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ABSTRACT 
The gut microbiota can affect development and metabolism in the host. Today, 
much is still unknown regarding the effects of the gut microbiota on central 
energy balance regulation. We used mouse models to determine the role of the 
gut microbiota in diet-induced hypothalamic inflammation as well as in 
hypothalamic development. 
We found that mice lacking a gut microbiota do not develop diet-induced 
hypothalamic inflammation. Using genetically modified mice lacking 
glucagon-like peptide-1-receptor (GLP-1R) as well as pharmacological 
inhibition of GLP-1R signaling, we could show that this protection requires 
functional GLP-1R signaling. We further found that astrocytic GLP-1R 
signaling mediates at least parts of the observed protection. Next, we 
determined the role of gut microbiota and gut microbial signaling on blood-
brain barrier (BBB) function in the mediobasal hypothalamus (MBH). The gut 
bacteria did not alter BBB function, as assessed by the number of cells in 
contact to the circulation, by tight junction protein staining, and by 
administration of a neurotoxin. In contrast, mice lacking the Toll-like receptor 
(TLR) adaptor protein Myd88 had an altered BBB function. Lastly, we 
determined whether the gut microbiota affects the early postnatal leptin surge 
with neurotrophic effects. Germ-free (GF) mice had a significantly elevated 
and prolonged leptin surge, but we observed no long-lasting differences 
between GF and conventionally-raised mice in the neuronal projections 
regulating energy balance. 
In conclusion, our results contribute to new insights within the field of 
neuroinflammation and identify central GLP-1R signaling as a potential target 
for modulation of neuroinflammation. Furthermore, our studies suggest that 
signaling via the TLR adaptor protein Myd88 can be targeted to modulate BBB 
permeability in the MBH. Lastly, the elevated postnatal leptin surge observed 



 

in GF mice warrant further studies determining potential functional 
consequences in the host. 
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SAMMANFATTNING PÅ SVENSKA 
Bakterier av olika slag lever på och i människans kropp och en stor del av dessa 
bakterier finner vi i tarmen. Tarmbakterierna lever i symbios med oss och har 
en stor inverkan på hur vi mår och utvecklas. De producerar olika substanser 
som i sin tur påverkar kroppen, bland annat kommunicerar de med hjärnan och 
kan därmed påverka hjärnans energireglering. Men det är ännu inte fastställt 
hur denna process går till. Avhandlingens syfte är att öka vår förståelse för 
bakteriernas roll i hjärnans energireglering och kartlägga de underliggande 
mekanismerna. För dessa studier har ett flertal olika musmodeller används. 

Då möss utfordras med högfettsdiet utvecklar de inflammation i en del av 
hjärnan som kallas hypotalamus. Detta leder i sin tur till försämrad 
energireglering och kan i förlängningen leda till fetma. Liknande inflammation 
har funnits hos människor som lider av fetma. I vårt första arbete fann vi att 
möss utan tarmbakterier var skyddade från diet-inducerad inflammation i 
hypotalamus och att dessa möss svarar bättre på hormonet leptin. Leptin 
frisätts i förhållande till kroppen fettmängd och talar på så sätt om för hjärnan 
hur stort energiförråd kroppen har. Leptin reglerar födointag och 
energiförbrukning för att möta kroppens behov. Vidare fann vi att den 
skyddande effekten mot inflammation hos möss som saknar tarmbakterier 
försvinner då de inte har funktionell glukagonliknande peptid-1-receptor 
(GLP-1R) signalering.  

I det andra arbetet i avhandlingen undersökte vi bakteriernas roll i blod-hjärn-
barriären. Barriären skyddar hjärnan från skadliga substanser i blodet. Vi fann 
att blod-hjärn-barriärens funktion hos bakteriefria möss och antibiotika 
behandlade möss inte skiljde sig från funktionen hos möss med en normal 
tarmmikrobiota. Däremot fann vi, att ett viktigt protein som heter Myd88 
påverkar blod-hjärn-barriärens funktion. 

I avhandlingens tredje arbete studerade vi tarmbakteriernas roll för 
utvecklingen av hjärnan efter födseln. Nivåerna av leptin är då förhöjda, vilket 
i tidigare studier har visat sig vara viktigt för utvecklingen av nervceller i 
hypotalamus. Vi fann att möss utan tarmbakterier har mycket högre nivåer av 
leptin under denna period än möss med tarmbakterier, men vi observerade 
ingen långvarig effekt av dessa förhöjda nivåer på utvecklingen av 
energireglerande nervceller i möss med och utan tarmbakterier.  

Sammanfattningsvis, avhandlingen har fokuserat på tarmbakteriernas roll i 
hjärnans energireglering samt i utvecklingen av hypotalamus som spelar en 



 

viktig roll i energiregleringen. Resultatet har bidragit till ökad förståelse kring 
de skyddande effekterna av GLP-1R signalering vid neuroinflammation. 
Myd88 identifieras också som potentiellt mål för att reglera blod-hjärn-
barriärens permeabilitet. Till sist, de kraftig förhöjda leptin-nivåerna hos 
bakteriefria möss under den tidiga postnatala perioden kan ligga till grund för 
fortsatta studier där effekten av dessa förhöjda nivåer på resten av kroppen och 
andra delar av hjärnan kan studeras. 

 

 

  



ZUSAMMENFASSUNG AUF DEUTSCH 
Bakterien besiedeln unseren Körper und ein Großteil von ihnen befindet sich 
im Darm. Darmbakterien produzieren Signalstoffe, mit denen sie ihren Wirt, 
also uns, beeinflussen können. Hierbei wirken sie unter anderem auf die 
Energieregulierung des Körpers ein, die im Hypothalamus des Gehirns 
gesteuert wird. Allerdings ist bisher nicht genau klar, wie sie das machen. Die 
hier vorliegende Doktorarbeit soll daher zu einem besseren Verständnis der 
Rolle der Darmbakterien in der Energieregulierung beitragen und zugrunde 
liegende Mechanismen erforschen. Mit Hilfe des Mausmodells wird die Rolle 
der Darmbakterien in der Entwicklung ernährungsbedingter Entzündungs-
reaktionen, sowie der Ausbildung hierzu wichtiger Gehirnstrukturen 
untersucht. 

Wenn man Mäusen mit Darmbakterien ein sehr fetthaltiges Futter gibt, kommt 
es zu einer Entzündungsreaktion im Hypothalamus. Wir zeigen, dass keimfreie 
Mäuse, also Mäuse ohne Darmbakterien, vor solch einer Entzündungsreaktion 
geschützt sind. Zudem zeigen wir, dass dieser Schutzmechanismus den 
Signalweg über Glucagon-like peptide-1-Rezeptor (GLP-1R) benötigt. Mäuse, 
deren GLP-1R Signalweg genetisch oder medikamentös blockiert ist, weisen 
unabhängig von der An- oder Abwesenheit der Darmbakterien eine 
Entzündungsreaktion im Hypothalamus auf. Wir untersuchen auch die Rolle 
der Darmbakterien in der Durchlässigkeit der Blut-Hirn-Schranke. Die Blut-
Hirn-Schranke ist eine Barriere, die das Gehirn vor potentiell schädlichen 
Stoffen im Blut schützt. Wir berichten, dass nicht die Darmbakterien, sondern 
das Toll-like Rezeptor Adapter Protein Myd88 die Funktion und 
Durchlässigkeit der Blut-Hirn-Schranke im Hypothalamus beeinflusst. Zuletzt 
analysieren wir die Rolle der Darmbakterien in dem postnatalen Auftreten 
erhöhter Leptin-Werte, welche das Wachstum von Nervenzellen beeinflussen 
sollen. Wir finden wesentlich höhere Leptin-Werte in keimfreien Mäusen 
verglichen mit normalen Mäusen, können in unseren bisherigen Mäusen 
allerdings keine unterschiedlichen Auswirkungen auf die Ausbildung von 
energieregulierenden Nervenbahnen feststellen.  

Zusammenfassend widmet sich diese Doktorarbeit der Rolle der 
Darmbakterien und deren Einfluss auf unterschiedliche Parameter, die zur 
funktionierenden Regulierung des Energiehaushaltes beitragen. Unsere 
Ergebnisse geben einen neuen Einblick im Gebiet der Neuroinflammation und 
identifizieren GLP-1R als mögliches Ziel zur Behandlung von ernährungs-
bedingten Entzündungsreaktionen im Hypothalamus. Weiterhin zeigen unsere 
Ergebnisse, dass Myd88 ein potentielles Ziel zur Modulation der Blut-Hirn-



 

Schranke im Hypothalamus ist. Zu guter Letzt, zeigen wir, dass keimfreie 
Mäuse wesentlich höhere postnatale Leptin-Werte aufweisen, und weitere 
Studien werden benötigt, diese erhöhten Leptin-Werte und deren mögliche 
Auswirkung auf den Körper weiter zu erforschen.
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1 INTRODUCTION 
The research field on gut microbiota and its role in different diseases is rapidly 
expanding with more exciting literature contributing to it. However, our 
understanding of underlying mechanisms contributing to an imbalance in 
central energy balance regulation is also proceeding constantly. The aim of this 
thesis is to broaden our current knowledge and understanding of how the gut 
microbiota contributes to the development of diet-induced obesity (DIO) by 
affecting central energy balance regulation. Within the three projects of this 
thesis, I focused on the role of the gut microbiota in inflammatory processes in 
the hypothalamus upon Western diet (WD) challenge, in regulating blood-
brain barrier (BBB) function in the mediobasal hypothalamus (MBH) as well 
as in the development of energy balance-regulating neurons in the 
hypothalamic arcuate nucleus (ARC). 

1.1 THE GUT MICROBIOTA 
The human body is colonized with microorganisms, termed microbiota. The 
first description of such goes back to the 17th century, when Antonie van 
Leeuwenhoek described the presence of “animalcules” in sea pond water with 
his self-built powerful but simple microscope [1, 2]. While bacteria reside on 
all surfaces of the body, including the gastrointestinal tract, skin, hair, and 
vagina [3], the majority is found in the gastrointestinal tract with an increasing 
abundance from small intestine to distal colon [4]. The community of those 
intestinal bacteria is termed gut microbiota. Today, the gut microbiota is a 
popular research field and has been in the focus of many research groups with 
an increasing number of publications over the past two decades [5]. 

At birth, the body’s surfaces get colonized with bacteria. While the bacteria 
are homogenous among body sites at first, by six weeks of age, the 
communities differ according to their specific body sites [6]. Even though 
previous calculations had led to the assumption that the gut bacteria outnumber 
the host’s number of cells by a magnitude of 10, more recent calculations state 
that an average 70 kg man is estimated to harbor about 3.8x1013 bacteria [7], 
with the majority of bacteria residing in the intestine and the highest abundance 
in the colon [4, 8]. This revised number indicates that the number of bacterial 
cells is actually similar to that of human host’s cells [7]. Differences in the type 
and amount of bacteria present are determined by ecological factors like 
oxygen, nutrient availability, host immune activity and pH along the 
gastrointestinal tract [4]. The microbes’ genes outnumber the host’s genes by 
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150-500 times, overall indicating the important role the gut microbiota can 
play in host physiology and metabolism [9-11]. 

