 
importance of transduction-restriction to ensure proper target-selectivity. This can be 
achieved by control over gene-expression via the Cre-loxP system, as described 
previously. Expression of the viral-vector proteins can be made Cre-dependent by 
utilizing either a stop-cassette or a DIO, as described in the previous section on 
“conditional strategies for knockout and knockin”. In study I, transduction with Gq-
DREADDs and mCherry was done in the DATCreERT2 mouse-line to ensure 
dopamine neuron specificity, and in study III the POMCCre mouse-line was 
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employed for both local and anterograde transduction of Arcuate nucleus POMC-
neurons. Another way of restricting viral transgene expression is by selecting an 
appropriate promoter, compatible with the target cell-type, for driving the expression 
of the transgene. For instance, the human synapsin 1 gene promoter (hSyn) confers 
highly neuron-specific transgene expression from AAV-vectors (Kügler et al., 2003). 
hSyn is commonly used as a promoter in commercially available AAV-vectors. The 
vectors used in the present studies were all equipped with a hSyn-promoter and were 
either purchased from University of North Carolina (UNC) vector core, or kindly 
provided by professor Johan Jakobsson at Lund University. In study I and IV, the 
hSyn promoter defined AAV5 cell-transduction for expression of Cre-recombinase. 
In the case of Cre-recombinase carrying constructs, the Cre-loxP system self-
evidently cannot be utilized for selective expression of the construct. AAV-
transduced transgenes typically exhibit stable expression-levels in the brain three 
weeks after injection (Atasoy et al., 2012; Betley et al., 2015; Wang et al., 2015; 
Witten et al., 2010). Hence it is important to time the start of behavioral- or imaging 
experiments with the stereotaxic injections of the viral vectors, i.e. 3 weeks later. 
 
Chemogenetics 
The term chemogenetics covers the bioengineering of proteins to interact with 
previously unrecognized molecular substrates. Study I and III include investigations 
of neurocircuitry employing DREADDs. Various G-protein coupled receptors 
(GPCRs) have been modified in such a manner that they no-longer respond to natural 
ligands but instead are specifically activated by artificial designer-drugs. The Bryan 
Roth group was the first to successfully modify the human muscarinic M3 and M4 
receptors for this purpose using site-directed mutagenesis in yeast. They discovered 
two specific point-mutations that made it possible to generate muscarinic receptors 
with nanomolar potency to the biologically inactive clozapine analog, clozapine-N-
oxide (CNO). These modified receptors were insensitive to the endogenous receptor 
ligand acetylcholine, while maintaining low levels of constitutive activity. The Roth 
laboratory has generated several types of DREADDs, where the two most popular 
are the hM4Di and hM3Dq, which are Gi and Gq-coupled respectively (Urban and 
Roth, 2015). Several transgenic strategies for cell-type specific expression of 
DREADDs have now been developed based on the Cre-loxP system. In the present 
work AAV8-dependet transduction with commercially bought vectors carrying 
DREADD-constructs have been utilized in either a Cre-dependent (DIO) or Cre-
independent manner. In this way, neuronal firing can be induced using CNO 
mediated hM3DGq-activation or silenced using hM4DGi-activation. While 
hM4DGi-receptors have been shown to activate G-protein coupled inward-rectifying 
potassium channels (GIRKs) leading to hyperpolarization, the molecular 
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mechanisms behind hM3DGq induced neuronal firing involves increased 
intracellular calcium levels, but are otherwise not clarified (Roth, 2016). 
 
 
 
 
 
 
 
 
 
 
 
 

 
A drawback with DREADD-induced activation or inhibition is that the designer drug 
CNO is metabolized back to clozapine, though this occurs at a very low rate (Roth, 
2016). Recently the question has been raised if DREADDs indeed are activated by 
CNO or rather by the clozapine-metabolites, as CNO does not easily traverse the 
BBB (Gomez et al., 2017). These findings emphasize the importance of applying 
proper controls against potential off-target effects. Hence, all control-groups receive 
the same doses of CNO as the test-groups (study I and III). The only difference 
between test and control groups is that control group animals do not express Cre-
recombinase. These animals will as a consequence not express the DREADD-
constructs and therefore only experience DREADD-independent CNO-effects. 
Studies have shown that DREADD-activation effects on neural activity occur 10-15 
minutes after i.p. CNO administration in vivo and persist for hours (Alexander et al., 
2009). These ongoing effects make DREADDS particularly suited for conditioning 
paradigms with longer training sessions, where ongoing activation or inhibition of 
neural circuitry is desired. Proper timing of the i.p. CNO administration with cue-
conditioning is absolutely pivotal for the success of such experiments, as described 
in the Pavlovian conditioning on the next page: The strength of conditioning is 
dependent on the time-interval between presentation of the conditioned stimulus 
(CS) and unconditioned stimulus (US). For instance, if the US is CNO-induced 
hM3Dq-activation of specific neurons leading to an aversive state, it is absolutely 
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pivotal that the animal experience the onset of CNO activation when exposed to the 
visual cues in the conditioning chamber and that this occurs within a relatively short 
time. 
 
Pavlovian conditioning 
Ivan Petrovich Pavlov was a Russian physician working on the physiology of 
digestion, when he discovered that his experimental dogs would salivate whenever 
the technician who would feed them entered the room, even in the absence of food. 
He concluded that the dogs through a learning process had come to associate the 
technician with food. Through the repeated representation of the technician (the 
neutral stimulus) with the food (the unconditioned stimulus), the technician had 
become a conditioned stimulus predicting the presence of food. In this very simple 
manner Pavlov described how through conditioning previous neutral stimuli can 
become salient, and predict the arrival of either pleasant or unpleasant stimuli. 
Pavlovian conditioning is a type of associative learning common to both animals and 
human beings. This type of learning follows the reward-prediction error and is 
dependent on dopamine, as explained previously in the section on reward prediction 
error of the introduction and illustrated in Figure 1. It occurs, as described by the 
example above, through the repeated pairing of a conditioned stimulus (CS) and an 
unconditioned stimulus (US). When the association has been formed between the 
two, the CS will elicit the conditioned response (CR). In the above example the CR 
was the salivation of the dogs, which naturally (unconditioned) would be stimulated 
by the representation of food. Conditioning will occur if the US and CS are presented 
simultaneously, or if the CS precedes the US by a short interval. If the time between 
the CS and the US is too long, the association will not be formed. It is clear that this 
type of learning is essential for our ability to predict outcomes of situations, which is 
crucial when seeking positive stimuli important for our survival and avoiding 
negative ones (Bear, Connors and Paradiso, 2007). 
Pavlovian learning paradigms for rodents are typically based on conditioning 
towards a specific place or environment. In such paradigms, the CS will usually be 
environmental cues, which after repeated parings with an US will elicit either 
approach or avoidance behavior, depending on the nature of the US. When using a 
US with either appetitive or aversive properties, this paradigm is referred to as 
conditioned place preference (CPP) or conditioned place aversion (CPA), 
respectively (Sanchis-Segura and Spanagel, 2006). In the present studies, a three-
chambered conditioning box, more specifically the Panlab Spatial Place Preference 
Box (Harvard Apparatus), was employed for both CPP and CPA. This box consists 
of two visually distinct chambers connected by a Plexiglas corridor. Specific visual 
cues (CS) are present in each chamber: The left compartment has walls with black 
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dots on a white background, while the right compartment has grey stripes on a white 
background. 
 
 
 
 
 
 
 
 
 
 

 
A so-called biased place conditioning procedure was used to measure aversion and 
preference using this box. In this biased procedure, we take into account that our 
place-conditioning box in its design has an innate tendency to generate preference 
towards one of the chambers. Most mice naturally prefer the dotted chamber, 
irrespective of box or experimenter. To overcome this bias, the US was paired with 
the non-preferred chamber when it was rewarding, whereas in the case that the US 
was aversive, it was administered in the most preferred chamber. This method has 
been shown to produce reliable conditioned place responses comparable with other 
paradigms (Bardo et al., 1995) and prevents already existing bias towards either of 
the chambers to interfere with the conditioning and thereby become a confounding 
variable. Place-conditioning paradigms have also been demonstrated to function for 
human reward learning in the same manner as for rodents. Studies have 
demonstrated that time spend in the conditioning room is proportional to the 
subjective feelings towards the US (Childs and de Wit, 2010). These findings have 
provided translational strength to the Pavlovian place-conditioning paradigm. Still, 
considerations should be made when using place-conditioning paradigms in animal 
models. For instance, it is important to set criterions ensuring proper choice-
behavior, such as number of crossings between chambers, as a positive result in the 
place-preference box could be the consequence of inactivity. Another concern, for 
the interpretation of conditioning results, is the lack of separation between effects 
related to acquisition and expression. Acquisition is the acquiring of the behavior 
based on changed affective or motivational components, and expression is the 
remembering of the already acquired behavior. It is difficult to know whether the 
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experimental interventions, in particular when employing transgenic animals, used in 
CPP and CPA influence affective state as intended or interfere with the memory of 
the affective state. Hence, for these kinds or experiments appropriate control 
measures are pivotal. 
 
Models of systemic inflammation 
Lipopolysaccharide (LPS) is a typical component of the outer membrane of gram-
negative bacteria. This active fragment of endotoxin produced by E. coli bacteria has 
been used in several animal and human studies to produce systemic inflammation. 
When E. coli LPS is administered systemically, the innate immune system quickly 
responds by inducing symptoms of the acute phase response (Saper, Romanovsky 
and Scammell, 2012; Dantzer, 2001). Intraperitoneal (i.p.) injections of LPS are 
known to generate a pro-inflammatory cytokine profile similar to that observed in 
both humans and experimental rodents during infections, which is also characteristic 
for several chronic inflammatory diseases (Dantzer et al., 2001; Teeling et al., 2010; 
Biesmans et al., 2013; Neurath, 2014; Estevez et al., 2017). For the studies in this 
thesis (Study I, II and III), a low-grade systemic inflammation model was employed 
applying 10 µg/kg LPS i.p. from K-235 E. coli. At this dose, mice display mild 
symptoms of the sickness syndrome including elevated body temperature and 
anorexia (Nilsson et al., 2017a). Many animal models used for investigating 
inflammation-induced negative affective state are based on administrations of high 
doses of LPS (500-2500 µg/kg) (O’Conner et al., 2009; Biesmans et al., 2013). It is 
worthwhile noting that these higher concentrations of LPS may cause septic shock in 
mice, and therefore are dissimilar to the inflammation-levels occurring during 
common infections and chronic inflammatory diseases in human beings. Hence the 
low dose of LPS (10 µg/kg) i.p. may represent an advantage, as it is more like 
normal inflammatory conditions and is similar to that used in studies showing that 
endotoxins rapidly causes depressed mood in healthy human subjects (Reichenberg 
et al., 2001; Eisenberger et al., 2010). In order to ensure that the behavioral effects 
observed from i.p. LPS administration were generalizable to systemic conditions, 
and not exclusively related to inflammation in the peritoneal cavity, we compared 
conditioned place avoidance behavior elicited by i.p. injections to that caused by 
intravenous (i.v.) administration (study I).  
Similar to LPS, a myriad of pharmacological studies has demonstrated that systemic 
treatment with recombinant IL-1β induces all the above-mentioned aspects of 
sickness behavior (Dantzer et al., 2008). A common feature of various kinds of 
inflammatory diseases is the upregulation of pro-inflammatory cytokines. In this 
regard, IL-1β administration i.p. represents a useful strategy for simulating more 
general aspects of systemic inflammation as this cytokine is a general feature of 
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many types of diseases. In study I, we used a dose of IL-1β (600 ng) which 
previously has been shown to induce anorexia, HPA-axis activation and fever in 
mice (Nilsson et al., 2017b; Matsuwaki et al., 2014; Saha et al., 2005). Despite its 
relevant characteristics in initiating general inflammatory signaling, it should be 
noted that recombinant IL-1β is an artificial ligand in comparison to LPS, as it 
produces high but short-lived inflammation (Reimers et al., 1991).  
A common consequence of systemic cytokine signaling is the production of PGE2 at 
specific physiological sites (Saper, Romanovsky and Scammell, 2012). To 
demonstrate and mimic the inflammatory signaling of PGE2 in specific brain areas 
related to aversion, microinjections of 200 picomole PGE2 were given intra NAc or 
CPu. This dose of PGE2 is corresponding to cerebrospinal fluid levels capable of 
eliciting sickness symptoms (Nilsberth et al., 2009). 
 