 

1.1.1 GUT MICROBIOTA MATURATION 
Using a Swedish cohort, Bäckhed et al. demonstrated that the type of bacteria 
first introduced to the body depend on the mode of delivery [12]. Newborns in 
the Swedish cohort delivered vaginally have a gut microbiota enriched in 
bacteria of the genera Bacteroides, Bifidobacterium, Parabacteroides, and 
Escherichia/Shigella and about 72% of the early colonizing bacteria can be 
found in the mother’s microbiome [12]. In contrast, newborns delivered via c-
section have a gut microbiota dominated by genera of skin, oral or 
environmental bacteria and resemble the mother’s microbiome only about 41% 
[12]. These differences are apparent throughout the first year of life [12, 13], 
but in adults no effects of the mode of delivery could be found [14]. Other 
studies fail to find an influence by mode of delivery even at an early neonatal 
timepoint in life [6], which is possible attributable to differences in the study 
population, the power of the study or technical differences in the analysis. 

In a follow-up study of the Swedish cohort, Roswall et al. described how the 
gut microbiota keeps developing throughout the first five years of life. It 
increases further in alpha-diversity, but even at the age of five, alpha-diversity 
is still lower than in adults [15]. Furthermore, it is suggested, that bacterial 
communities (the group of bacteria sharing their habitat) appear age-specific 
within the first years of life, and their appearance correlates with different 
events like the introduction of solid foods in the child’s life [15]. Overall, this 
suggests an important influence of milk or food introduced to the infant. 

In adults, the gut microbiota is considered to be more similar within one person 
over time, but varies more between individuals in its composition [16, 17]. 
Overall, the major two phyla in the human intestine are Firmicutes and 
Bacteroidetes, while other common but less abundant ones are Actinobacteria, 
Proteobacteria and Verrucomicrobia together forming the five most 
represented phyla [8]. Studies on twins revealed an effect of host genetics on 
the gut microbiota composition [18, 19]. Stool consistency is suggested to have 
the greatest correlation with differences in gut microbiota composition 
between individuals [14]. Notable among environmental factors is the use of 
medications; especially antibiotics can affect the microbiota composition [8, 
14]. The consumption of dietary fibers, cholesterol or animal-derived saturated 
lipids can further affect the gut microbiota composition [8, 20, 21]. Depending 
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on the different genera represented in an individual’s gut microbiota, different 
bacterial products and metabolites are produced. 

 

1.1.2 MICROBIALLY PRODUCED METABOLITES AND 
SIGNALING MOLECULES 

The residing gut microbiota can communicate with the host. Bacteria can either 
signal via their structural components like lipopolysaccharide (LPS) or via 
microbially produced metabolites like short-chain fatty acids (SCFAs) [8]. As 
LPS and SCFAs are of relevance for the articles of this thesis, I will discuss 
them in more detail. However, it should be mentioned that gut bacteria have 
also been shown to be involved in the secretion and production of several other 
signaling molecules. Among such are for example metabolites, including 
amino acid-derived imidazole propionate [22, 23], and hormones, including 5-
hydroxytryptamine (5-HT), also known as serotonin [24-26], just to name a 
few. Gut microbes are further implied in the production of secondary bile acids 
via deconjugation, dehydrogenation, or dihydroxylation of hepatic primary 
bile acids [27, 28].  

 

SCFAs. Microbes metabolize food particles which are otherwise indigestible 
for the host, like complex carbohydrates, and produce SCFAs by fermentation 
[29, 30]. The most well studied microbially-produced SCFAs are butyrate, 
propionate, and acetate, which are known to act on G-protein-coupled 
receptors (GPR) 41 and 43 [30-34]. SCFA-triggered GPR signaling has been 
shown to affect the development of obesity [35, 36]. Absence of GPR41 
signaling in mice leads to a leaner phenotype compared to wildtype (wt) 
littermates when microbes are present [36]. In contrast, administration of 
SCFAs has been shown to affect hepatic and colonic GPR43 expression and 
contribute to a leaner phenotype [35]. Different studies indicate SCFAs 
signaling over GPR41 or GPR43 in adipocytes can stimulate the secretion of 
leptin from adipose tissue [37, 38]. Besides leptin, the secretion of other 
hormones like Glucagon-like peptide-1 (GLP-1) is also affected by SCFAs. 
Propionate and acetate increase the expression of genes encoding for the two 
receptors GPR41 and GPR43 in vitro and are able to stimulate GLP-1 secretion 
in colonic cultures [34]. In vivo experiments confirm that GLP-1 levels 
decrease in the absence of functional GPR41 or GPR43 signaling with effects 
on glucose metabolism [34]. Both propionate and butyrate have been shown to 
stimulate expression of enzymes involved in intestinal gluconeogenesis and 
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thereby affect glucose metabolism and body weight [31]. The role of acetate 
in appetite regulation is controversial. While there are reports of an appetite 
reduction by acetate acting in the hypothalamus [32], others demonstrate a 
stimulation of the vagus nerve by increased microbial acetate production 
causing an elevation in the levels of hunger stimulating hormone ghrelin 
followed by an increase in food intake [33]. 

Apart from signaling over the receptors GPR41 and GPR43, bacterially 
produced SCFAs also contribute to an increased energy harvest from the diet. 
Colonization experiments suggest that colonizing germ-free (GF) mice leads 
to an increased energy uptake in colonized (CONV-D) mice despite a reduced 
food consumption [39]. The energy contribution by SCFAs is estimated to be 
around 10% of the daily energy need in humans in the Western world [40, 41].  

 

LPS. Among the most studied bacterial products is LPS. Signaling over Toll-
like receptor (TLR) 4, it activates an inflammatory response by cytokine 
production (Figure 1). In this thesis, I will focus on LPS, as it is of relevance 
for the included papers, but it is worth mentioning that there are other 
microbially derived immune signals too. Examples for those are 
peptidoglycans acting on the heterodimer TLR2/TLR1 and TLR2/TLR6 or 
flagellin acting on TLR5, all leading to cytokine production (reviewed in [8, 
42]). LPS-triggered cytokine production is a complex process involving many 
different molecules. On the cytoplasmic side of the membrane, TLR4 has 
several adaptor proteins, including Myd88, that is connected to TLR4 via 
TIRAP, and Trif, that is connected via TRAM. Downstream signaling via 
Myd88 activates nuclear factor-kappa B (NF-κB), while downstream signaling 
via Trif leads to phosphorylation and activation of interferon regulatory factor 
3 (IRF3). Ultimately this results in the production of cytokines and type I 
interferons (IFN) [43]. Bacteria-derived metabolites like LPS are supposed to 
be incapable of crossing the gut barrier. However, the literature supports two 
options how LPS can pass the intestinal barrier. First, the gut bacteria may 
modulate intestinal barrier function allowing LPS to translocate into the 
bloodstream. Second, formation of chylomicrons has been suggested to 
promote LPS absorption [44-46]. Eventually, LPS reaches via the circulation 
organs that have TLR4-expressing cells. When increased LPS reaches TLR4, 
it triggers an inflammatory response, as it indicates that potentially harmful 
substances circulate in the body. Since the gut microbiota composition can be 
affected by diet, feeding of a high-fat diet (HFD) can also cause an increase in 
LPS-containing gram negative bacteria, resulting in higher LPS plasma levels 
[47]. 
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Overall, it can be concluded that the gut microbiota can signal directly or 
indirectly to the host affecting various signaling pathways in many tissues and 
organs and thereby contributing to host physiology. 

 

1.2 DEVELOPMENT AND STRUCTURES OF 
THE HYPOTHALAMUS 

The hypothalamus is the brain region of interest for this thesis, with special 
focus on the MBH containing the median eminence (ME) and ARC, the center 
of energy balance regulation (Figure 2). The area of the MBH is special due to 
its permeable BBB, allowing neurons and glia in this area to sense changes in 
the blood levels of different molecules informing about the nutritional status 
of the body, and react to those by regulating energy homeostasis. 

The different brain structures and nuclei are already present at the time of birth, 
but develop further in the postnatal period. At birth, the human brain is 
estimated to be about 36% of the adult’s brain size and the rat brain is about 
17% of the adult rat’s brain size [48, 49]. Throughout the first two years of life, 
the human brain expands in glia cells, forms new synapses, axonal projections 
and dendrites, resulting in about 80% of the adult’s brain size by 2 years of age 

Figure 1: TLR-4 signaling. The bacterial product LPS binds to TLR-4 activating downstream 
signaling over its adaptor proteins TIRAP and Myd88 or TRAM and TRIF. Myd88 signaling 
leads to an activation of NF-κB, TRIF to phosphorylation of IRF3. As a result, pro-inflammatory 
cytokines as well as IFN-b are released. (created with biorender) 
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(reviewed in [48]). Similarly, the rat brain consists of about 90% of neurons at 
birth, but throughout the first weeks in life dramatic restructuring happens as 
neurons increase in size and non-neuronal glia cells are formed [49]. During 
this time, neuronal projections are established as well [50, 51]. Interestingly, 
the anorexigenic hormone leptin has been found to exert a neurotrophic role in 
that early postnatal time window. Studies on mice and rats revealed an increase 
in leptin levels throughout the first 2 postnatal weeks resulting in a leptin surge 
[52, 53]. The absence of leptin signaling in that early postnatal period was 
associated with a reduced brain mass [54, 55]. 

 

1.2.1 NEURONS OF THE MBH REGULATING ENERGY 
BALANCE 

The MBH covers the areas of the ARC and the ME, areas important for 
response to nutrients and hormonal stimuli (see 1.3.1). Of relevance for this 
thesis are two types of neurons: orexigenic neurons expressing neuropeptide Y 
(NPY) and agouti-related peptide (AgRP) and anorexigenic neurons 
expressing pro-opiomelanocortin (POMC). Their function will be discussed in 
the sense of energy balance regulation in Chapter 1.3. Those anorexigenic and 
orexigenic neurons have their cell-bodies located mainly in the arcuate nucleus 
(Figure 2) and send out projections to the different surrounding nuclei like the 
lateral hypothalamus (LHA), the dorsal hypothalamus or the paraventricular 
hypothalamus (PVH). Extensive studies on the development of ARC neurons 
demonstrated that arcuate neurite outgrowth happens under the stimuli of 
leptin within the first postnatal weeks in rodents, meaning that neurons with 

Figure 2: Example of a coronal section of a mouse brain covering the MBH with the ARC 
(darker colored). Within the ARC are cell bodies of AgRP/NPY (pink) and POMC (green) 
positive neurons located, signaling via their projections to neurons of surrounding nuclei 
(Illustration made by Anna Hallen). 
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cell bodies located in the arcuate nucleus extend projections to the surrounding 
nuclei in the presence of leptin, but are disrupted in the absence of early life 
leptin signaling [53, 56]. Leptin levels rise throughout the first two weeks of 
life to then decline again, defined as the leptin surge. Research on the leptin 
surge revealed that this surge is variable in length and intensity depending on 
the nutritional status of pups determined either by litter size or nutritional status 
of the dams [57, 58]. Interestingly, only at about 28 days of age, mice respond 
to the anorexigenic stimuli of leptin as they do in adults [59], indicating those 
circuits are now functional and mature. 