Other models of aversion 
An advantage of the Pavlovian place-conditioning paradigm is that it is applicable 
for measuring aversive aspects of various kinds of treatments. Classical models of 
conditioned place aversion utilize diverse types of unconditioned stimuli for 
mimicking different aversive states, such as dysphoria and stress (i.p. injections of 
kappa-opioid receptor agonists), gastric distress (i.p. injections of Lithium Chloride), 
or pain (local subcutaneous formalin injections). In study III, this type of CPA 
models was utilized for investigating the role of MC4Rs in various aversive states. 
The specific agents employed as unconditioned stimuli and their doses are described 
below. 
The endogenous kappa-opioid receptor (KOR) system has been demonstrated to 
encode the dysphoric component of stress (Land et al., 2008). Pharmacological 
activation of KORs is known to evoke anxiety and dysphoria in human subjects 
(Pfeiffer et al., 1986; Millan 1990), and similar behaviors in rodents (Ehrich et al., 
2015; Land et al., 2008). Therefore, the selective KOR-agonist U50.488 was 
employed for inducing dysphoric aversion. This pharmacological agent is commonly 
used for generating CPA in mice at doses of 2.5 mg/kg (Ehrich 2015; Land et al., 
2008; 2009).  
One of the most reliable and frequently used aversive stimuli is lithium chloride 
(LiCl). This toxin is known to induce gastric malaise and hypothermia (McCann et 
al., 1989; Cunningham and Niehus, 1993). Hypothermia in mice is considered the 
biological correlate to nausea (Ngampramuan et al., 2014), and elevating ambient 
temperature during conditioning counteracts LiCl-induced aversion (Cunningham 
and Niehus, 1993), illustrating how important this particular aspect is to LiCl’s 
aversive properties. At doses around 130 mg/kg, LiCl has been reported to induce 
robust CPAs (Tzschentke, 2007).  
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Finally, local inflammation induced by subcutaneous (s.c.) injections of 2.5% 
formalin into the hind paw produces CPA and clear nocifensive behaviors (flinching, 
paw licking and lifting) (Johansen, Fields and Manning, 2001). This model has in 
early studies with human subjects been described to induce a short-lasting intense 
pain of sharp burning quality, which is followed by a long throbbing ache lasting 30-
60 minutes. Due to these qualities, it is widely used in preclinical research for 
investigating the affective component of pain (Bevan, Cools and Archer, 1989).  
 
Models of cocaine addiction 
Most models investigating drugs-of-abuse reinforcement intend to mimic the three 
phases of drug addiction: Binge intoxication, abstinence and relapse. Such 
behavioral paradigms are based on either contingent or non-contingent drug-
administration. In contingent administration models, the animal chooses to perform a 
specific behavior that leads to the delivery of the drug of abuse (i.e. operant 
responding), while in non-contingent administration models the animal is passively 
given the drug of abuse (as for Pavlovian conditioning and locomotor sensitization). 
Studies employing both types of drug administration may represent an advantage, as 
both categories of learning are important for the psychopathology of addiction. In 
study IV, both Pavlovian and operant conditioning models were employed for 
investigating the role of muscarinic M4 receptors on specific neural populations in 
cocaine reinforcement. During Pavlovian conditioning, cocaine was administered to 
animals i.p. prior to placement in the conditioning chamber of the place preference 
box. In contrast, in the operant runway paradigm the mice have to run to the goal-
box in order to receive an i.v. injection of cocaine through a long polyethylene tube, 
thereby leaving the animal undisturbed. The dose of cocaine, time-point of 
administration and duration of training-sessions are three pivotal factors determining 
the strength of drug-reinforcement learning. Studies using mice have shown that the 
magnitude and duration of retention of cocaine place preference is determined by the 
dose administered. Brabant, Quertemont and Tirelli (2005) found that the highest 
dose of 3 tested (4, 8 and 12 mg/kg i.p.) produced the strongest and most persistent 
place preference scores. Several studies using a cocaine dose of 15 mg/kg i.p have 
found robust reward learning effects in the CPP paradigm (Fritz et al., 2011; 
Klawonn et al., 2017), hence this dose was used as US in study III and IV. 
In the same manner, a previous study on M4-D1RCre mice demonstrated dose-
response relationships in a self-administration paradigm with significant differences 
at a concentration of 0.3 mg/kg i.v (Schmidt et al., 2011). Hence, this specific 
concentration of cocaine was utilized for the operant runway paradigm in study IV. 
In terms of generalizability, it is very difficult to compare the doses used for 
experimental animals with those commonly consumed by human subjects. This is in 
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part because the drug administration-routes are very different. Human addicts most 
commonly consume cocaine intranasal or by smoking it. Therefore, the basis for 
comparability between human and mouse cocaine-doses lies in the positive 
reinforcement associated with the dose of cocaine, where drug-seeking in animals 
typically is considered an equivalent to drug-craving. 
The importance of timing of cocaine administration and duration of training sessions 
for successful conditioning experiments, is in part due to the principles of the 
“opponent process theory” mentioned in the section on “reward allostasis” in the 
introduction. The strong A-process associated with cocaine consumption will 
naturally be followed by an equally strong B-process. If the conditioning is not timed 
accurately, the unpleasant B-process could inadvertently become the US. This effect 
has been demonstrated in preclinical conditioning-models using cocaine (Pliakas et 
al., 2001; Ettenberg et al., 1999). Consequently, mice are most commonly placed in 
the conditioning chamber immediately after cocaine administration for a short time-
interval of approximately 10-20 minutes (Tzschentke, 2007). The duration of the 
place preference-conditioning sessions in the current work was 15 minutes.  
 
Palatable food 
Palatable food is a natural positive stimulus commonly used for investigating normal 
motivational responses in rodents during both Pavlovian and operant conditioning 
experiments. Place conditioned behaviors to natural rewards are considered 
conceptually different to those arising from drugs-of-abuse. Natural reward-based 
place preference scores are believed to represent the conditioning of the 
unconditioned search for the reward, rather than the affective component associated 
with its consumption (Spiteri, Le Pape and Ågmo, 2000). Hence place conditioning 
towards palatable food primarily illustrates the spatial learning to find reward and the 
motivational aspects associated with this search. Various kinds of palatable food 
have been utilized for self-administration, operant runway and place preference 
paradigms, including sucrose-water, sucrose pellets with added tastes, sweetened 
condensed milk and Kellogs fruit loops (Wakonigg et al., 2003; Panaro and Cone, 
2013; Tzschentke, 2007). Prior to establishing the palatable-food enforced paradigms 
used in study III and IV, a set of pilot-experiments where conducted for monitoring 
approach-behavior and overnight consumption in wildtype mice to different types of 
palatable food (i.e. apple, honey-covered oats, strawberry marmalade, fruit-loops, 
marzipan and Nutella®). Among C57bl/6 mice the most popular choice was honey-
covered oats (START!®) and Nutella®. Conditioning mice to honey-covered oats in 
the CPP-paradigm turned out to be difficult. This is because the mice used the 
conditioning-session to hide the oats under walls and obstacles, instead of eating 
them. Since food-induced CPP has been shown to depend on the actual consumption, 
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rather than cues associated with prior or later reward (Maes and Vossen, 1993), it is 
not surprising that the mice failed to develop place preference towards the oat-paired 
chamber. Another important aspect to consider when choosing a palatable food 
stimulus is how it is metabolized. Differences in the preference-response of animals, 
to high fat or high carbohydrate foods, may depend on genotype-related variations in 
metabolism. When investigating the MC4R KO mice (study III) this was a 
particularly important feature to consider, as these mice are obese and respond very 
differently to fatty or sucrose-rich rewards (Mul et al., 2012) than normal mice. In 
regard to the above-mentioned considerations, Nutella® was the best candidate for 
palatable food-reinforcement, as it is both fatty and sweet, can be delivered in very 
small quantities and is a creamy paste, which prevents mice from hiding it (they 
rapidly realize they have to consume it).  
 
Other behavioral paradigms 
Operant runway 
Operant runway-based procedures have been used to study reinforcing effects of 
various kinds of positive stimuli. In study III and IV, the operant runway was 
employed for investigating motivational features of palatable food reward and 
cocaine seeking. 
In 1938 the American psychologist Burrhus Fredric Skinner coined the term operant 
conditioning. While Pavlov had demonstrated that during classical conditioning the 
environment affects the subject by punishment or reward leading to reinforcement of 
specific behaviors, Skinner proposed that in nature it is the subject affecting the 
environment. During operant conditioning the subject operates on the environment, 
which in turn leads to reward or punishment that will further enforce or block certain 
behaviors. During reinforcement learning, the subject will form associations between 
this operation and a reward (positive reinforcement) or an avoided punishment 
(negative reinforcement) (Bear, Connors and Paradiso, 2007). 
Theories describing the role of dopamine in operant goal-seeking behavior 
emphasize either conditions antecedent to the behavioral response (motivation) or 
the consequences of the behavioral response (reward). The operant runway paradigm 
was developed in the Ettenberg laboratory, in order to better dissociate the 
motivational and reinforcing processes in drug-seeking behavior (Ettenberg, 2009). 
The idea behind this paradigm is that the nature of the operandum (the run and 
search) allows for more clear investigations of the antecedent aspect of reward, 
compared to classical self-administration paradigms based on momentaneous lever 
pressing. The operant runway is basically a long corridor with a start-box, for 
confinement of the animal prior to the task, and a goal-box, where the animal will 
receive the reward upon entrance. The time required for an animal to cross the 
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corridor of the runway is the index of the animal’s motivation to seek the reward, 
and is inversely proportional to the strength of the specific stimulus.  
A clear advantage of the operant runway, over self-administration paradigms, is that 
it is built on a natural operandum for rodents (i.e. search and run behavior). A 
drawback of this procedure is, in the same manner as with CPP, that the cocaine-
administrations are confined to a specific number, which prevents measurements of 
compulsive ceiling effects on intake (such as break-point) (Sanchis-Segura and 
Spanagel, 2006). But in this way, the operant runway model may be a suited 
paradigm for “operant mirroring” of findings made in the Pavlovian place preference 
paradigm. 
 
Locomotor measurements 
Offline measurements of locomotor-activity were done in study I and IV, by 
utilizing contrast-based video tracking-programs (EthoVision XT from Noldus and 
SMART 3.0. from Panlab). Decreased locomotor activity is frequently used as 
readout for inflammation induced sickness behavior (Dantzer, 2001). In study I, LPS 
induced decreases in locomotion was monitored over one hour, to observe sickness 
behavior in a duration comparable to that of the LPS CPA conditioning sessions. 
Animals were pre-injected 10 min prior to locomotor-recordings, in the same manner 
as for CPA-training. During this time, the animal is confined to a small chamber in a 
grey locomotor box and the experimenter has left the room to prevent unnecessary 
stress. To ensure that the recordings are done consistently and that other factors 
(such as external noise or the time-of-day) do not influence the behavior of the 
animals, intervention and control mice are recorded simultaneously and their 
allocation to chambers is interchanged between each run. The presence of other mice 
in the box could influence behavioral readout, but having internal controls for each 
run has a high value for ensuring comparability between the trials. It should be noted 
that affective state and movement have been suggested to share a common neural 
circuitry in the dorsal striatum. This is not too surprising, as positive affective state 
often is associated with increased motion, whereas negative emotions can be 
accompanied by inactivity (Kravitz and Kreitzer, 2012). This phenomenon makes it 
difficult to clearly separate the sickness-syndrome induced decrease in locomotion 
from that occurring as a consequence of sickness induced negative affect. 
In study IV, cocaine induced locomotor sensitization was explored. Sensitization in 
general refers to an increase in a response specifically associated with the recurrence 
of a stimulus. Animals that are repeatedly administered with the same dose of 
cocaine (e.g. 15 mg/kg) will develop a significant increase in movement over the 
time-course of administrations (Sanchis-Segura and Spanagel, 2006). Even though 
locomotor sensitization is a behavior dissimilar from associative learning, studies 
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have shown that a conditioned locomotor-component can occur. This is typically the 
case when the drug of abuse is administered in another environment than the home-
cage (Robinson and Berridge, 2003). It is important to clarify this component by 
monitoring locomotor activity of animals, which have undergone drug-induced 
locomotor sensitization, in the drug-paired environment in absence of the drug. This 
was done in study IV. Furthermore, the administration route is extremely important 
for the success of locomotor sensitization to cocaine. Administration routes with fast 
onset of drug-effects are particularly feasible for sensitization, such as i.p. injections 
(Sanchis-Segura and Spanagel, 2006). Yet, repeated i.p. administrations are 
physically stressful for mice, and need to be performed with extreme care and 
sensitivity, otherwise the animals will not increase their locomotor responses. 
 
Immunohistochemistry 
Antibodies are large proteins equipped with specific binding domains (Fc fragments) 
for recognition of foreign molecules, so called “epitopes”. An epitope may be any 
kind of biological structure, including specific sites of proteins. The antibodies have 
evolved as part of the vertebrate immune-system strategy for recognizing and 
evading various kinds of pathogens (Schroeder, 2015). Hence the adaptive immune 
system of vertebrate species will, when encountering foreign epitopes, generate 
antibodies with high specificity against these. This principle has been utilized for 
producing a multitude of antibodies for detection of various kinds of proteins in 
biomedical research (Saper and Sawchenko, 2003). Immunohistochemistry is a term 
that encompasses several antibody-methods used for identifying proteins in intact 
tissue. Many advances have been made to increase the sensitivity of the antibody-
signal for microscopic visualization, the most important being the development of 
systems based on secondary antibody detection (Sternberger, 1979). In such systems, 
the specimen will be introduced to the primary antibody, which will bind to the 
target-epitope, and in turn be recognized by a species-specific secondary antibody, 
providing amplification of the primary antibody signal. In fluorescent 
immunohistochemistry the secondary antibody is conjugated with a fluorophore. As 
fluorophores have the ability to absorb light at one wavelength and emit them at a 
much longer wavelength, the emission and excitation light can be separated allowing 
for high-resolution visualization of the epitope. Fluorescent immunohistochemistry 
has made the detection of several epitopes simultaneously possible; this is in part due 
to the different emission spectra of potential conjugated fluorophores. In 
paraformaldehyde-fixated brain sections all biological structures remain intact, 
which permits investigation of complete neurons and their protein expression-
patterns. Fluorescent immunohistochemistry in combination with confocal 
microscopy was utilized to validate cellular specificity of recombination-strategies. 
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In study I-III, Cre-dependent expression of fluorescent reporter-proteins (i.e. 
mCherry, tdTomato, eGFP) was introduced, by employing DIO or floxed stop-
cassette strategies, via viral-transduction or by using a transgenic reporter-line.  
Several precautions have to be taken when employing antibodies for anatomic 
studies, the primary ones are concerning specificity. Most antibodies are 
characterized using western blotting to verify staining of protein-bands with 
equivalent weight as that expected of the epitope, but the gold standard for testing 
antibodies is to stain tissue with and without the epitope of interest (Saper and 
Sawchenko, 2003); This can be done by utilizing tissue-sections from knockout 
animals. In the present work, previously characterized antibodies were employed. 
These include anti-CD-31, anti-pp-enkephalin, anti-eGFP, anti-RFP, anti-Tyrosine 
Hydroxylase, anti-Lipocalin-2. 
 
Enzyme-linked Immunosorbent Assays 
Enzyme-linked Immunosorbent Assay (ELISA) is another common technique 
employing the principles of antibody epitope-recognition as described on the 
previous page.  
These techniques are typically solid-phase methods, where the epitope-specific 
antibody is non-covalently bound to a solid phase-support in a microtiter-plate 
(Lequin 2005). Epitopes from sample-homogenates will bind to the antibodies, and 
subsequent washing of the plates will ensure specific containment of the epitope for 
detection. In many ELISAs (like the assays used in study I and III), detection is 
based on the principle of competitive-binding to the primary antibody between the 
sample epitope and an introduced tracer-carrying epitope. Since the concentration of 
the epitope-tracer is held constant in all wells, while the sample-epitope levels are 
variable; the amount of tracer-epitope that can bind to the antibody in the wells is 
inversely proportional to the concentration of sample-epitope already bound in the 
wells. The levels of tracer can subsequently be determined by spectrophotometry and 
the concentration of epitope calculated from these results 
(www.caymanchem.com/pdfs/514531.pdf). Due to the principle of competitive 
ELISAs, the accuracy of sampling, treatment of samples and pipetting is absolutely 
pivotal. This is because proper detection primarily relies on the concentration of 
metabolites and epitopes used in the assays. Many commercial ELISAs are now 
available for detecting metabolites in blood-samples and tissue-homogenates. The 
accuracy of these ELISAs is primarily determined by the quality of the applied 
antibodies. In many cases the ELISAs will recognize other molecules with similar 
structure as the epitope, leading to cross-reactivity. In study III, corticosterone 
levels were directly determined from heart-blood using a commercial ELISA kit.  
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Direct determination of PGE2-levels is difficult to achieve, since PGE2 is rapidly 
metabolized in the body. Therefore, indirect measures have been developed based on 
ELISA-detection of PGE2-metabolites (13,14-dihydro-15-keto PGA2 and 13,14-
dihydro-15-keto PGE2) converted to a single stable derivative. A commercial PGE2-
metabolite ELISA was employed for detection in homogenates of specific brain-
areas (forebrain, NAc, CPu) in study I. 
 
Electrophysiology and optogenetics 
The recognition that animal cells exhibit bioelectrical properties led to the 
development of sophisticated electrodes for recording such events. Glass 
micropipettes with tips in the size of tens of nanometers, filled with electrolyte-rich 
solution and a recording-electrode connected to an amplifier, have permitted 
recordings from virtually any type of neuron. Electrophysiological recordings can 
now be done from neurons in acutely prepared brain slices using patch-clamp 
recording techniques, including the cell-attached patch. 
During such recordings, input through the patch-pipette-electrode is compared to that 
of the extra-cellular reference electrode. By using a current-clamp configuration, it is 
possible to measure action potentials across the cell membrane. This is because a 
fixed amount of current is injected through the micropipette to hold the current 
across the membrane constant (clamped). According to Ohm’s law where U=I*R (U 
is voltage; I is current; and R is resistance across the membrane), keeping the current 
constant will allow for the recording of voltage-changes across the cell membrane. In 
this manner, the membrane potential is recorded as the voltage difference between 
the inside and the outside of the cell (Molleman, 2003). In study III, cell attached 
recordings were done from NAc neurons in coronal brain sections, by establishing a 
giga-seal without patching (opening) the cell. This provides a way to record the 
spontaneous firing activity of neurons in brain slices without rupturing the cell 
membrane. The technique has an advantage when studying GPCR-mediated 
signaling that is dependent on the presence of intracellular metabolites, such as 
guanosine triphosphate (GTP), and therefore is sensitive to washout-effects.  
In the last decade, new techniques have evolved enabling circuit specific functional 
investigations, such as Chemogenetics and Optogenetics. Optogenetics is based on 
the discovery of algae channelrhodopsins (Chr2), which are light-gated cation-
channels. These can be incorporated into neurons by utilizing the Cre-loxP system as 
previously described. After stable expression of Chr2 is achieved, laser-light can be 
used for activating Chr2-conduction of positive ions into the neuron. This allows for 
scientists, via guided control of the laser, to introduce depolarization of specific 
neurons with high temporal precision (Fenno, Yizhar and Deisseroth, 2011). 
Optogenetics have been utilized in many areas of neuroscience to study optically 
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evoked release of classical amino acid neurotransmitters, such as GABA and 
Glutamate, using ex vivo voltage clamp recordings in slices. Yet, studies employing 
optic stimulation for release of neuropeptides are still rare. The reason for this is 
propably that neuropeptides, which are stored in large dense core vesicles, require a 
different pattern of optic stimulation than that used for release of fast 
neurotransmitters. The release of neuropeptides is overall less efficient, slower and 
requires longer stimulation, than that of amino acid transmitters (Arrigoni and Saper, 
2014). Therefore, when recording from NAc neurons that receive input from chr2-
expressing POMC-projection neurons (in study III), 470 nm optic stimulation at 60 
Hz was applied for minimum 1 minute.  