 

1.2.2 GLIA CELLS IN THE CENTRAL NERVOUS SYSTEM 
Glia cells are another cell type of importance. The first description of neuronal 
glia cells, at that time termed “neuroglia”, is found in the commentary of R. 
Virchow to his description of binding connections surrounding neural elements 
that he observed in brain and spine [60]. Since that first description, research 
progressed immensely and led to the discovery of different types of glia cells 
with astrocytes, microglia, and oligodendrocytes representing the major types 
of glia cells of the central nervous system [61] Furthermore, there are 
ependymal cells, including tanycytes [62, 63]. Since astrocytes, microglia, and 
tanycytes are of importance for this thesis, I will focus on these three in the 
following text. It should be briefly mentioned though, that oligodendrocytes 
are mainly involved in the myelination process to cover axons allowing the 
saltatory signal conduction [64]. 

 

Astrocytes. Astrocytes are specialized glia cells found in neural tissue and are 
estimated to represent about half the cells in the brain. Beside promoting 
synapse formation, astrocytes regulate synaptic function via the secretion of 
signaling molecules and are mediators of BBB integrity (reviewed in [65, 66]. 
They are also important responders to central nervous system (CNS) injury. 
When astrocytes receive signals about CNS damage, they enter the active state, 
defined as astrocytosis, with the aim to aid tissue repair and protection. In this 
state they also increase their expression of glial fibrillary acidic protein 
(GFAP) [67], that is used to detect active astrocytes by e.g. 
immunohistochemistry staining. In addition to their surveilling function and 
role in CNS injury, astrocytes also regulate brain glucose metabolism [68]. 
Glucose transporters expressed on astrocytes are implied in responding to 
changes in glucose alterations in the brain and in using glucose to provide 
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energy to surrounding neurons [68]. Astrocytes express insulin and leptin 
receptors, both involved in regulation of food intake and glucose sensing in the 
CNS [68-71], which may also contribute to the astrocytes’ early response 
during high-fat-diet feeding [72, 73]. However, leptin also has a neurotrophic 
role on astrocytes in the early postnatal period, and is important for the 
proliferation of astrocytes [74]. Astrocytes in different brain regions, including 
the hypothalamus and the nucleus tractus solitarius (NTS), further express 
Glucagon-like-peptide-1 receptor (GLP-1R) [75-77]. Signaling over astrocytic 
GLP-1R modulates diet-induced development of hypothalamic inflammation 
as a response to feeding a diet rich in fat and sugars [76] as well as it regulates 
brain glucose availability and fatty acid oxidation [75]. Timper et al. 
demonstrated that depleting GLP-1R from GFAP-expressing astrocytes 
impairs their mitochondrial activity. It further activates a stress response [75]. 
In summary, astrocytes are of central importance in neuronal function and 
maintenance as well as in energy metabolism and we probably will keep 
discovering new receptors and signaling pathways they are involved in. 

 

Microglia. Constituting about 10% of cells in the brain, microglia represent 
only a smaller fraction of the cells [78]. They can be considered as the 
surveillance system of the CNS, and have been named the macrophages of the 
CNS [79]. In their resting state with long but fine motile dendrites and a small 
soma, they constantly control their surroundings [79, 80]. Interestingly, 
astrocytes release cytokines signaling to microglia to maintain them in their 
resting state [79, 81]. Upon detection of changes or injury, microglia enter an 
active state, characterized by shortened dendrites and enlarged cell bodies [78, 
80]. Similar to astrocytes, they are among the first responders to HFD feeding, 
as they enter their activated state contributing to an inflammatory response 
[73]. The detection of elevated levels of saturated fatty acids can trigger 
microglia to enter their activated state [82]. Recent evidence indicates that 
microglia have a two-sided role as a response to e.g. BBB injury. While in a 
first response they attempt to protect, with proceeding insult, they appear to 
enter a phagocytotic state causing intensified inflammation [83]. Conclusively, 
microglia can be described as a protective surveillance system, that, once it 
gets activated, causes an intense inflammatory response. 

 

Ependymal cells. Ependymal cells are also often named ependymal lining, as 
they are found on the surfaces of ventricles of the CNS. They have a trophic 
and metabolic function [62]. Tanycytes are ependymal cells reported to be 
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found along the wall of the 4th ventricle as well as to be lining floor and side 
borders of the 3rd ventricle (3V) with axons projecting through the ME and 
throughout the ARC [63, 84]. Recent publications demonstrated their role in 
the BBB permeability and in the uptake of leptin from the periphery [85]. 

 

1.2.3 THE BLOOD-BRAIN BARRIER 
Today, the BBB is considered a complex cellular interplay with constant 
communication between its different cell types and its definition can be 
broadened to the so-called neurovascular unit. The neurovascular unit consists 
of the BBB with its elements, the endothelial cells, tight junction (TJ) proteins, 
pericytes and astrocytes, and it additionally includes cell types interacting with 
the BBB, like microglia and neurons (reviewed in [86, 87]). The main task of 
the BBB is to protect the brain from the entry of possible harmful blood-borne 
substances, but it also ensures brain homeostasis and regulates influx and 
efflux through the presence of different transporters [86]. The first layer of the 
BBB are the endothelial cells around the blood vessels (Figure 3). Those 
endothelial cells are interconnected with TJ proteins. Among those TJ proteins, 
Claudin-5 is found to be most abundant. Other TJ proteins are Claudin-1, 
Claudin-3, Occludin and the transmembrane TJ protein zonula occludens 1 
(ZO-1) [88-90]. Around the layer of endothelial cells, interconnected with TJs, 
are pericytes attaching to the outer side of the endothelial cells ensuring a 
maintenance of the BBB. Pericytes are also assumed to be directly involved in 
the maintenance of the BBB [86, 91]. As mentioned before, astrocytes are 
another cell type playing a role in the BBB function. Their end-feet connect to 
the abluminal site of endothelial cells [86]. Astrocytes ensure maintenance of 
the BBB and ablation of astrocytes leads to infiltration of smaller molecules 
into the brain [92]. The above-described cell-types are part of the BBB, 
however the neurovascular unit includes further cell types like microglia and 
neurons. Microglia are not in direct contact to the blood vessels, as they are 
just surveilling their surrounding as described before. Though, in the case of 
activation they migrate to the injured vessels of the BBB [83].  

There is another cell type in the MBH considered to contribute to BBB 
plasticity and nutrient uptake in this region, called tanycytes. Interestingly, 
tanycytes also express the TJ proteins Occludin, Claudin-5, Claudin-1 and ZO-
1 (Figure 4) with region-specific differences [63]. Tanycytes were discussed 
to be involved in leptin uptake from the blood and transport in the ARC. Even 
though studies were inconclusive at first, the latest publication demonstrates a 
role for tanycytes in leptin uptake and their role in the BBB [85]. 
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The BBB is a complex sealed system preventing the entry of unwanted 
molecules from blood stream to brain. Importantly, there are differences in 
BBB structure varying between regions [87]. Hence, not all parts of the brain 
have an impermeable BBB. So called circumventricular organs (CVOs) have 
been demonstrated to have fenestrated vessels and a permeable BBB. The ME, 
which is part of the MBH and located below the ARC, is considered a secretory 
CVO [93, 94]. Considering the MBH’s important role in energy balance 
regulation, it is not surprising that neurons in this area have access to the blood 
stream enabling them to sense leptin or glucose levels. BBB function and 
permeability in this region is also thought to be changeable by e.g. fasting. In 
the state of fasting, permeability increases to ensure access of more neurons to 
nutrient stimuli from the blood stream [95].  

Provided the differences in BBB plasticity and permeability throughout the 
brain, it is important to differentiate between those different regions when 
investigating BBB function. Depending on the region, the response will be 
different. 

Figure 3: Schematic presentation of the BBB. Blood vessels are surrounded by endothelial cells, 
interconnected with tight junction proteins. Pericytes connect to the abluminal site together with 
astrocytic end-feet. Microglia are not in direct contact to the blood vessels (created with 
biorender) 



Christina N. Heiss 

11 

 

1.2.4 MICROBIOTA-GUT-BRAIN-AXIS 
The term gut-brain-axis describes the bi-directional communication between 
gut and brain and with increasing evidence for the gut microbiota’s role in that 
communication, the term microbiota-gut-brain-axis [96] appears suitable to 
describe the direct and indirect ways of interaction between gut microbiota and 
brain. Notably, the gut microbiota has been associated with the development 
of several CNS-related diseases, including autism spectrum disorder [97, 98], 
Alzheimer’s Disease [99-101], or Parkinson’s disease [102-104]. Those 
diseases are often accompanied by gastrointestinal symptoms and an altered 
gut microbiota composition. For example, in samples of autistic children, there 
was a lower abundance of the genera Prevotella, Coprococccus, or 
Veillonellaceae detectable [97], while others report a higher abundance of 
Clostridum histolyticum in the microbiota of children with autistic spectrum 
disorder [98]. Further on, anxiety- and depression-like behavior has been 
associated with the gut microbiota as well [105, 106]. In the following 
paragraphs I will describe the basic ways of communication from gut 

Figure 4: Immunofluorescent picture of a brain section covering the ARC showing that 
tanycytes co-express TJ protein ZO-1. Tanycytes (cyan) connect to the wall of the third 
ventricle (3V) and to blood vessels (CD31, red) in ARC, TJ protein ZO-1 (yellow) can be 
found at the wall of the 3V as well as in blood vessels; cell nuclei are stained with Hoechst 
(blue). Scale bar 100µm  
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microbiota to brain and vice versa, as well as summarize current knowledge 
how the gut microbiota modulates important brain structures and processes that 
are of relevance for the attached papers. 