 
 
As mentioned previously, MC4Rs are excitatory receptors. Hence increases in firing 
activity could indicate $-MSH release from POMC-neurons. To further complicate 
matters, $-MSH is known to be co-released with glutamate (Hentges et al., 2009). 
Thus, in order to ensure that recorded changes in neural activity are due to MC4R-
signaling, it was pivotal to use both glutamate receptor and MC4R antagonist. 
Though cell-attached recordings have many advantages when monitoring differences 
in neural firing as a consequence GPCR-activity, they have the potential limitation of 
introducing erroneous signals. This is a consequence of increased somatic calcium, 
due to mechanical stress arising from the pipette-cell interaction, and is an effect that 
is more common in small neurons (Alcami et al., 2012) 
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RESULTS	AND	DISCUSSION	
	
In this section, the results from each study are summarized and discussed in detail. 
An overall discussion and perspectives on the collective research can be found in the 
section “concluding remarks and perspectives”. 
	
STUDY I. PROSTAGLANDIN-DEPENDENT MODULATION OF 
DOPAMINERGIC NEUROTRANSMISSION ELICITS 
INFLAMMATION-INDUCED AVERSION IN MICE. 
 
In order to investigate how inflammation is perceived as unpleasant and causes 
negative affect, we developed a conditioned place aversion model towards systemic 
inflammation. We uncovered a specific molecular pathway underlying inflammatory 
aversion by employing a strategy based on cell-type specific gene deletions, 
pharmacology, and circuit-specific chemogenetics.  
 
Cytokine and Toll-like receptor signaling across the BBB in LPS CPA 
We found that systemic inflammation induced by a low dose of E. coli LPS 
(10µg/kg) or of IL-1β (600ng) consistently triggered place aversion. This dose of 
LPS was sufficient to induce sickness symptoms such as anorexia and inactivity. In 
order to elucidate a potential role for BBB endothelial cells in cytokine or TLR 
immune-to-brain signaling, we used the floxed-Myd88 mouse in combination with 
the endothelial-specific Slco1c-CreERT2 mouse to achieve selective gene deletion. 
These animals do not develop place aversion to neither LPS nor IL-1β. Furthermore, 
we uncovered that TLR4-Slco1c-CreERT2 mice also do not develop aversion to 
LPS, demonstrating a direct mechanism through which LPS can bind to TLR-
receptors on the BBB. Endothelial recombination was validated using the Slco1c-
CreERT2 mice paired with a floxed tdTomato-reporter line in combination with 
fluorescent immunohistochemistry targeting CD31 (an endothelial specific cell 
adhesion molecule). To ascertain that the Myd88-signaling pathways are not 
involved in mediating aversion via innate immune cells, we deleted Myd88 
specifically from myeloid cells using LysMCre mice. The myloid cells are precursor 
cells for the non-lymphoid immune cells, which include monocytes, macrophages 
and granulocytes (Kindt, Goldsby and Osborne, 2007). Mice with Myd88 deletion in 
myeloid cells displayed normal aversion to inflammation. 
Since IL-1β aversion is Myd88-dependent, we tested different interventions targeting 
IL-1β-signaling (IL-1R antagonist and global knockout, Caspase-1 knockout) to 
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impact the LPS CPA phenotype, but we found these to be inadequate. We tested if 
TNFα signaling in itself influences LPS CPA, but global TNFαR1/2 KO did not 
affect aversion. The likely reason for the lack of phenotype, when targeting IL-1β, is 
the previously reported compensatory mechanism by TNFα (Bluthé et al., 2000). In 
accordance with this notion, LPS CPA was significantly attenuated when testing a 
combined TNFαR1/ IL-1R knockout mouse. 
 
PGE2 signaling in the dorsal striatum via D1R neurons induce CPA 
To investigate if prostanoid synthesis is important for LPS induced aversion, we used 
different strategies targeting COX1 and COX2 (i.e. systemic administration of 
common and specific inhibitors - Indomethacin, SC560 and parecoxib respectively; 
i.c.v. administration of COX1 inhibitor SC560; global KO of COX 1 and COX2). 
These results coherently revealed that COX1, and not COX2, is the major isoform 
involved in prostanoid synthesis signaling inflammatory aversion. Furthermore, we 
found that the mPGES1 KO mice have significantly attenuated LPS CPA, which 
demonstrates an important role for PGE2 production in systemic inflammation 
induced aversion. In order to explore the role of PGE2 receptors, we tested EP1R, 
EP2R, EP3R and EP4R-Nestin KO mice in the LPS CPA paradigm. Interestingly, 
both EP1 and EP2 receptor deletion significantly attenuate inflammation-induced 
aversion. The EP1Rs have been demonstrated to regulate striatonigral circuitry in 
relation to stress (Tanaka et al., 2009; 2012). Hence it was not surprising to find that 
local injections of PGE2 into the CPu elicits CPA, while injections into the NAc 
failed to change the initial choice of chamber. This effect was due to EP1Rs 
specifically on striatal D1R expressing neurons, as illustrated using rescue-strategies 
targeting D1Rs and the CPu (floxed-stop-cassette KO mice and AAV5-Cre 
respectively). Validation of recombination was done using Cre-dependent 
fluorescent reporter proteins, i.e. the floxed tdTomato mouse line or AAV5-DIO-
eGFP, in combination with immunohistochemistry targeting either enkephalin-
positive D2R MSNs (to investigate specificity towards D1R over D2R expressing 
neurons) or eGFP for reinforcing the viral signal. 
 
Inflammation leads to decreased dopamine mediating aversion 
In coherence with the above-mentioned findings, demonstrating the importance of 
PGE2-signaling in the dorsal striatum during inflammation-induced CPA, PGE2-
metabolite ELISAs confirmed significant induction of PGE2 in the CPu, but not in 
the NAc. This induction was dependent on COX1-activity as it was absent in COX1-
KO mice. In a following series of experiments, we found that interventions targeting 
dopaminergic circuitry were successful against LPS CPA. When diminishing 
GABAergic input to dopamine neurons, by targeting the GABAA-receptor subunit 
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Gabrg2 specifically on dopaminergic neurons via the DATCreERT2 mouse, place 
aversion to inflammation was abolished. When using hM3Dq DREADDs to activate 
midbrain dopamine neurons prior to and during conditioning with LPS, mice did not 
develop aversion. Recombination was validated for these two strategies by 
employing Cre-dependent fluorescent reporters (tdTomato and mCherry) in 
combination with fluorescent immunohistochemistry targeting tyrosine hydroxylase 
positive neurons in the midbrain (VTA and SN). In line with these findings, blocking 
dopaminergic-signaling with a D1R-antagonist, SCH23390, restored inflammatory 
place aversion in EP1R KO mice. Finally, we demonstrated that inflammation-
induced aversion is not an indirect consequence of anorexia or pain, but instead 
constitutes an independent inflammatory symptom triggered by a unique molecular 
mechanism. We did this by targeting molecules that were critical for eliciting 
positive results in the CPA-paradigm: COX1 inhibition, Myd88-Slco1c-CreERT2, 
EP1R KO, EP1R-D1RCreERT2 rescue and Gabrg2-DATCreERT2. None of these 
interventions affected inflammation induced anorexia or pain CPA. 
 
STUDY I. DISCUSSION 
Collectively, the findings from study I demonstrate a pathway underlying negative 
motivational state induced by inflammation, in which peripheral cytokines and 
PAMPs signal across the BBB leading to PGE2-mediated modulation of the 
dopaminergic motivational circuitry. 
 
Inflammation induced conditioned place aversion - a new way of monitoring 
inflammation induced negative affect? 
All results from this study are novel, as we are the first to publish findings from the 
LPS CPA paradigm. Previous studies exist with conditioning-protocols towards 
inflammatory stimuli; these are primarily CTA paradigms, but there also exists one 
IL-1β odor-based conditioning paradigm published by Morméde and colleagues 
(2003). Unfortunately, the paradigm used in that study is unlikely to be comparable 
with ours, as the authors did not utilize a classical place-conditioning protocol. 
Furthermore, inflammation induced CTA has been demonstrated to be independent 
of PGE2-synthesis (Nilsson et al., 2017a), hence these models represent different 
inflammatory behaviors with specific neurobiological foundations. 
Monitoring negative affect related to systemic inflammation in preclinical models is 
not straightforward. Cytokine-induced sickness behaviors represent a potential bias 
in classical behavioral paradigms, such as the forced swim test and sucrose 
preference test. This is because some sickness behaviors overlap with preclinical 
depression-like behaviors. In particular, decreases in locomotor activity and food 
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intake are major symptoms of the sickness syndrome, which interfere with 
preclinical readouts for depressive state. For instance, both the forced swim and tail 
suspension tests operate with immobility as an equivalent to helplessness and despair 
behavior, while decreased sucrose intake in the sucrose preference test is interpreted 
as depression-associated anhedonia. In this context, the LPS CPA paradigm offers an 
advantage, as there is no inflammatory stimulus present on the test-day. The mice are 
making their choice in respect to the previously formed association between the 
inflammatory stimulus and the cues. In this way, the actual symptoms arising from 
the systemic inflammation cannot influence the behavioral readout of this model.  
As mentioned under the methodological considerations, this separation of the 
affective experience during the conditioning from the learned response measured 
during the test is unfortunately also one of the limitations of the paradigm. A major 
concern, for the interpretation of conditioning results, is the lack of separation 
between effects related to acquisition and expression. In the present study, we were 
able to approach the issue of integrity of transgenic mice in acquisition by utilizing 
the formalin paw pain paradigm. In other words, we proved that the mice were not 
unable to learn the conditioning scheme. Some of the most important findings in this 
study demonstrate the difference between the pathway signaling inflammation-
induced aversion and other inflammatory pathways responsible for anorexia, pain 
and fever. We found that the interventions blocking aversion had no effect on loss of 
appetite or pain. Furthermore, it has been demonstrated in the literature that fever is 
mediated by COX2 and EP3Rs, rather than COX1 and EP1Rs. This makes the 
systemic inflammation induced aversion particularly interesting, as it constitutes a 
previously undefined (though for most people well-known) symptom of the sickness 
syndrome. Consequently, the LPS CPA paradigm may offer a whole new avenue of 
research relevant for understanding how the immune system directly influences 
motivational state.  
 
In the Merriam-Webster dictionary affect is defined as a conscious subjective aspect 
of an emotion. In the current study, we assumed that inflammatory CPA functions as 
readout for changed motivational state due to negative affect (i.e. malaise and 
decreased mood). This notion is equivalent to findings from human CPP studies 
showing that chamber choice reflects subjective feelings associated with the US. In 
the case of the LPS CPA using transgenic mice, this conclusion may be considered 
premature for the following reasons: 1) We did not utilize any other behavioral 
paradigms to monitor affective state because it is not possible to separate sickness 
behavior and mood effects during acute inflammation - as discussed above. We 
could have utilized previous inflammation induced depression models, but they offer 
very poor translatability as they are based on non-acute administrations of very high 
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doses of inflammatory stimuli. 2) The overlay between motivational circuitry and 
affective neurocircuitry remains to be clarified. As explained in the introduction on 
“the role of dopamine”, Berridge, Robinson and Salamone demonstrated how 
dopamine encodes incentive and not affect. Despite the clear neurobiological 
segregation between affect and motivation, they are undeniably related. We are by 
nature motivated to seek pleasant stimuli and changes in dopamine signaling is 
associated with changed affective state. 
 
Immune-to-brain signaling across the BBB - the missing link to CPu PGE2-
synthesis and the missing cell 
The finding that Myd88 deletion from endothelial cells prevents aversion to both 
LPS and IL-1β is particularly interesting. It demonstrates the presence of a pathway 
across the BBB, not only restricted to PAMPs (via TLR4s), but also utilized by 
cytokines involved in various inflammatory conditions. It is important to note that 
though we validate brain-endothelial recombination using the tdTomato reporter, the 
Slco1c-CreERT2 mouse has been found to also induce some recombination in other 
organs. We base our results on the cumulative evidence, demonstrating the 
importance of BBB endothelial cells, arising from other strategies (Ching et al., 
2007; Wohleb et al., 2014). 
 
As it has been demonstrated that peripheral cytokines induce synthesis of PGE2 in 
the endothelium during fever, it is not unlikely that a similar mechanism is involved 
in inflammatory aversion. It would have been relevant to provide data supporting the 
molecular link between peripheral inflammation and PGE2 synthesis in the CPu. 
Though we demonstrate that these features collectively are central for the same 
behavioral readout (the LPS CPA), we do not show any molecular data supporting 
the causal link between the pathways. Experiments could have been pursued 
targeting COX1 or mPGES1-expression or detecting PGE2-levels in the Myd88- or 
TLR4-Slco1c-CreERT2 mice. However, COX1 induction remains controversial and 
it is unknown if mPGES1 expression changes during low doses of LPS.  
 
An interesting feature of the inflammation-induced aversion is COX1 and mPGES1 
coupling. This is considered somewhat controversial in the field of immune-to-brain 
signaling. Fortunately, studies are emerging with evidence for such a link during 
various inflammatory conditions. A question still remains though: Which cell-type is 
responsible for PGE2 synthesis leading to aversion? In the article, we hypothesized 
that it would be endothelial cells expressing COX1 and mPGES1, though COX1 is 
primarily expressed in microglial cells. We are currently working on a follow-up 
study that has demonstrated that COX1 in endothelial cells is not responsible for LPS 
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CPA. Instead, we found that prostanoid synthesis in microglia is mediating the 
aversive signaling and MCP1 released from the BBB endothelium is involved. As a 
consequence, microglial mPGES1 should be the isomerase responsible for PGE2 
synthesis, but this remains to be confirmed. Primary culture studies have 
demonstrated the presence of microglial mPGES1 PGE2 synthesis (Ikeda-Matsuo et 
al., 2005), while results arising from brain immunohistochemistry have not provided 
conclusive evidence for this (Eskilsson et al., 2014; Ikeda-Matsuo et al., 2005). 
 
PGE2 signaling to motivational neurocircuitry – Time for a revision of the role 
of nigrostriatal circuits in motivation? 
Another central finding is that PGE2 induction in the CPu leads to aversion via 
EP1Rs on D1R-expressing neurons. This result is interesting as increased activity of 
striatal direct pathway neurons commonly is considered to signal reward. The direct 
pathway neurons mediate some of these effects by targeting GABAergic 
interneurons in the midbrain, which disinhibit dopamine neurons (Bocklish et al., 
2013). Tanaka et al (2009) demonstrated that EP1Rs located on GABAergic neurons 
target the dopamine neurons directly, thereby leading to a decrease in dopamine. Our 
results are consistent with these findings. The specific differences in direct-pathway 
circuitry of the striatum remains to be further explored. In this context our findings 
are somewhat controversial, as it is generally regarded that D2R indirect pathway 
neurons are the key players in signaling aversion. The finding that EP1Rs on D1R 
neurons are responsible for reducing dopamine, could demonstrate a collective 
strategy through which Gq-coupled EP1Rs on both D1R and D2R MSNs mediate 
similar effects in the presence of PGE2. This hypothesis remains however to be 
explored. Furthermore, targeting EP2Rs demonstrated similar effects as EP1Rs. 
These receptors could be interesting to explore further in inflammation induced 
aversion and affective state, as they are expressed on affective neurocircuitry and 
display a somewhat different expression patter than EP1Rs. 
The finding that PGE2 drives aversion when injected in the CPu, but not the NAc, 
demonstrates the specificity of the PGE2-signaling. Yet, this is somewhat surprising, 
since the CPu primarily is involved in habituated behaviors, while the NAc is central 
for acquisition. Transfer of motivated associations is believed to occur through an 
acceding spiral from the mesolimbic system towards striatonigral circuitry (Keifling 
and Janak, 2015). A possible hypothesis could be that the behaviors related to 
avoiding diseases already are integrated, as experiencing infections occur early in 
life. The extent to which this is the case in our mice is difficult to estimate, as they 
are kept in relatively pathogen-free facilities. An alternative hypothesis could be that 
negative events are habituated faster than positive. This seems plausible, as it is 
known that negative associations are more difficult to extinct than positive ones. 
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Most importantly, several studies have demonstrated the involvement of the dorsal 
striatum in both aversion and reward, as mentioned in the introduction. Maybe it is 
time to revise the concept of a clear segregation between NAc and CPu in motivated 
behavior?   
The chemogenetic activation of dopamine neurons preventing LPS CPA should have 
been further scrutinized to ensure that the result is not due to a counterconditioning 
effect induced by dopamine. This experiment could easily have been done with 
hM3Dq-DATCreERT2 animals using the same activation-protocol, but in the 
absence of LPS. Therefore the chemogenetic activation results should be considered 
supportive. Optimally, a direct measure of inflammation-induced changes in 
dopamine should have been provided. We conducted in vivo microdialysis post LPS 
administration, but the HPLC-technique was not sensitive enough to detect decreases 
in dopamine. However, we found the hypothesized LPS decrease in dopamine in 
wildtype mice using [11C]Raclopride PET-scans in study III. 
In conclusion, the results from our study suggest several relevant targets for treating 
the aversive component of systemic inflammation, including COX1, mPGES1, EP1 
and EP2 receptors, which may alleviate negative affect during acute inflammation, 
and perhaps also in chronic inflammatory diseases. 

STUDY II. INTERFERON- γ MEDIATED SIGNALING IN THE BRAIN 
ENDOTHELIUM IS CRITICAL FOR INFLAMMATION-INDUCED 
AVERSION 
 
In study I, we uncovered mechanisms underpinning the aversive component of 
inflammation, which include striatal PGE2 synthesis and modulation of 
dopaminergic circuitry, but the messengers mediating the signal between the 
peripheral inflammation and the brain have not been sufficiently characterized. In 
study II, we investigate the role of peripheral IFN-γ in LPS induced conditioned 
place aversion by employing a strategy based on global and cell-type specific gene 
deletions, combined with measures of gene-expression. 
 
We found that an acute injection of LPS, corresponding to the CPA conditioning 
dose, caused significant induction of IFN-γ expression in the blood of wild type 
mice. Interestingly, global deletion of IFN-γ abolished LPS induced aversion. In line 
with this finding, abolishing the IFN-γR led to a similar effect. These results indicate 
the relevance of IFN-γ peripheral signaling in systemic inflammation. Furthermore, 
the mRNA of the IFN-γ-induced chemokine Cxcl10 was significantly elevated in the 
dorsal striatum after an acute LPS injection. This induction was dependent on IFN-γ 
signaling, as it was absent in global IFN-γR KO mice. Similar to the result from mice 
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lacking IFN-γ, LPS induced aversion was absent in mice lacking Cxcl10. In line with 
this, global deletion of the Cxcl10-receptor Cxcr3 prevented inflammation-induced 
aversion. In order to assess if IFN-γ signaling leading to aversion is dependent on a 
BBB-endothelial mechanism, as is the case for the pro-inflammatory cytokine IL-1β 
and the type I interferons, we deleted IFN-γRs specifically from endothelial cells 
using the floxed IFN-γR and Slco1c-CreERT2 mouse lines. Recombination in BBB 
endothelial cells of the striatum was validated using the floxed tdTomato reporter 
line in combination with immunohistochemistry targeting the endothelium specific 
protein lipocalin-2. Furthermore, endothelial specific IFN-γR knockout was assessed 
in whole brain and peripheral organs (liver, kidney and spleen) with qPCR. 
Unfortunately, the Slco1c-CreERT2 strategy is not completely specific to BBB 
endothelial cells, as knockout also occurs in the spleen. In the same manner as global 
IFN-γR knockout, endothelial specific abolishment of IFN-γRs prevents LPS CPA. 
In addition, we found that striatal Cxcl10-induction is dependent on endothelial 
activation by Myd88, as the response was absent in mice lacking Myd88 from BBB 
endothelial cells.  
 
STUDY II. DISCUSSION 
Collectively, the findings from study II suggest a mechanism by which peripheral 
IFN-γ binds to IFN-γ receptors and induces endothelial activation, which in turn up-
regulates Cxcl10 that binds to Cxcr3-receptors in the striatum and causes 
inflammation induced aversion.  
 
Cytokines signal across the BBB endothelium via Myd88  
- All paths lead to Rome 
IFN-γ signaling produces the strongest effect on LPS CPA in comparison with other 
cytokines, as the aversive response to inflammation is completely absent when 
intervening with IFN-γRs. On the contrary to the other pro-inflammatory cytokines, 
IL-1β and TNFα, there is no compensatory mechanisms for its absence. 
Irrespectively, many aspects of the IFN-γ signaling pathway mirror the mechanism 
uncovered in study I, but it remains to be explored how these two relate, and what 
their roles are in PGE2 synthesis. An important feature of the peripheral immune-to-
brain LPS aversion pathways is the involvement of Myd88-dependent signaling in 
BBB endothelial cells. It has previously been demonstrated that IFN-γRs recruit 
Myd88. In the present study, we found that upregulation of the downstream signaling 
molecule, Cxcl10, is Myd88-dependent. This may reflect a general biological 
principle where activation of toll-like receptors and cytokine receptors converge in 
brain endothelial cells. 
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The development of parallel systems signaling inflammation induced negative 
affective state, by utilizing the same BBB endothelial mechanism, clearly 
demonstrates the evolutionary importance of this behavioral response. The question 
remains if these systems are interdependent or independent. To investigate this in 
more detail a parallel experiment to the IL-1β CPA in study I could have been 
conducted: IFN-γ CPA with Myd88-Slco1c-CreERT2 mice. In general, the question 
of interdependence of signaling pathways constitutes a conundrum in behavioral 
neuroscience, since similar experimental conditions can be blocked by a broad array 
of interventions. Are these targets all part of one giant interdependent network? Or 
are we affecting difference aspects leading to prevention of the same behavior? 
As discussed in the previous section on study I and in the methodological 
considerations the Slco1c-CreERT2 strategy is not specific to BBB endothelial cells. 
This is a limitation of the strategy, which implies that the relevance of our results 
relies on supportive evidence from the literature (Ching et al., 2007; Wohleb et al., 
2014). Though it should be noted that it is unlikely that the spleen endothelial cells 
are directly involved in immune signaling to the brain. 
 