 

Bi-directional communication. Gut and brain have a bi-directional 
communication with each other. As reviewed in Morais et al., this 
communication involves neural connections of the enteric nervous system, the 
neuroendocrine system as well as the secretion or release of signaling 
molecules [107]. The gut microbiota can signal indirectly to the brain as it 
affects the release of cytokines, hormones like GLP-1 and the neurotransmitter 
5-HT or gamma-aminobutyric acid (GABA), and it can produce bacterial 
metabolites, like SCFAs, or via bacterial derived LPS. Those signaling 
molecules can after translocation from gut to circulation signal to the brain 
[107-110]. The gut microbiota and gut microbial derived metabolites can also 
directly signal to the brain via gut-brain neural circuits [31] and via so-called 
neuropods, as enteroendocrine cells have synapses to vagal nerves. Those 
neuropods signal with glutamate as a neurotransmitter from gut to brain 
transmitting information about e.g., the status of the intestinal lumen [111]. In 
return, the brain stimulates the release of neurotransmitters affecting gut 
microbiota composition, intestinal milieu and intestinal barrier function [107]. 

 

Gut microbiota in neurodevelopment. Developing in a supposedly, but debated 
sterile environment in the womb [112], the fetus is connected to the mother’s 
blood circulation, meaning bacterial derived signaling molecules in the blood 
stream can also affect the fetus. Mice show a change in their microbiome after 
conception, hinting to a possible role of the mothers’ gut microbiota in the 
fetus’ development [113]. The maternal microbiota modulates microglia 
function in the offspring [114]. Microglia differentiate during development and 
the depletion or absence of microbes during the prenatal stage causes changes 
in microglia properties in brain regions like the hippocampus or striatum with 
long lasting effects seen in adulthood [114]. As described above, at birth the 
body gets colonized with bacteria, at a time when the brain consists to 90% of 
neurons and has only about 15-36% of the size of an adult brain, varying 
between species [48, 49]. In the first postnatal weeks/years (depending on the 
species) bacteria conquer their habitats. In parallel glia cells are formed and 
neurons extend their projections, meaning the brain matures (see 1.2.1 and 
1.2.2). This indicates a potentially important role of the gut microbes and their 
metabolites for brain development. The importance of the gut microbiota for 
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brain development in rodents is also demonstrated with results from antibiotics 
administrations during pregnancy and early life. The consumption of 
antibiotics during that time results in altered behavior, reduced gene expression 
important for axogenesis, impaired hypothalamic axon outgrowth, and higher 
susceptibility to body fat gain, indicating an impaired central energy balance 
regulation [115-117]. While absence of gut microbes leads to increase the 
neuronal firing rate and synaptic density, administration of Bifidobacterium-
species during the first postnatal weeks can normalize the neuronal firing rate 
and synapse formation to a similar extent as seen in mice colonized with a 
complex microbiota [118]. 

 

Gut microbiota altered brain structures. Several CNS disorders are linked to 
altered cell morphologies and disrupted structures in the brain. One of such are 
microglia cells. Microglia are important for inflammatory processes of the 
CNS, shown by hypothalamic inflammation in DIO [73], and gut microbial 
stimuli by SCFAs are necessary for their maturation [119]. Thus, GF mice 
display altered microglia function that resembles an immature phenotype with 
an impaired innate immune response. Interestingly, depletion of the gut 
microbiota causes a change to immature characteristics, while re-colonization 
can restore microglia function to their mature state, indicating that acute 
changes are possible [119]. Further on, GF mice have elevated expression of 
genes involved in myelination compared to conventionally raised (CONV-R) 
mice [120, 121]. Different studies show altered neurogenesis in the absence of 
microbes, as seen for GF and antibiotic treated mice [121-124]. The gut 
microbiota has also been shown to affect neuronal survival [108, 121]. Lastly, 
the gut microbiota and its metabolites like LPS have also been reported to 
affect brain barrier function in different regions. GF mice have a permeable 
BBB in cortex, striatum and hippocampus, with decreased gene expression 
levels of TJ proteins compared to mice with a gut microbiota. Colonization of 
GF mice decreases permeability and elevates TJ gene expression [125]. 
Bacterial derived LPS has further been implicated with an altered permeability 
of the choroid plexus and the cerebrospinal-fluid-barrier [126] and the 
disruption of BBB integrity in frontal cortex, cerebellum or thalamus when 
administered in very high doses [127]. Interestingly bacterial derived LPS was 
found to have an effect on BBB integrity in the frontal cortex, an area, where 
gut bacteria are shown to decrease the expression of genes involved in 
myelination. This suggests that brain regions can be affected differently. 
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1.3 CENTRAL ENERGY BALANCE 
REGULATION 

As described in 1.2, the center for energy balance regulation lies in the 
hypothalamus with ARC as the most important site. Though, it should be 
noted, that also the NTS has been shown to have an important energy 
regulating function. Hormones from the periphery reach energy regulating 
neurons expressing POMC, NPY and AgRP. Those anorexigenic and 
orexigenic neurons orchestrate a balance between food intake, appetite and 
energy expenditure. 

 

1.3.1 HYPOTHALAMUS AS THE KEY REGION FOR CENTRAL 
ENERGY BALANCE REGULATION  

The MBH is important in central energy balance regulation. We and others 
showed that not only the ME with its fenestrated vessels, but also part of the 
ARC, have a permeable BBB [128]. Cells of the ARC that are located close to 
the ME are able to sense blood-borne substances easier [129]. This is an 
important factor to be able to respond rapidly to changes in circulating levels 
of hormones or nutrients with information about the body’s nutritional status. 
Orexigenic AgRP and NPY expressing neurons as well as anorexigenic 
neurons expressing POMC receive signals from the periphery that either 
activate or inhibit them. A majority of the AgRP/NPY and POMC cell bodies 
are located in the ARC and form projections to surrounding nuclei including 
the PVH and the LHA [130, 131]. Different hormones orchestrate the activity 
of those neurons, with leptin being the most relevant one, whose role will be 
discussed in the next chapter (see chapter 1.3.2). Generally, in an orexigenic 
state activation of POMC neurons causes them to synthesize alpha-
melanocortin stimulating hormone (a-MSH), which activates melanocortin-4 
receptor (MC4R) in surrounding nuclei, like the PVH. In parallel, NPY and 
AgRP synthesizing neurons in the ARC are inhibited [130-132]. This overall 
leads to reduced food intake and increased energy expenditure. Opposite, in an 
anorexigenic state, the aim is to increase food intake and AgRP and NPY 
neurons get activated causing an inhibition of MC4R as AgRP acts antagonistic 
to the receptor [133, 134]. Additionally, they are also termed GABAergic 
neurons as they release GABA inhibiting POMC neurons [135, 136]. Energy 
balance regulation covers beside the control of food intake and appetite also 
the control of energy expenditure. Energy is taken up via the digestion of food 
and after the loss of energy over feces and urine, the remaining metabolizable 
energy is available to the body and used for different processes, including 
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activity, thermogenesis, growth, and basal metabolic rate to just name a few 
[130]. The brain regulates also here several mechanisms. Thus, leptin activated 
POMC neurons regulate locomotor activity, while modulation of the 
sympathetic nervous system by the brain stimulates thermogenesis in brown 
adipose tissue (reviewed by [131]). 

 

1.3.2 HORMONES ACTING ON ANOREXIGENIC AND 
OREXIGENIC NEURONS 

Different hormones have been found to orchestrate the activation and 
inhibition of energy balance regulating neurons. Food intake reducing leptin 
and insulin as well as appetite increasing ghrelin are probably the most 
prominent ones, but also GLP-1 was found to mediate satiety. 

 

Leptin. Leptin is an anorexigenic hormone and its name derives from the Greek 
word leptos, meaning thin. Today we know, that leptin is an adipose tissue-
derived hormone, that regulates central energy balance. The report of a satiety 
factor reaches back to the 1970s. The use of obese ob/ob mice as well as db/db 
mice in parabiosis experiments lead to the discovery of an unknown substance 
affecting food intake. Logically, it then was named satiety factor [137, 138]. 
Thus, administering this satiety factor to ob/ob mice by connecting their 
circulation to lean mice could reduce their bodyweight [137]. In contrast, 
connecting db/db mice to lean mice starved the lean mice to death, while the 
db/db mice remained obese [138]. The discovery of the peptide’s structure in 
the early 1990s and the production of recombinant leptin allowed research to 
focus on the hormone’s role in the development of obesity [139-141]. Similar 
to those early observations by Coleman, the administration of recombinant 
leptin can rescue the obese phenotype in genetically leptin deficient mice [142] 
and humans [143]. Leptin is secreted from the white adipose tissue with depot-
specific differences i.e., subcutaneous adipose tissue has a higher expression 
of leptin, than visceral adipose tissue [144] Plasma leptin levels as well as 
adipose ob (leptin) mRNA generally correlate with the amount of body fat and 
thereby communicate the body’s energy status [145-147]. Leptin levels drop 
in a fasting state [148], indicating that leptin also signals about the acute 
nutritional status, and the hormone’s levels have fluctuations according to the 
circadian rhythm [149]. In addition to its role as a satiety factor, leptin was also 
shown to stimulate energy expenditure in the hypothalamus. Hypothalamic 
leptin action has been shown to increase body temperature, blood pressure and 
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heart rate in rodents [150-152]. For example, leptin administration into the 
dorsomedial hypothalamus in mice mediates an elevation in interscapular 
brown adipose tissue temperature indicating an increase in its energy 
expenditure [152]. However, recent evidence questions leptin’s role in energy 
expenditure [153]. While leptin administration in humans reduced food intake 
and body mass in lean subjects, leptin administration was not found to affect 
energy expenditure [153]. 

There are six leptin receptors. However, the long form of the leptin receptor 
(LepRb) is the one, that is mainly expressed by energy regulating neurons [139, 
154], but also by astrocytes and tanycytes [69, 85]. Generally, central leptin 
action is the driving force in energy balance regulation, as leptin receptor 
depletion from the periphery does not affect energy household, even though 
leptin levels are increased [155]. To access its receptor expressed on neurons 
of the ARC and other hypothalamic nuclei, the 16kDa big hormone needs to 
cross the BBB. It was suggested that this happens over a saturable transport 
system [156]. Further evidence demonstrates additionally an important role for 
tanycytes in the uptake and transport of leptin [85, 157]. Leptin can also access 
its receptor expressed on arcuate neurons that are located outside the BBB 
[129]. Leptin signaling over its receptor has been extensively studied and 
previously nicely reviewed elsewhere [139].  

Beside its role in central energy balance regulation, leptin can also act on 
different receptors expressed on tissues throughout the periphery regulating 
neuroendocrine and immune function (reviewed in [147]). It further on is 
essential for neurodevelopment, as described in 1.2. Despite occurring in high 
levels during the first 2-3 postnatal weeks, leptin does not affect the pups’ food 
intake in that period [59]. It is suggested, that leptin-responsive neurons need 
to have their projections formed to be able to mediate leptin’s anorexigenic 
effect [51]. However, at about 28 days of age, at weaning, mice respond to the 
anorexigenic stimuli of leptin as they do in adults [59], indicating that leptin 
can exert its anorexigenic effect. 

 

Glucagon-like peptide 1. In the NTS, another site of leptin action, leptin can 
co-regulate satiety together with GLP-1 [70, 147, 158]. GLP-1 was originally 
found to promote a fast response after food intake. It is secreted from ileal L-
cells and stimulates insulin secretion from pancreatic beta-cells [159]. 
However, GLP-1 secretion also occurs from colonic L-cells [160, 161], 
indicating, that GLP-1 has not only acute functions in response to food intake. 
GLP-1R can be found on a variety of tissues throughout the body including the 
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brain and GLP-1R signaling affects food intake and energy expenditure [160]. 
GLP-1 decreases food intake and GLP-1R activation by the agonist liraglutide 
activates POMC neurons, leading to reduced body mass [159, 162]. When 
administered intravenously (iv), GLP-1 also increases energy expenditure 
[163]. Interestingly, intravenous GLP-1 administration has a faster and more 
pronounced effect on energy expenditure than intracerebroventricular 
administration [163]. GLP-1R agonists like liraglutide are nowadays allowed 
for the treatment of patients with type 2 diabetes and shown to improve the 
outcome of co-morbidities like cardiovascular events [164]. We and others 
showed recently, that GLP-1 acts also on its receptor expressed on astrocytes 
in different regions of the brain and is contributing to energy balance 
regulation, glucose sensing and hypothalamic inflammatory response, as 
mentioned before (see 1.2.2) [75-77].  

 

Ghrelin. When describing leptin’s anorexigenic action on neurons of the 
hypothalamus, it is also important to mention briefly the orexigenic hormone 
ghrelin, that is released from the stomach. Similar to leptin, ghrelin acts on 
hypothalamic energy regulating neurons, but in contrast to leptin, it activates 
orexigenic neurons that commonly express its receptor growth-hormone 
secretagogue receptor type 1a (GHS-R1a) leading overall to an increase in food 
intake [165]. 

 

1.3.3 GUT MICROBIOTA IN CENTRAL ENERGY BALANCE 
REGULATION 

Central energy balance regulation, as described above, relies on the interplay 
of different hormones and receptors. Disturbances in this system lead to the 
development of obesity, among others. The gut microbiota could potentially 
play a role in the onset of obesity (see 1.4.2) and recent data suggest a role of 
the gut microbiota also in central energy balance regulation. 

Development of obesity has been linked to a failure in the central response to 
leptin. GF mice were shown to have an improved response to leptin 
administration, as the body weight reduction is significantly bigger compared 
to CONV-R mice [109]. We further show a generally increased leptin 
sensitivity in GF and antibiotic treated mice compared to CONV-R mice [76]. 
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Several studies indicate an effect by gut microbially produced SCFAs on 
hormones and neurons involved in energy regulation [166-170]. Gut microbial 
SCFAs, like butyrate, are used as energy source for colonocytes. Thus, GF 
mice exhibit colonocytes that are energy deprived [170]. The gut microbial 
produced SCFAs acetate, propionate, and butyrate have been shown to 
increase GLP-1 secretion [34, 108, 168]. Propionate is a potent stimulator of 
GLP-1 secretion from colonic cells in vitro as well as in vivo [168]. Despite 
the lack of gut microbially produced SCFAs, GF mice are found to have 
elevated GLP-1 secretion compared to CONV-R mice. Wichmann et al. 
propose that the elevated GLP-1 levels slowed down the gastric transit to allow 
more energy to be absorbed. Colonization of GF mice decreases GLP-1 levels 
[169]. Butyrate was further found to decrease appetite [167] and together with 
propionate to decrease food intake [166]. 

Summarizing it can be said that the gut microbiota as well as gut microbial 
metabolites, specifically SCFAs, play a role in the regulation of energy 
balance. 

 

1.4 OBESITY AND HYPOTHALAMIC 
INFLAMMATION 

The prevalence for overweight and obesity is continuously rising and has been 
estimated to have tripled from 1975 to 2016 [171]. Recent data for Europe 
indicate that over half of the adult population is considered overweight, with a 
higher percentage in men than in women [172]. The rising prevalence for 
obesity is a major health concern, as overweight and obesity are associated 
with several co-morbidities. Besides a strong association with type 2 diabetes 
(T2D), obesity is also associated with cardiovascular diseases and even 
different types of cancer. A rising body mass index (BMI) increases the chance 
for such comorbidities [173, 174]. The development of obesity and such 
comorbidities is not only a burden for the health system, but also economically 
challenging [175]. Therefore, treatment of obesity is of major importance and 
different signaling molecules and approaches have been attempted over the last 
decades. 
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1.4.1 LEPTIN RESISTANCE IN OBESITY 
Intensive research over the last 2.5 decades on the effects of leptin revealed 
that DIO is not treatable with leptin as it is possible in genetically leptin 
deficient obese individuals [142, 143]. First hopes for a drug against obesity 
were disappointed, when a study by Heymsfield et al. showed that only a small 
share of obese patients actually responded to the hormone and lost weight 
[176]. Instead, it was found, that DIO leads to a leptin resistance in neurons of 
the ARC [177, 178]. Leptin resistance can be observed region specific [179] 
and studies on mice revealed, that hypothalamic leptin resistance can be 
reversible [177]. Neurons of the ARC also answer differently, so that AgRP 
neurons that are located outside the BBB develop leptin resistance easier, than 
POMC neurons [129]. Studies on leptin signaling revealed, that despite a 
defective leptin receptor and no downstream signaling from that site, the 
administration of agonists to MC4R can reduce weight gain [180]. Another 
example demonstrated that the signal transducer and activator of transcription 
3 (STAT3) is important for signaling over LepRb and absence of LepRb-
STAT3 signaling leads to a development of obesity [181]. Results from those 
studies reveal possible target proteins for the treatment of DIO, where leptin 
fails to exert its effect due to resistance to the hormone in ARC neurons. 

 

1.4.2 HYPOTHALAMIC INFLAMMATION IN OBESITY 
Feeding a HFD was discovered to cause not only obesity and leptin resistance, 
but also an hypothalamic inflammatory response by the upregulated expression 
of proinflammatory cytokines together with an impaired insulin sensitivity 
[182]. However, importantly, the authors could not clarify by that time whether 
hypothalamic inflammation was cause or consequence of DIO. Later another 
publication answered that question by showing that hypothalamic 
inflammation is detectable in rodents before the onset of significant weight 
gain [73] indicating that inflammation in the hypothalamus is more a 
contributor to than a consequence of obesity. Hypothalamic inflammation is 
commonly marked by increased levels of cytokines as well as infiltration of 
glia cells. A first response is detectable by an upregulated expression of 
inflammatory genes, but also microglia enter their active state and the number 
of GFAP-expressing astrocytes increases [73]. Over the last years several 
publications reported hypothalamic inflammation to be associated with obesity 
and contribute to the observable leptin and insulin resistance [73, 182-185]. It 
further is known today that several different inflammatory pathways are 
contributing to obesity as well as leptin or insulin resistance. Depletion of those 
pathways is sufficient to improve the obese or resistant state [183-185]. Thus, 



The role of the gut microbiota in central energy balance regulation 

20 

microglia are shown to affect development and function of diet-induced 
hypothalamic inflammation and the increased expression and action of 
microglial uncoupling protein 2 appears to be critical for it [82, 184]. But there 
is also evidence for the role of signaling pathways over astrocytes in the 
development of DIO and inflammation [185]. We recently published, that 
GLP-1R signaling over astrocytes is important for the protection against the 
development of WD-induced hypothalamic inflammation [76]. 

In summary, hypothalamic inflammation is a complex process with various 
mediators contributing to the overall result of diet-induced obesity together 
with hypothalamic leptin and insulin resistance. 

 

1.4.3 GUT MICROBIOTA IN OBESITY AND RELATED 
DISEASES 

As described above, host and microbiota live in symbiosis. Bacteria digest the 
incoming food particles and in return produce metabolites and signaling 
molecules affecting the host’s physiology. An imbalance of that symbiosis can 
be the cause for the development of disease, including an imbalance of central 
energy regulation leading to obesity. The gut microbiota has been implicated 
in the development of many different diseases, including T2D, obesity, and 
non-alcoholic fatty liver disease, just to name a few (reviewed in [8]). Here, I 
will focus on the role of the gut microbiota in the development of obesity and 
T2D. 

 

Establishing a role for the gut microbiota in obesity. The role of the gut 
microbiota has been investigated in the development of obesity with great 
interest. Analysis of the gut microbiota in obese and lean humans as well as 
rodents have revealed an altered gut microbiota composition with an overall 
decreased richness in the obese group. While such previous reports stated a 
clear role for the gut microbiota with decreased richness and changed 
Firmicutes to Bacteroides ratio [186-189], later re-evaluation and meta-
analyses come to different conclusions. Here, only the associations between 
obesity and altered bacterial diversity are holding true after pooling different 
studies [189]. With a growing number of publications, new findings will 
contribute to a better understanding and Goodrich et al. suggested that obesity 
is associated with a reduced abundance of Christensenellaceae [18]. To 
address if the microbiota can be casually linked to obesity, GF mice have been 
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studied and found to be protected from DIO when fed a WD compared to mice 
that had been colonized with a normal mouse gut microbiota [190]. GF mice 
were also found to be leaner compared to CONV-R or CONV-D mice when 
fed a chow diet [39] and GF mice have less epididymal fat than CONV-D mice 
when fed a WD [190]. However, other studies suggest that this protection 
against DIO is dependent on the dietary composition, specifically affected by 
the sucrose that can be found in WD [191]. Transplantation experiments 
further confirmed the role of the gut microbiota in the development of obesity. 
The recipients of an obese microbiome show elevated body fat gain compared 
to recipients of a lean microbiome [192], indicating that the obese phenotype 
is transferable with its microbiota. While metabolic phenotypes can be 
transferred by the gut microbiota in mice, it appears to be more complicated in 
humans. Different studies performing fecal microbiota transfer from lean 
individuals to obese individuals found contradictory results possibly 
attributable to differences in study population and design [193-195]. While 
some show a short-term improvement in metabolic parameters like peripheral 
insulin sensitivity in male patients, there were no long-term improvements 
reported [193, 194]. Differences between responders and non-responders were 
attributable to difference in gut microbial composition of the recipients at start 
[193-195]. Neither short- nor long-term effects could be found after fecal 
microbiota transplantation in another study with a majorly female patient 
population [195]. 