Interferons and Cxcl10 in negative affect - A new microglia hypothesis 
An advantage of study II is the use of expression analysis to complement the 
conclusions reached from the global knockout mice in LPS CPA. This helps us to 
investigate the causality between IFN-γ-signaling and downstream target, Cxcl10, in 
a brain area-specific manner. However, we do not clarify which brain-cells the 
Cxcl10 target. The changes observed by Blank et al (2016) in depressive phenotype 
were concluded to be due to Cxcr3Rs directly on neurons. Nevertheless, as the 
interventions targeting Cxcr3Rs were bath-applied to brain sections, the authors 
cannot exclude involvement of microglia, as both neurons and microglia express 
Cxcr3Rs. The authors excluded microglia as key-players, since they did not see 
upregulation of the microglial activity marker major histocompatibility complex II 
(MCHII); whether this is a sufficient exclusion criterion is debatable. 
There are many similarities between the Interferon type I pathway and the one we 
discovered for IFN-γ, implying that the IFN-γ mechanism might be generalizable to 
depressive behaviors. IFN-γ has previously been implied in depressive phenotype via 
induction of IDO, which is highly expressed in microglia. It could be interesting to 
explore if IDO is a downstream target of IFN-γR induced Cxcl10. A hypothesis 
could be, that IFN-γ through BBB endothelial activation leads to microglia induction 
of IDO via Cxcr3R-signaling. Yet, the link between Cxcr3Rs and microglial IDO 
remains to be explored. 
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STUDY III. MOTIVATIONAL VALENCE IS DETERMINED BY STRIATAL 
MC4 RECEPTORS  

Aversive signaling causes extensive suffering during chronic diseases including 
inflammatory conditions, cancer and depression. Here we investigated the role of 
MC4Rs in aversive processing using genetically modified mice in conditioned place 
aversion to various stimuli. We further explored the POMC-projection neurons 
responsible for activating MC4Rs using circuit-activating chemogenetics in behavior 
and in combination with PET-scans. 
 
In normal mice, robust aversions were induced by systemic inflammation, nausea, 
pain and kappa opioid receptor-induced dysphoria. In sharp contrast, mice lacking 
MC4Rs displayed preference to all stimuli except pain, which they were indifferent 
towards. Furthermore, inflammation induced aversion was flipped to preference in 
normal wildtype mice by intranasal administration of a MC4R antagonist prior to 
conditioning. This result demonstrates that the preferences to sickening stimuli in the 
absence of MC4R-signaling is not due to adaptive or secondary mechanisms. 
Interestingly, we found that MC4R KO mice still develop normal sickness responses 
in the same manner as wildtype mice to both systemic inflammation (anorexia and 
HPA-axis activation) and LiCl (nausea induced hypothermia). Finally, the absence of 
MC4R signaling did not interfere with reward encoding, as knockout mice respond 
normally to place conditioning towards positive stimuli (cocaine and palatable food). 
Administration of a D1R antagonist (SCH23390 i.p.) prior to conditioning restored 
inflammation, dysphoria and pain aversion in mice lacking MC4Rs. This suggests 
that the unusual flip from aversion to reward is dopamine-dependent. Furthermore, 
inhibiting midbrain dopamine neurons using inhibitory DREADDs (AAV8-hM4Di) 
in MC4R KO mice elicits aversion in the same manner as in normal mice. This 
finding exemplifies a type of aversion that MC4R KO mice are able to perceive, 
which implies that dopamine activation is necessary for these mice to flip aversion to 
reward. Expression was validated using the fluorescent reporter protein mCherry, 
which is part of the viral construct, combined with immunohistochemistry with an 
RFP-antibody for signal amplification. Moreover, PET-scans of dopamine receptor 
ligand [11C]raclopride displacement illustrated that dopamine is decreased in normal 
mice in response to inflammation. However, in the MC4R knockout mice 
inflammation is associated with a change from decreased to increased activity of the 
dopamine system. The dopamine increase occurs specifically in the NAc shell. This 
finding provides a biological foundation for the observed flip the animals display in 
the conditioned place aversion paradigm. 
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Based on our current findings and previous studies on striatal MC4Rs (Lim et al., 
2012), we investigated the expression of MC4Rs on D1R neurons in CPu and NAc. 
This was achieved using transgenic mice expressing eGFP under control of the 
MC4R promoter and tdTomato under control of the D1R promoter. These results 
confirmed co-expression of MC4Rs with D1Rs on a subset of neurons in both parts 
of the striatum. Responses to aversive stimuli (inflammation, dysphoria and pain) 
were normalized when MC4Rs were re-expressed on dopamine D1 receptor-
expressing cells. This was achieved by employing D1RCreERT2 to excise the 
floxed-stop-cassette, whereas re-expressing MC4Rs on dopamine neurons using 
DATCreERT2 mice did not restore inflammation-induced aversion. More 
specifically, we found that re-introducing MC4Rs via AAV5-Cre in the striatum 
reestablished LPS CPA. Recombination was validated using AAV5-DIO-eGFP 
injected together with the AAV5-Cre, in combination with immunohistochemistry 
against eGFP for increasing the signal. 
Finally, we investigated the function of neurons signaling to the striatal MC4R 
population responsible for the flip from aversion to preference. To detect the 
motivational valence encoded by ARC POMC-neurons we used hM3Dq-activation 
in a place-conditioning task. In the first round of experiments the AAV8-DIO-eGFP 
was injected in the ARC of POMCCre mice for direct targeting of this population. 
Subsequently we targeted the specific POMC-projection to the NAc shell by 
retrograde transduction in POMCCre mice. Both direct ARC POMC-neuron 
activation and ARC-NAc POMC-neuron activation induced significant conditioned 
place aversion. Expression and recombination were validated employing vector-
expression of mCherry combined with immunohistochemistry against RFP. These 
results demonstrated specific and adequate viral expression in ARC POMC-neurons, 
and retrograde transduction specifically from NAc-shell to ARC, without 
transduction of POMC-neurons in the NTS. Functional validation of the ARC-NAc 
POMC circuitry to MC4R neurons was carried out using optogenetics combined with 
cell-attached recordings from NAc sections of Chr2-POMCCre mice. We found that 
POMC projection activation increases neural firing in a glutamate and MC4R 
dependent manner in a subset of NAc neurons. Likewise, PET-scan experiments 
employing DREAMM (DREADD-assisted-metabolic-mapping) confirmed the 
striatal activation during ARC-to-NAc POMC-neuron activation. 
 
 
 
 
 
 



 72 

STUDY III. DISCUSSION 
Collectively our findings from study III demonstrate that melanocortin signaling 
through striatal MC4Rs is critical for assigning negative motivational valence to 
harmful stimuli by inhibiting dopamine signaling. 
 
Intriguingly, the aversions to most stimuli were flipped into preferences in the 
mutant mice. In response to LPS, we consistently saw preferences in MC4R KO 
mice. Pooled analysis of all results from naive MC4R KO mice given LPS produces 
a preference score that is highly significantly different from zero (p = 0.0005; 
column statistics, one sample t-test). This strongly suggests that the knockout mice 
develop a real preference and not only a lack of aversion. However, the absence of 
an aversive phenotype is stronger and more generalizable than the preference-
phenotype, and the increase in dopamine signaling upon LPS was less extensive than 
the drop seen in wildtype mice. 
It is conceptually interesting to discuss the preference phenotype occurring in some 
of the experiments. For instance, the question arises on the separation of motivation 
and affect: Do the MC4R KO mice develop preferences to sickening stimuli because 
they perceive them as pleasant? Or is this just a strange wanting of something that 
actually was associated with negative affect? There are two minor findings, which 
indicate absence of negative affect associated with aversive stimuli in MC4R 
knockout mice: During temperature measurements, it is common that mice display a 
slight temperature elevation upon handling due to stress, this reaction is significantly 
decreased in the MC4R knockout mice. In line with this they also display a slight 
reduction in the late corticosterone response to LPS. These findings would indicate 
that the knockout mice are less vulnerable to stress, which could be related to 
decreased negative affect. As considered in study I, when using knockout mice in 
CPA, we cannot separate affective/valence state during conditioning from the 
consequential learning observed on the test-day. However, we did explore 
acquisition of behaviors in the place preference paradigm using a MC4R antagonist 
administered prior to conditioning, which showed a similar effect as the knockout 
strategy. To further confirm this finding, it could have been relevant to test the 
MC4R antagonist against the already learned behavior (i.e. on expression).  
In this context, it is relevant to note that the MC4R knockout mice have been 
suggested to exhibit procedural memory deficits, but these findings are highly 
debatable (as mentioned in the introduction). On the contrary, we demonstrated that 
MC4R KOs are perfectly capable of learning both place conditioning and procedural 
operant responding towards rewards.  
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Moreover, MC4Rs have been suggested to be involved in inflammation-induced 
appetite-loss, but we found an intact LPS-induced anorexia in the MC4R KO mice. 
The intact anorexia in combination with the blocked aversion correspond to our 
findings in study I suggesting that the affective and the anorexic component of 
systemic inflammation are mediated by different circuits. Additionally, the use of 
chemogenetics and optogenetics for activation of ARC AgRP and POMC neurons 
has demonstrated completely different temporal effects on food-intake. AgRP-
activation leads to immediate consummatory behavior, which is independent on 
MC4Rs, whereas POMC-neurons produce late onset responses (Aponte et al., 2011; 
Atasoy et al., 2012; Zhan et al., 2013). In our study, we see fast effects of POMC-
activation on motivated behavior, indicating that this circuit-function is distinct from 
that signaling satiety. Conditioning towards chemogenetic activation lasts 1 hour in 
our study, whereas Aponte and colleagues (2011) used 24 hours ongoing 
photostimulation to evoke POMC-induced decreases in food-intake. In this manner 
potential POMC-satiety effects would occur when the animals are back in their 
homecages, preventing the association between conditioning cues and this effect. 
Therefore, it is unlikely that satiety effects would affect the results from our 
conditioning paradigm. 
Furthermore, the results arising from MC4R-rescue strategies are particularly 
important as they strengthen the conclusion that the observed behavioral phenotype 
of the knockout mice is specifically related to absence of the receptor and not due to 
secondary or adaptive biological alterations. This strategy provided data illustrating 
the specificity of the MC4Rs on D1R neurons in the striatum for encoding negative 
valence. 
 
Our findings demonstrate that POMC neurons projecting to the ventral striatum 
induce aversion by activation of MC4Rs. In this way, the natural circuitry promoting 
MC4R signaling encodes negative valence. But how about the observed flip in the 
case of absence or antagonism of MC4R function - is it likely to occur in nature? 
Since AgRP is the natural antagonist of MC4Rs, a potential biological correlate to 
MC4R knockout could be the AgRP neurons projecting to the NAc. In contrast to 
this idea, Betley and colleagues found that direct stimulation of ARC AgRP neurons 
leads to place avoidance (Betley et al., 2015). This is conceptually logic, as AgRP-
neurons signal hunger and because starvation is a physiologically aversive state. 
However, different AgRP neurons may exhibit specific effects. It could be that some 
neurons play a role in food-intake and others signal positive affect either during 
normal conditions or as a compensatory mechanism during stress. Substantially more 
work needs to be done to clarify the biological function of the MC4R-circuitry in 
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affective state. It could be relevant in this context to explore the ARC AgRP to NAc 
shell projection. 
 