It further appears that the susceptibility to the onset of obesity can be affected 
by modulation of the gut microbiota in early life, as administration of a low-
dose antibiotic cocktail to mothers during gestation and to mothers and pups 
during nursing, has long-lasting effects on body weight development. Low-
dose antibiotic treatment results in elevated body fat and an impaired glucose 
tolerance in adult life [117, 196]. 

 

Gut microbiota changes in T2D. Obesity and insulin resistance are seen as risk 
factors for the development of T2D [197]. Different studies found an altered 
gut microbial composition in T2D patients and pre-diabetic individuals 
compared to controls [198-203] as well as a role for the gut microbiota in 
insulin sensitivity and glucose homeostasis in mice and humans [20, 23, 47, 
204, 205]. Accordingly, GF mice have significantly lower fasting blood 
glucose and insulin levels compared to CONV-R mice and colonization of GF 
mice causes an increase in fasting glucose levels [23, 39]. Antidiabetic drugs 
like metformin have further have been shown to modulate the gut microbiota 
composition [206-208]. Transferring a human metformin modulated gut 
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microbiota to mice improves glucose tolerance compared to controls [208], 
and metformin administration in HFD-treated mice causes an improvement in 
glucose homeostasis and an increased abundance of Akkermansia muciniphila 
[207]. Altogether the current literature suggests an important role of the gut 
microbiota in the development as well as in the treatment of T2D. 

 

Gut microbiota modulation to treat obesity and metabolic dysfunctions. Based 
on the above findings, different studies attempted to target the microbiota in 
the treatment of obesity and (pre-)diabetes with focus on the possible role for 
fibers, specifically those that function as prebiotics, as well as probiotics [29, 
209], but also targeting specific bacterial strains [210, 211]. Prebiotics are 
defined as substances that are metabolized by microorganisms and have a 
beneficial effect for the host’s health [212]. They have been shown to improve 
diet-induced weight gain and obesity related characteristics, as well as an 
improvement in glucose metabolism [205, 213]. Furthermore, supplementation 
of prebiotics to obese children, reduces their weight gain and body fat and 
causes an enrichment of Bifidobacterium subspecies [213]. Studies on humans 
and mice further revealed a potential therapeutic role for probiotics, 
administered alone or in combination with prebiotics, as they have been found 
to modulate gut bacterial composition compared to controls [204, 209, 214, 
215]. Administration of probiotics like Bifidobacterium and Lactobacillus 
strains was shown to improve diet-induced weight gain and obesity related 
characteristics, including an improvement in insulin sensitivity in mice [204, 
215]. Targeting specific bacteria, Akkermansia muciniphila has been 
demonstrated to be promising in the treatment of obesity and related metabolic 
dysregulations. Feeding A. muciniphila in mice can improve metabolic features 
in obese and T2D mice [211]. In humans, administration of Akkermansia 
muciniphila in obese, insulin resistant volunteers showed only trends towards 
a decrease in body weight and fat mass, but significant changes in insulin 
sensitivity could be observed [210]. 

Taken together, the gut microbiota appears to be an important factor to be 
considered in research and treatment of DIO and related co-morbidities like 
T2D. 
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2 AIM 
The overall aim of this thesis is to investigate the role of the gut microbiota in 
central energy regulation and to further contribute to broaden the knowledge 
and understanding in the field of how the gut microbes contribute to energy 
balance regulation and possibly also its imbalance. Different factors can 
contribute to the development of DIO and a dysregulated energy balance. We 
determined if the gut microbiota affects the CNS response to WD feeding, 
changes in the accessibility of the ARC to nutrients and hormones as well as 
affects the formation of energy regulating neurons in the hypothalamus.  

 

The aim of PAPER I was to determine if the gut microbiota modulates diet-
induced hypothalamic inflammation and to identify potential underlying 
signaling mechanisms. 

 

The aim of PAPER II was to determine if the gut microbiota or microbial 
products modulate BBB permeability and function. BBB function and 
permeability was investigated in GF and CONV-R mice as well as in wt mice 
and mice lacking the TLR adaptor protein Myd88. 

 

The aim of PAPER III was to determine if depletion of the gut microbiota 
resulted in an altered postnatal leptin surge and thereby an altered formation of 
projections from POMC and AgRP/NPY neurons to other hypothalamic nuclei 
or an altered proliferation of astrocytes.  
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3 METHODOLOGICAL CONSIDERATIONS 
In this section different models and techniques used for PAPER I, PAPER II, 
and PAPER III of this thesis will be discussed. Detailed methodical 
descriptions can be found in the respective papers attached to the thesis. 

3.1 MOUSE MODEL 
The papers presented in this thesis are based on experiments using mouse 
models. Rodents, specifically mice and rats, are commonly used model 
organisms to conduct biomedical research. One major advantage of a rodent 
model organism is the possibility to reduce confounding factors. Due to 
standardized housing, food, and environment, possible external confounding 
factors can be reduced, making the mouse model suitable for biomedical 
research. Metabolic characteristics are often similar between rodents and 
humans, which allows the conduction of basic research that later on can be 
translated to humans or be used for clinical studies. Good experimental design 
is crucial to be able to translate results from mouse studies to humans [216]. 

 

3.1.1 MOUSE STRAINS 
Due to its widespread use, the model organism mouse is well established and 
characterized. This allows to put results into context with findings published 
by other research groups. However, differences between strains need to be 
considered. The strains used in the papers presented in this thesis are C57Bl/6J 
mice (PAPER I and PAPER II) and Swiss Webster (PAPER III). C57Bl/6J 
mice are an inbred strain and represent the most commonly used mouse strain 
in biomedical research. They are well characterized and have little genetic 
variation, as they share over 98% of the gene loci, even though they are not 
genetically uniform [217, 218]. Therefore, possible noise in experiments can 
be minimized, which allows easier reproduction of results. PAPER I and 
PAPER II were based on C57Bl/6J mice. Since the transgenic mice included 
in PAPER I and PAPER II were derived from a BL6 background, we used 
C57Bl/6J mice in the rest of the experiments, too. In contrast, in PAPER III 
we used Swiss Webster mice. Swiss Webster mice represent the most 
commonly used outbred mouse strain. An outbred mouse strain introduces 
more variability by heterogeneity to the experiments, which would possibly 
benefit for later translation to humans [219]. Targeting the leptin surge in 
CONV-R and GF mice, our main objective was to get a mouse model that is 



The role of the gut microbiota in central energy balance regulation 

26 

very well breeding in both conditions, as it is the case for Swiss Webster mice. 
However, as mentioned before, outbred mice also contribute to more 
variability in the results. Thus, a larger number of mice might be required to 
reach statistically conclusive results, compared to when using an inbred strain 
[219]. 

 

3.1.2 GENETICALLY MODIFIED MICE 
For the experiments conducted in PAPER I and PAPER II, not only wt 
models were used. Short- and long-term administration of antagonists may 
affect the animals. We used both antagonists and transgenic mice, minimizing 
the risk of for examples weight loss due to stress from repeated injections of 
substances. Administration of antagonists was also used to complement our 
transgenic mice, confirming that the observed effect is not only due to life-long 
deletion of a gene (e.g. GLP-1R).  Life-long deletion of a gene could 
potentially lead to compensatory mechanisms and the additional use of a group 
receiving antagonists offers a way to control for this. The possibility to create 
genetically modified mice presents another reason why mice are a commonly 
used model organism. In these papers we used two different types of 
genetically modified mouse models. 

We included full-body knockout mice with Glp1r-/- mice in PAPER I and 
Myd88-/- and Trif-/- mice in PAPER II. In a full-body knockout, also defined 
as constitutive, the gene of interest has been removed at beginning of life, 
resulting in deletion of the gene from all cell types in the body. Since several 
decades, full body knockouts were used to understand the function of different 
genes in vivo [220, 221]. In PAPER I, we further confirmed the results from 
GLP-1R knockout (Glp1r-/-) mice by comparing the results to wt mice that had 
received a pharmacological inhibition of the receptor. We used heterozygous 
breeding pairs for our transgenic mouse models in both PAPER I and PAPER 
II to create a suitable experimental group to the knockout group with littermate 
control mice. However, not all knockout-strains are viable under all conditions. 
In general, the use of a full-body knockout is not applicable for every gene, as 
some might be important for embryonic development or are expressed in many 
different tissues which makes assessing their function in vivo complicated 
[220]. For the knockout strains included in these projects, full-body knockouts 
could be used under conventional conditions. However, some knockout strains 
are not viable under GF conditions, as it was the case for Glp1r-/- mice in 
PAPER I. Glp1r-/- mice show a higher lethality in GF isolators, making it 
impossible to include them for reliable results in our experiments. 
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Besides a life-long full-body knockout, genes can be also knocked out in 
specific tissue or at a specific age, called conditional knockout. Here a 
Cre/loxP system can be used. As a principle, Cre recombinase can cause a 
deletion or inversion of a floxed base-sequence, that is flanked by two identical 
loxP sites. The orientation of the two loxP sites determines whether an 
inversion or deletion is made [220]. This system was used in PAPER I with 
GCE/Glp1rflox. Those mice had an inducible knockout for GLP-1R in 
astrocytes. As they have a human GFAP promotor sequence and express Cre 
recombinase that has an estrogen-receptor with a mutated ligand-binding site, 
it gets activated by tamoxifen, an estrogen-like structure [222]. Tamoxifen 
causes a transfer of the Cre recombinase into the cell nucleus, where it excises 
the floxed GLP-1R sequence and induces a GLP-1R knockout in those cells, 
meaning GFAP expressing astrocytes. As the knockout is induced by 
tamoxifen injections, it is important to consider the life span of the targeted 
cell. If a fast turnover of cells occurs, new cells might be formed after the 
tamoxifen injection. Those newly formed cells could transcribe the gene again 
and possibly produce the protein, leading to nonsignificant results or wrong 
interpretation. In our study, tamoxifen was injected on 5 consecutive days in 
both the mutant mice as well as in the littermate control mice to ensure the 
same handling for all mice included in the experiment. Control mice were 
further used to confirm that there was no effect by Tamoxifen itself and 
received injections of Tamoxifen or vehicle. Similar to the full-body knockout 
mice, we included wt littermates deriving from a het-het breeding as in-
experiment controls. 

 

3.1.3 ETHICAL CONSIDERATIONS  
The use of animal experiments requires ethical permission. Ethical permission 
is granted after assessment of the proposed procedures for mice included in a 
study. There are three major criteria to be considered when proposing 
experiments with an animal model: replacement, reduction, and refinement 
[223]. Those 3Rs were originally proposed by Russel and Burch in 1959 in 
“The principles of humane experimental technique” [224].  

Replacement means that the model organism with the lowest ranked status, 
appropriate for the experiment, should be used [225]. The mouse model is 
among the smallest commonly used mammals, while in recent years the use of 
even smaller vertebrates like zebra fish increased [226]. After determining 
which animal model is needed for the study, it is important to consider the 
number of animals used.  
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Reduction should be done in order to include as few animals as possible, but 
still as many animals as needed to ensure quality data in the end. The use of 
too few animals may lead to inconclusive results and statistically irrelevant 
data, which in turn would mean a waste of research resources and laboratory 
animals [223, 227]. However, a reduction of required animals can also be 
supported by applying the third principle, refinement.  

Refinement is nowadays commonly understood as a decrease of suffering, 
while it was originally also meant to lead to “contingent humanity”. This 
includes to standardize the housing conditions of the experimental animals and 
by that reducing confounding factors [223]. Refinement also means to reduce 
or avoid suffering of the laboratory animal. Interventions and treatments 
should not cause any unnecessary pain. Instead, animals should be terminated 
without pain and before too much distress [225, 228]. 

For the mice used in the papers of this thesis, housing and treatments of mice 
were standardized. Appropriate control groups were used to ensure reliable 
results with fewer animals. To achieve that, we distributed littermates to the 
different study-groups, if possible, and aimed to include weight-matched 
animals to reduce bias resulting from big spread in body weight.  Mice were 
housed in cages of 2-5 mice per cage in a 12-h-light-dark cycle and had ad 
libitum access to food and water. Any treatment that would cause pain was 
done under anesthesia. All experiments had been gotten approved by the 
ethical committee of Gothenburg, Sweden. 

 

3.2 MODULATION OF GUT BACTERIA IN MICE 
This thesis aims to investigate the role of the gut microbiota in central energy 
balance regulation. In the lab, we have access to GF mice, a complete sterile 
mouse model, that can be used and compared against CONV-R mice. This 
allows us to investigate the role of the gut microbiota especially in the 
development of e.g., the brain, but also on long-term changes affected by the 
presence or absence of gut microbes, including the gut permeability [229], and 
the development of the early immune system [230]. When investigating the 
role of the gut microbiota in CONV-R mice compared to GF mice, it is also 
important to consider microbial differences due to the vendor or between 
different labs with in-house breeding affecting the outcome of the experiment 
[231]. The translational relevance of a GF mouse model to human diseases is 
also questioned and conclusions on the role of the microbiome in human 
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diseases should therefore be drawn carefully [232]. When comparing GF and 
CONV-R mice, it should be also considered that genetic uniformity might not 
be guaranteed due to separated breeding over several generations. Regular 
cross-back-breeding between GF and CONV-R mice is needed to ensure a 
homogenous genetic background. Despite possible genetic variations over 
time, the fact that GF mice are sterile from birth on, might also trigger certain 
compensatory mechanisms and developmental differences or even defects that 
are disadvantageous for the experiments [230]. It also should be mentioned, 
that keeping GF animals in film isolators is connected with higher costs for 
maintenance, special equipment and training [230]. It therefore depends on the 
research question, whether long-term absence of bacteria is suitable and 
affordable or not. Instead, acute modulations of the gut microbiota are an 
important and helpful instrument in assessing the role of gut microbes. 

 

3.2.1 DEPLETION OF GUT BACTERIA 
Antibiotic treatment of CONV-R mice can be used to deplete mice from 
different types of gut bacteria. Those mice were born under normal conditions 
and were able to be colonized with bacteria from birth on. Antibiotic treatment 
can then start closer to the age of interest, allowing the same development as 
in the control CONV-R mice. There are different options for antibiotic 
treatment. Administering an antibiotic cocktail over oral gavage ensures that 
all mice receive the same amount of antibiotics. However, oral gavage requires 
restraining the mice on a regular basis, which in itself could be a stress factor 
for the mice. Stress could affect the outcome of the study. Thus, it would be 
recommended to gavage the control group with water, so that both 
experimental groups receive the same mechanical treatment or stress. Another 
option is to administer antibiotics over the drinking water, as it was done in the 
experiments included in PAPER I and PAPER II. This way, the mice do not 
experience any further mechanical treatment or stress, even though the exact 
amount of antibiotics consumed per mouse is not measurable and the mice may 
drink less due to the bitterness caused by antibiotics in the water. A possible 
solution is to add sweeteners [230]. Antibiotics might be degraded by light, 
meaning this needs to be prevented by protecting the water bottle from light. 
This was ensured by aluminum foil in our experiments. We did not add any 
sweeteners to our antibiotic water, as we did not observe any differences in the 
drinking habits of mice receiving that antibiotic cocktail compared to controls. 
We also did not want to add another factor possible contributing to the outcome 
of the experiments.  
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The effect of the antibiotic treatment can be modulated by the type of 
antibiotics administered and the length of the treatment. Antibiotic cocktail 
varies between publications and depends on the research question. It is of 
importance to mention that antibiotic treatment as it does not completely 
deplete the gut microbiota, can lead to selected growth of bacteria with a 
resistance to the administered antibiotics [230]. We aimed in PAPER I to 
deplete the gut microbiota with focus on its ability to produce SCFAs, and 
confirmed a for us successful depletion after treatment for 10 days. To ensure 
successful treatment we analyzed the cecal content of mice after termination 
for remaining bacteria. We confirmed depletion by growing cecal samples 
from antibiotic treated (ABX) and control mice on agar plates under anaerobe 
and aerobe conditions and counted colony forming units after 24 h growth 
time. However, some bacteria might not be cultivable and even if they were 
not detected, they could still have been present in the mouse [230]. We 
additionally analyzed SCFA levels in the cecum of ABX and CONV-R mice, 
as SCFAs are microbially produced and would have possibly affected our 
results, as we targeted GLP-1R signaling. Our results show that the antibiotic 
cocktail administered to our mice in PAPER I dramatically depleted gut 
microbes and decreased SCFAs, and the results obtained from our ABX mice 
mimicked what we observed in GF mice. This allowed us to proceed with 
further experiments on ABX mice for this project, where GF mice were not 
suitable, i.e. the Glp1r-/- mice.  

 

3.2.2 INTRODUCTION OF GUT BACTERIA 
Another option to determine an acute effect of gut microbes or to confirm the 
role of gut microbes as observed when comparing CONV-R and GF mice, is 
to colonize GF mice with bacteria. This allows, similar to antibiotic treatment, 
to use littermates to further control confounding factors. Thus, all mice are 
born and develop under GF conditions and the effect on either metabolic 
pathways or responses to external factors like dietary treatment can be linked 
more precisely to the introduction of gut bacteria. Colonization experiments 
allow also to target only certain bacterial strains or a group of bacteria and their 
microbially produced metabolites and link them to a certain metabolic 
pathway. Thus, colonization with only the bacteria of interest might be needed 
instead of a complex microbiota.  

Colonization in PAPER II and PAPER III was performed via oral gavage of 
a cecum-Phosphate buffered saline (PBS)-slurry in adults. Hereby cecal 
content of two donors of different cages is used and colonized mice are 
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afterwards placed in the dirty cages of the donors. Generally, successful 
colonization should be confirmed by sequencing of the recipient’s microbiota. 
However, our research questions just required the introduction of a complex 
microbiota without any exact microbial composition in recipient mice 
compared to donor mice. Therefore, a single colonization was enough, as it has 
been published before [233] and we did not control the colonization by 
sequencing the cecal content of the colonized mice and neither did we compare 
it to an inoculum of the colonization-slurry. 

 

3.3 IMMUNOHISTOCHEMISTRY AND 
MICROSCOPY 

Immunohistochemistry or more precisely immunofluorescence is a technique 
used in all three of the papers included and therefore deserves a more precise 
description of its principles and techniques. Immunohistochemistry allows to 
assess the presence of proteins in a tissue of interest. 

Publications using immunohistochemistry in diagnostics and research had their 
rise since about the 1960s (reviewed in [234]). The use of enzyme-labelled 
antibodies like peroxidase-antibody enabled the simultaneous localization of 
different tissue antigens [235] and allowed the use of optical microscopes [234, 
236]. The introduction of methods for antigen retrieval improved 
immunohistochemistry [234, 237]. Similar did the use of secondary antibodies 
as it allowed an improved staining intensity of target molecules [234, 238]. 
Since the 1990s publications using immunohistochemistry reached an 
exponential growth [234]. 

From an experimental point of view, immunohistochemistry can be split up in 
several steps including the tissue and slide preparation, making the target 
structure visible, as well as the interpretation and analysis of the taken pictures. 

 

3.3.1 FIXATION AND ANTIGEN RETRIEVAL 
Fixation is an important process to be considered when preparing tissues for 
immunohistochemistry. For PAPER I, PAPER II, and PAPER III of this 
thesis common methods to fix tissues have been used. While the majority of 
tissues for this thesis has been fixed with paraformaldehyde (PFA) and 
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therefore represent the aldehyde fixation, a subset of the staining required 
ethanol and acetone fixation. Formaldehyde fixation is often used in 
combination with paraffin embedding, however, due to the fixation with 
formaldehyde as well as the heat during paraffin embedding, it can cause a loss 
of antigenicity [239]. Despite the possibility to regain those epitopes with the 
right unmasking procedures, it might lead to too weak signals of some 
epitopes. For our tissues we used optimal cutting temperature (OCT) 
compound embedding after PFA fixation, as we reduce here at least one factor 
contributing to a possible loss of antigenicity. OCT embedding allowed us to 
cut frozen sections at with a thickness of 8-10 µm. It is also important to 
consider the length of fixation, especially when using formaldehyde. Long 
fixations might cause loss of antigen binding sites. For the majority of 
experiments, mice were perfused with PFA and brains were stored for 4-5h 
afterwards in PFA before being transferred to sucrose solution, which 
functions as a cryoprotectant. This fixation ensured intact sections of the else 
sensitive brain tissue. Another fixative method is the use of ethanol and 
acetone, which was done in PAPER II for staining of certain tight junction 
proteins. Overall, there is no right or wrong fixative method, but it depends on 
the antigen of interest and the possibility to retrieve it so that antibodies can 
attach to it. 

The right antigen retrieval for an experiment depends in turn on the antigen of 
interest. Common techniques are heat antigen retrieval or antigen retrieval by 
enzyme digestion. The most used antigen retrieval in the presented papers was 
the use of glycine solution followed by sodium dodecyl-sulfate (SDS) solution, 
as this gave the clearest results. Glycine is used to prevent the unspecific 
binding of the antibody, that would result in background signal [240]. SDS is 
a denaturing agent and has been shown to improve the binding of antibodies to 
their antigens on cryostat sections, that were without treatment not or less 
detectable for the antibody [241]. In some cases, no antigen retrieval at all is 
necessary for successful antibody binding. Some antibodies appear to be less 
“picky” and could be successfully stained after different fixation methods and 
with different antigen retrievals, as it was the case for the tanycytes marker 
Vimentin in PAPER II. 