In contrast to the excitatory POMC-projections to the NAc, most other excitatory 
projections to the ventral striatum signal reward. Activation of glutamatergic input 
from the ventral hippocampus, the basolateral amygdala and the prefrontal cortex all 
induce place preference (Stuber et al., 2011; Britt et al., 2012). Similar to the POMC 
projection, glutamatergic input from the ventral tegmental area and the 
periventricular thalamic nucleus both induce aversion, but they do so by targeting 
parvalbumin positive GABAergic interneurons and D2R expressing medium spiny 
neurons (Delfs et al., 2000; Zhu et al., 2016; Qi et al., 2016). In contrast, our findings 
indicate that POMC neurons signal aversion by activation of a sub-population of 
D1R neurons. In line with this, stress-induced anhedonia is mediated by MC4R-
dependent synaptic plasticity in D1R MSNs of the ventral striatum. In study I we 
also found an aversive mechanism through excitatory (EP1R Gq-mediated) D1R 
MSN stimulation, which is assumed to directly target dopaminergic neurons leading 
to decreased dopamine transmission and hence aversion. MC4Rs could directly 
influence dopamine tone by utilizing a similar mechanism. The only known 
neurocircuitry capable of mediating bi-directional valence is the midbrain reward-
prediction error dopamine neurons. In this context, it is not surprising that the 
motivational flip was associated with a flip in dopaminergic signaling. Nevertheless, 
it remains a question if the MC4R expressing D1R neurons mediate this flip by 
directly targeting dopaminergic neurons, as suggested above. Such a neurocircuit 
mechanism could during MC4R activation mediate dopamine inhibition causing 
aversion, while MC4R antagonism could trigger disinhibition leading to increased 
dopamine and preference. In line with this idea, the concept of specific subsets of 
midbrain dopamine neurons responding directly to sickness and stress or oppositely 
relief and recovery seems relevant. Lammel and colleagues (2012) from the Malenka 
laboratory elegantly introduced the idea that specific subsets of dopamine neurons 
are responsible for different behavioral output dependent on the origin of the input 
they receive. It would have been highly interesting to activate or inhibit the MC4R-
D1R circuitry using optogenetics or chemogenetics for uncovering their projection 
targets. This would allow us to explore the underlying biology of the potential 
motivational flip and characterize this unique population of direct-pathway neurons 
in the striatum. For this purpose one could utilize the MC4RCre mouse for 
anterograde and subsequently retrograde activation of specific MC4R 
neuropopulations dependent on their projection targets. Unfortunately, we were 
unable to acquire the MC4RCre mouse for necessary for these experiments. 
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The hypothetical description of D1R-neurons directly synapsing on dopamine 
neurons leading to the motivational flip could be interesting, but it does not explain 
the biological correlates we observed related to the behaviorally robust absence of 
aversion. The [11C]raclopride displacement results revealed an extensive decrease in 
dopamine throughout the brain of normal mice in response to inflammation, in 
comparison to the modest increase of dopamine in the NAc shell of MC4R KO mice. 
The absence of dopamine-decrease throughout the brain during MC4R knockout is 
substantial, and therefore cannot be due to the same population of neurons 
responsible for the minor dopamine increase in the MC4R KO mice. There must 
exist another circuit responsible for this phenomenon. The answer may still be found 
in a mechanism involving direct targeting of dopamine neurons by the striatal 
MC4R-D1R neurons. However, the difference between the broad absence of 
‘decrease in dopamine’ throughout the brain and the small increase in NAc 
dopamine could lie in the function of subpopulations of dopamine neurons. The 
different functionality of dopamine neurons could arise from specific input from 
other brain-areas responsible for controlling their excitability. 
 
In this study, we show that MC4Rs localized on striatal D1R MSNs control 
behavioral responses to a variety of aversive stimuli and thereby play a generalized 
role in aversive processing. Our findings indicate that MC4Rs assign negative 
valence to salient stimuli, effectively acting as gatekeepers, whose role is to hinder 
aversive signals from inducing reward. Such a mechanism has obvious adaptive 
value for survival, as it is likely to encode a fast and substantial response to any kind 
of aversive stimuli or situation. However, in chronically ill patients this pathway may 
constitute an unwanted reason for suffering. The MC4R KO mice exhibit intact 
sickness symptoms, which is an advantage as they have a normal biological response 
to sickening stimuli. This is an important feature for the applicability of targeting this 
system for treatment of negative affect during disease, while sickness symptoms 
often are an important part of optimizing the organism to combat or adapt to disease. 
In our study, we found that intranasal administration of a MC4R antagonist had 
strikingly similar effects to MC4R knockout on aversive phenotypes. Recently, 
intranasal peptide treatments have been developed as a way to circumvent the limited 
ability of peptides to traverse the BBB. Our findings indicate that MC4R antagonism 
has the potential to be utilized as a generalized treatment against aversive states. 
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Study IV. Muscarinic M4 receptors on cholinergic and D1R-expressing neurons 
have opposing functionality for positive reinforcement and influence impulsivity 
 
The neurotransmitter acetylcholine has been implied in reward learning and drug 
addiction. However, the role of the various cholinergic receptor subtypes in such 
processes remains elusive. Here we study the function of muscarinic M4Rs on 
dopamine D1R expressing neurons and cholinergic neurons, using transgenic mice in 
various reward-enforced behaviors and in a “waiting”-impulsivity test. 
In study IV, we used the floxed M4R mouse line combined with either D1RCre or 
ChATCre mouse lines, in order to achieve cell specific deletions from these two 
types of neurons. Neither M4R-D1RCre nor M4R-ChATCre mice differed from 
wildtype littermates during baseline locomotion. But when comparing the acute 
effect of cocaine between wildtype and knockout animals, the M4R-D1RCre mice 
displayed an increased locomotor response. Both M4R-D1RCre mice and wildtype 
mice developed locomotor sensitization after repeated injections of cocaine, but the 
sensitization of M4R-D1RCre mice was significantly higher than that of the control 
mice. In this way, the M4-D1R KO mice display a disinhibited phenotype to 
psychostimulants as previously shown in the literature (Jeon et al., 2010). In contrast, 
no differences in acute or sensitization effects to cocaine were observed in the M4R-
ChATCre mice. In line with these results, we found that selective deletion of M4Rs 
from D1R expressing neurons led to increased cocaine CPP acquisition and drug 
primed reinstatement. Mice missing M4Rs from cholinergic neurons had a 
significantly attenuated cocaine place preference compared to controls. The same 
tendencies for M4R-D1RCre and M4R-ChATCre mice as in the cocaine CPP were 
observed for palatable food CPP, but no significant differences were present between 
the groups. To evaluate the role of the two M4R populations for the expression of 
immediate early genes involved in neural activity, we investigated expression of 
cFos, FosB, Egr1, Egr2 and Arc after four consecutive days with cocaine injections. 
Accordingly, cocaine induced significant increases in cFos and FosB in the forebrain 
of M4R-D1RCre mice compared to control mice, while no significant differences 
were observed after cocaine between the M4R-ChatCre and control mice. 
We then went on to explore the behavior of M4R-D1RCre and M4R-ChatCre mice 
in operant conditioning. No differences in operant responding were observed 
between mice missing M4Rs from D1R expressing neurons and control animals, 
while mice lacking M4-autoreceptors were unable to learn the operant runway task 
to both cocaine and palatable food. Next, we tested the M4R-D1RCre mice in the 5-
choice serial reaction time task (5-CSRTT) to study if they exhibited changes in 
impulsivity and learning behaviors. The M4-D1R KO mice learned the reward task 
better than their wildtype littermates, as they obtained a significantly higher amount 
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of rewards under baseline conditions. Moreover, the M4R-D1R knockout mice 
showed an initial increase in waiting impulsivity, as they had significantly more 
premature responses. Yet, the M4-D1R knockout mice adapted to the task over the 
subsequent trials and performed comparable to normal mice. The same phenomenon 
was observed for the accuracy (pressing the correct window). Initially during the first 
test, the mice lacking M4Rs from D1R neurons had lower response accuracy than 
control mice, but still managed to learn the task equivalently well over the next trials. 
For further details on the 5-CSRTT, please see paper IV. 
 
STUDY IV. DISCUSSION 
Collectively, our results demonstrate how muscarinic acetylcholine receptors on 
cholinergic and D1R expressing neurons are involved in regulating reward learning 
and impulsivity, with opposing functionality. 
 
It is clear from our study that the M4-receptors on dopaminoceptive D1R-neurons 
play an important role in reducing the reinforcing effects of both natural rewards and 
drugs-of-abuse. The M4R-D1RCre mice displayed an exacerbated response to 
rewards throughout all paradigms, except the operant runway. A possible reason for 
this difference could be the practical limitations of the runway paradigm. The 
animals decreased their runtime as fast as the controls, but there is a ceiling-effect on 
runtime due to the length of the runway, preventing us from seeing differences 
arising from decreased runtime. To explore phenotype-specific decreases in runtime, 
it would be relevant to adjust either the length of the runway or separate the running-
trials to different days. Increasing the duration of the runway-protocol to several days 
instead of one could prevent the accumulative cocaine effect on locomotion. 
However, the operant runway has the advantage that it complements the conditioned 
place preference cocaine seeking behavior since its operandum is running to the 
drug-paired compartment at the end of the corridor (i.e. seeking the drug). The 
disadvantage with the operant runway, compared to operant self-administration, is 
that it is not possible to take the animals through a progressive ratio schedule in order 
to measure breakpoint, i.e. how much the animals are willing to work for the drug. 
Irrespectively, we did get some interesting information from the operant runway. The 
M4R-ChATCre mice did not develop any search behavior and therefore, just 
randomly explored the corridor as if the cocaine had not been administered. It was 
clear that there were no U-turn effects to the cocaine. U-turn behavior in the runway 
typically indicates the aversive/b-process component of cocaine. In this manner the 
absence of operant responding in the M4R-ChATCre mice is more likely due to lack 
of reward learning, rather than a shift in pharmacological sensitivity or changes in 
affective neurocircuitry. 
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The exacerbated reward-phenotype related to M4R knockout from D1R-neurons is 
likely to be a consequence of increased dopaminergic transmission. This is in 
accordance with previous observations that the M4R-D1RCre mice exhibit elevated 
dopamine-release in the striatum (Jeon et al., 2010) and the occurrence of 
exaggerated cocaine induced locomotor sensitization in these mice. Locomotor 
sensitization is in general believed to be a physiological consequence of synaptic 
changes occurring within the dopaminergic system in response to drugs of abuse 
(Steketee and Kalivas, 2011).  
In addition, it has previously been shown that D1R-medium spiny neurons of the 
NAc, projecting to GABAergic interneurons in the VTA, are involved in cocaine-
induced disinhibition of VTA dopamine neurons (Bocklish et al., 2013). Hence relief 
of inhibition of the NAc D1R medium spiny neurons, by removal of the inhibitory 
M4Rs, could be a mechanism involved in the augmented dopamine and 
reinforcement response. The finding that markers of neuronal activity (cFos and 
FosB) were significantly elevated in the forebrain of these animals compared to 
control mice, would support this line of thinking. Changes in mesolimbic 
neurotransmission could also explain the impulsive phenotype observed in the 
5CSRTT paradigm.  
 
M4R function in learning and motivation – can we really tell? 
Interestingly, the M4-D1R KO mice showed a high level of flexibility in adapting to 
the 5CSRTT tasks, which is unlikely to be caused by motivational drive alone. 
Crespo and colleagues observed increased levels of acetylcholine in the striatum 
equivalent to the level of acquisition in the operant runway, and hence suggested that 
acetylcholine in the striatum could function as a motivation learning signal (Crespo 
et al., 2006). The results from M4R-ChATCre mice support this idea. Deletion of the 
M4 receptor from cholinergic neurons rendered mice unable to acquire any learning 
task with the exception of food-enforced Pavlovian conditioning. These results 
clearly suggest that M4R-ChAT knockout mice are impaired in learning positive 
reinforcement behaviors. An explanation could be that in the absence of M4Rs from 
cholinergic interneurons, synaptic acetylcholine levels will reach a threshold where 
learning no longer occurs. 
Unfortunately, it cannot be concluded from our results, whether the inability of 
M4R-ChAT knockout mice to respond to positive reinforcement is due to changes in 
motivational neurocircuitry or a learning-deficit occurring elsewhere in the brain. 
The absence of effects on cocaine induced locomotor sensitization and expression of 
immediate early genes, would indicate that the M4R-ChAT phenotype is less likely 
to be a direct consequence of altered dopaminergic signaling.  
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Therefore, a clear limitation of this study is the lack of circuitry information. It 
would have been relevant to find the specific populations of M4R-ChAT neurons 
and M4R-D1RCre neurons responsible for the motivational effects. Unfortunately, 
this could not be done utilizing the Cre-viral strategy we employed in other studies. 
The Cre-virus mediated knockout would not have allowed us to distinguish between 
the D1R and Chat receptors pools, since both receptors are present within the same 
synapse. In the best-case scenario, one of the two phenotypes would have dominated. 
According to studies on the global M4R knockout mouse the dominant phenotype 
would likely have been the D1R-phenotype. Regardless, we would not have been 
able to conclude which receptor would be responsible for the specific behavior. 
Nevertheless, our results are in accordance with the notion that influence of 
acetylcholine on reinforcement learning follows a bell-shaped curve, where too little 
or too much transmitter in the synapse is unfavorable (Grasing, 2016). Our data 
suggests that during learning of positive reinforcement, acetylcholine release needs 
to be precisely tuned at the synaptic level. Loss of postsynaptic inhibition of D1R-
neurons seems to contribute to an obsessive-compulsive phenotype, whereas a loss 
of presynaptic feedback inhibition causes learning deficits. 
 
Our findings are according to the idea that neurocircuitry changes (i.e. sensitization) 
involved in encoding salience can lead to a pathologic addiction-like phenotype. This 
notion would support the theory of incentive sensitization. During normal 
circumstances the M4Rs on D1R neurons may constitute a functional brake on 
reinforcement learning. If M4R expression is compromised in motivational 
neurocircuitry, such as the direct pathway neurons, this leads to a sensitized drug-
seeking phenotype. M4Rs on D1R neurons exert control over a broad array of 
behaviors related to addiction pathology, including locomotor sensitization, 
impulsivity, drug-seeking and relapse behavior after extinction. In line with this 
notion, a recent study on genetic polymorphisms within the M4R gene revealed a 
link to both cocaine and heroin addiction in human subjects (Levran et al., 2016). 
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CONCLUDING	REMARKS	AND	PERSPECTIVES 

Immune-to-brain signaling - universal principles and critical hubs 
The most exciting conclusion from the inflammation studies is that there exists a 
broadly utilized mechanism for signaling across the blood-brain-barrier, in which 
Myd88 functions as a universal signal-mediator for several cytokines and PAMPs. 
This function is generalizable to an extent that it is not only utilized by bacterial and 
viral PAMPs, but also directly by cytokines. Together with the findings from Blank 
and colleagues (2016), this thesis demonstrates a new path through which the 
immune system communicates to the brain and signal negative affect.  
The BBB-endothelial signal transduction allows the innate immune system to 
subjugate several circuitries in different brain-areas and transmit a broad signal, 
changing physiological functions leading to anorexia, fever, inactivity, aversion and 
negative affective state. This happens naturally during infections and long-term 
inflammatory diseases, but it may also occur as a consequence of missignaling 
leading to cytokine production in psychopathologies. Fever is not a common 
symptom of major depressive disorder or of other affective disorders, which may 
indicate that specific cytokine routes are involved in the pathology of depression. As 
an example, one of the major cytokines upregulated during major depression, TNFα, 
is considered controversial in the pyrogenic response.  
Moreover, it could be relevant to distinguish between effects of peripheral versus 
central cytokines influencing affective state. An interesting study has shown that 
suicidal ideation directly correlates with IL-6 levels in cerebrospinal fluid of patients 
with major depressive disorder (Lindqvist et al., 2009). Nevertheless, the function of 
central cytokines in affective signaling remains to be fully explored. 
 
In the present work, we uncovered how peripheral cytokines can mediate a central 
PGE2-signal directly influencing the activity of motivational neurocircuitry (Study 
I, II and III). In this context, our preliminary results suggest that the next step is to 
characterize the role of microglia in aversive and negative affective signaling. New 
studies have emerged demonstrating that microglia may be the critical hub in a broad 
variety of inflammation-mediated neuropathology, ranging from neurological 
disorders to psychopathologies (Atwells et al., 2017; Sampson et al., 2016; Setiawan 
et al., 2015). If there ever was a magic bullet this could be it… 
 
In conclusion, the present studies have provided an array of new targets for the 
treatment of acute aversive conditions arising from systemic inflammation. These 
targets include: COX1, mPGES1, EP1R and EP2R, IFN-γR and Cxcr3 together with 
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the versatile MC4R (also a potential magic bullet). These targets will hopefully 
prove themselves useful in future studies on chronic inflammatory conditions and 
diseases. 
 
Dopaminergic neurons in motivation and negative affect - controversies and 
new perspectives 
An interesting feature of reward and aversion, demonstrated in the present work, is 
the involvement of many different molecular mechanisms regulating striatonigral 
and mesolimbic dopamine transmission. The presented biological pathways follow a 
concept of all paths lead to Rome. However, the specific midbrain neuropopulations 
targeted by these pathways remain to be further explored. Our findings indicate that 
different pathways in aversion and reward regulate activity of specific 
subpopulations of dopamine neurons. As mentioned, Lammel and colleagues (2012) 
elegantly demonstrated the concept of functionally distinct subpopulations of 
dopamine neurons, which has also been demonstrated by others (Bromberg-Martin et 
al., 2010). The presence of functionally distinct dopamine populations is an 
intriguing concept that is likely to explain differences observed in dopamine changes 
between MC4R knockout and controls during inflammation in study III, as well as 
in D1R-neuron-related phenotypes in study I, III and IV. 
The classical hypothesis of striatal direct and indirect pathways implies that striatal 
D2R neurons are responsible for signaling aversion and avoidance, while the D1R 
expressing neurons are driving motivated behaviors and movement. Results from 
study I and III suggested exceptions to this rule, as excitable EP1Rs and MC4Rs on 
striatal D1R-neurons signal aversion by decreasing dopamine levels in specific target 
areas of the brain. In line with this, there exist some D1R expressing MSNs targeting 
dopamine neurons directly, instead of via GABAergic interneurons (Bocklish et al., 
2013; Tanaka et al., 2009). The EP1R and MC4R expressing neurons responsible for 
signaling aversion could belong to this population. The age has finally come when 
modern circuit-tools will allow us to identify the dichotomies of direct- and in-direct 
pathway circuitry. This work has already begun (Kupchik et al., 2015) and will 
hopefully provide a more detailed understanding of the striatal neuropopulations in 
motivation and affective state in the future. 
 
But where do these considerations leave us in terms of the concrete treatment of 
affective diseases? Targeting sub-populations of neurons can hardly be considered a 
realistic treatment option - or can it?  
New treatment strategies for brain-area specific targeting have emerged; some of 
these are based on optogenetic circuit studies (Creed et al., 2015 and Chen et al., 
2013; Terrano et al., 2015). As a successful example, a clinical study revealed that 
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transcranial magnetic-stimulation of frontal brain areas is a feasible strategy for 
treating drug cravings and preventing drug consumption (Terrano et al., 2015). In 
addition, strategies are currently being developed for specific gene targeting, such as 
AAV-based therapies (Corti et al., 2017; Le Meur et al., 2017). Furthermore, 
conditional and area specific gene-targeting mouse models provide important 
information on biological dichotomies that may help to clarify divergent effects 
arising from pharmacological treatments. 
 
The results from this thesis follow the general principle of the biphasic reward-
prediction error, where increased dopamine levels signal reward, while decreases 
trigger aversion. Yet, according to our results, and the results of many others, the 
clear separation between striatonigral and mesolimbic circuitry needs to be revised, 
with an emphasis on defining specific functions of sub-circuitry. 
Though it is clear that overlaying striatonigral and mesolimbic neurocircuitry define 
the encoding of positive and negative motivational valence, it was surprising to 
uncover exactly how close these processes are connected. The findings made in 
study III demonstrated how a single population of neurons in the striatum 
determines our perception of valence arising from specific stimuli. Our findings 
indicate that MC4Rs on D1R-neurons assign negative valence to salient stimuli, via 
regulation of dopamine tone, giving them a role as gatekeepers hindering aversive 
signals from inducing reward. This discovery illustrates how perception of “good 
and bad” can be determined by the signaling of a single neuropeptide, and thereby 
signifies exactly how intricately linked these mental phenomena are. Essentially, 
reward and aversion are two sides of the same coin. 
 
Finally, the projects have raised the question of how motivation and affect relate to 
each other. It is broadly accepted that these two brain-processes are encoded by 
different neurocircuitry (i.e. dopamine versus serotonin, endogenous opioids, etc.) 
but also that they are conceptually interrelated. For instance, it is difficult to imagine 
states that lead to aversion without a negative affective component, yet it has been 
established that avoidance behavior is encoded by the motivational circuitry. There 
must exist a biological interface between motivation and affect. Future studies 
identifying this neurocircuitry will bring relevant information that may help us to 
find the underlying issues of affective disorders involving motivational disturbances, 
such as major depression and drug addiction. 
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