 

3.3.2 ANTIBODIES 
Depending on the choice of antibodies, we talk about indirect or direct staining. 
Direct staining uses only one antibody. That antibody is tagged with a 
fluorophore and can be detected under a fluorescent microscope. For PAPER 
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I, PAPER II, and PAPER III we performed indirect staining. This means two 
antibodies are used: the primary antibody attaches to the target of interest, 
while the secondary antibody is tagged with a fluorophore and attaches to the 
primary antibody. The fluorophore of the secondary antibody will be detected 
with fluorescent microscopy. 

Primary antibodies can be polyclonal or monoclonal. Monoclonal antibodies 
act only on one epitope of an antigen and result therefore in a more specific 
binding. Polyclonal antibodies are able to detect different epitopes of the same 
antigen resulting in a higher detection rate [234, 242]. Antibodies are produced 
by animal immunization, naming their host [243]. Antibodies used for this 
thesis were made in rabbit, goat, rat, and chicken. 

Secondary antibodies used in PAPER I, PAPER II, and PAPER III were all 
of the type AlexaFluor. Those antibodies are tagged with a fluorophore that 
emits at a certain wavelength, allowing to detect simultaneously different 
antibodies within the same section.  

As the chosen antibodies will only mark the structure of interest, it is helpful 
to also stain the nuclei in a tissue section. This allows better localization of the 
target area, the quantification of real-positive cells and helps to identify 
possibly damaged tissue parts. Therefore, nucleus staining is important before 
mounting the readily stained sections for microscopic analysis. 

 

3.3.3 MICROSCOPY AND ANALYSIS 
After staining the tissue for the structure of interest, pictures need to be 
captured. As for the papers of this thesis, fluorescence microscopy was used 
together with a widefield or confocal approach. The principle behind 
fluorescence microscopy is that materials can emit light and dichroic mirrors 
and emission filters take up the emitting signal in one certain spectrum, like 
e.g. 488 nm or 594 nm. Widefield microscopy is a common approach and 
useful for detecting a target structure in a tissue for later quantification or 
analysis of its position in the focus level. It is relatively fast and suitable for 
taking pictures of a high number of samples. As a majority of our 
immunohistochemistry experiments aimed for quantification of the target 
structure in our tissue, widefield microscopy was the most applied method. 
However, to assess colocalization of two target structures, as needed for 
PAPER I, widefield microscopy can be inefficient. In widefield microscopy 
information about the position of the structure is given on the y- and x-axis. 
However, in a 10 µm thick section, no information about the exact z-positions 
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of the assumingly co-localizing structures is given. Here, confocal microscopy 
comes in use. A confocal microscope scans the picture repeatedly for different 
set z-positions creating a 3D-like image of the tissue, that can be used to assess 
co-localization of two or more target structures.  

The interpretation and analysis of microscopy immunohistochemistry pictures 
can happen in a qualitative and subjectively observative way or in a 
quantitative way. It has been shown, that quantification correlates with results 
about protein concentration obtained by western blotting or immunoenzymatic 
methods (reviewed in [234]). Computer-assisted image analysis proceeded and 
developed over the last years with the aim to make quantification more reliable 
and to contribute to conclusive and reliable results. However, in the projects 
included for this thesis, artificial intelligence analysis of the sections failed to 
produce reliable results. As we worked on whole brain sections, individual 
differences between mice can appear that a computer program might not be 
able to react to sufficiently. Differences in background staining led to false low 
results as positive cells were missed. Opposite, after adjusting to background 
staining, the computer program counted non-positive cells leading to false high 
numbers. We therefore counted positive cells manually and blinded with 
ImageJ. An average of at least 2, ideally 3 sections of one mouse was used to 
present the data. In many cases, two persons counted independently the same 
picture to ensure consistent results. 
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4 RESULTS AND DISCUSSION OF THE 
PAPERS 

4.1 PAPER I 
GF mice have been suggested to be protected from WD-induced obesity [190] 
and it has been shown that hypothalamic inflammation occurs prior to the onset 
of obesity in rodents [73]. Obesity is associated with leptin resistance [177, 
178] and GF mice are more responsive to leptin than CONV-R mice [109]. In 
this paper we determined if the gut microbiota affects the development of diet-
induced hypothalamic inflammation and to identify the underlying 
mechanisms contributing to this. 

We submitted GF and CONV-R mice to 1 week of WD feeding. As GF mice 
are (as described in 3.2) absent of gut bacteria from birth, this could lead to 
possible compensatory mechanisms and developmental differences that might 
affect the results. We therefore controlled our experimental set-up by using 
additionally ABX mice allowing us to determine the effect of acute microbiota 
depletion. We measured leptin sensitivity by staining for the marker pSTAT3 
(phosphorylated STAT3) and hypothalamic inflammation by staining for 
ionized calcium-binding adapter molecule 1 (Iba1) for microglia and GFAP 
for astrocytes as well as the expression of inflammatory genes. 

 

4.1.1 MICE WITH DEPLETED GUT MICROBIOTA ARE 
PROTECTED FROM DIET-INDUCED HYPOTHALAMIC 
INFLAMMATION 

We showed that GF and ABX mice are protected from WD-induced 
hypothalamic inflammation as measured by the number of microglia and 
astrocytes in the hypothalamic ARC. This is also supported by the 
hypothalamic gene expression analysis of inflammatory markers interleukin-
1b (Il-1b) and tumor necrosis factor alpha (TNF-α). However, it appears that 
those markers only increase in an acute early response but return to normal 
levels during prolonged WD feeding. 

We can further show that both GF and ABX mice have an improved sensitivity 
to leptin compared to CONV-R mice, measured by the number of leptin-
induced pSTAT3 positive cells in the ARC. 
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4.1.2 FUNCTIONAL GLP-1R SIGNALING MODULATES THE 
DEVELOPMENT OF HYPOTHALAMIC INFLAMMATION 

Plasma GLP-1 levels have been shown to be elevated in GF and ABX mice 
[169]. We confirmed that the included GF and ABX mice have elevated GLP-
1 plasma levels compared to their CONV-R control groups. Next, we used a 
knockout model for GLP-1R to investigate the role of functional GLP-1R 
signaling in the development of diet-induced hypothalamic inflammation. 
Glp1r-/- mice and their wt littermate controls were submitted to WD or treated 
with antibiotics and submitted to WD feeding. Glp1r-/- mice treated with 
antibiotics were not protected from diet-induced hypothalamic inflammation. 
Due to high lethality in Glp1r-/- mice in GF conditions, this mouse model was 
not suitable for our study. Instead, we used an antagonist for GLP-1R, 
Exendin-9-39 (Ex-9-39), which was administered via mini-pumps to GF mice 
to further confirm the role of GLP-1R signaling. We also administered Ex-9-
39 via minipumps to CONV-R and ABX mice. These mice exhibited a similar 
phenotype as the Glp1r-/- CONV-R vs ABX mice. Blockage of GLP-1R 
signaling led to the development of hypothalamic inflammation in response to 
WD feeding in mice lacking gut microbiota. We further confirmed the 
importance of GLP-1R signaling for the maintenance of leptin sensitivity in 
ABX WD fed mice. 

Finally, we wanted to determine, whether GLP-1 acts on its receptor expressed 
on astrocytes or microglia in the brain. We could only detect GLP-1R 
expression in astrocytes, but not microglia. Using the GCE/Glp1rflox mice, we 
knocked out GLP-1R specifically in GFAP-expressing astrocytes. A 
successful knockout was confirmed by measuring the percentage of astrocytes 
still expressing GLP-1R and by administering the GLP-1R agonist Exendin-4 
to GCE/Glp1rflox and control mice and counting the number of astrocytes that 
are c-fos positive. Mice lacking functional GLP-1R signaling in astrocytes 
have diminished protection against WD-induced hypothalamic inflammation 
when treated with antibiotics.  

 

4.1.3 DISCUSSION TO PAPER I 
In this paper we could show that the gut microbiota affects the development of 
diet-induced hypothalamic inflammation and contributes to the decrease of 
leptin sensitivity. We further identified GLP-1R signaling as a protective 
mechanism against to the development of diet-induced hypothalamic 
inflammation and that at least parts of this protection are depending on 
functional astrocytic GLP-1R signaling.  
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While we administered a WD, other studies often use a HFD to trigger diet-
induced obesity or inflammation [73, 182]. WD as used in this paper contains 
about 40% of kcal as fat, but also has a high sugar content in form of sucrose. 
In contrast, common HFDs have about 60% of kcal as fat, but no extra added 
sugars. A WD therefore mimics more the diet consumed in a Western 
population and could potentially have more similar gut microbiota altering 
effects as seen in humans consuming a Western style diet. Depending on the 
diet used, the CONV-R mice may develop more or less diet-induced 
hypothalamic inflammation, similar as it has been observed for the 
development of DIO and obesity-related disorders in rats fed WD, HFD, and a 
cafeteria diet [244]. 

GLP-1 is known to have an anti-inflammatory role and its receptor is found to 
be expressed also in the brain [4, 160, 245]. Among others it was found to be 
expressed on astrocytes in the nucleus tractus solitarius as well as in the arcuate 
nucleus [75, 77]. Here we could confirm its expression on astrocytes located 
in the hypothalamus, the center for energy balance regulation. Astrocytic GLP-
1R signaling in the NTS had been shown to affect energy balance regulation 
[77]. Possibly not only GLP-1R signaling of ARC astrocytes but also from 
other parts in the brain, like the NTS, can contribute to the inflammatory 
response ultimately leading to a resistance to leptin and therefore affecting 
energy balance regulation. While others showed expression of GLP-1R by 
microglia, we could not confirm this in our study [246, 247]. However, it is 
plausible that astrocytic GLP-1R signaling is not the only contributor to the 
here discovered role in diet-induced hypothalamic inflammation. Altogether, 
we have shown an important role of astrocytic GLP-1R signaling in protection 
of diet-induced inflammation. 

Central GLP-1R signaling has an anti-inflammatory response. Here we showed 
that the lack of GLP-1R signaling in mice depleted of a gut microbiota leads 
to diet-induced hypothalamic inflammation, indicating, that the before 
observed protection of diet-induced hypothalamic inflammation in mice 
lacking a microbiota, requires functional GLP-1R signaling. In CONV-R mice 
fed a Western diet, GLP-1R signaling is assumed to be functional and normal. 
Our results show, that GLP-1 plasma levels are higher in GF compared to 
CONV-R mice after one week of WD feeding. Other studies have also shown 
that GF mice have increased plasma levels of GLP-1 compared to CONV-R 
mice when fed a chow diet and that colonizing GF mice decreases intestinal 
gcg expression [169]. There is further evidence that two weeks of HFD feeding 
reduces GLP-1 secretion from L-cells in mice [248]. Altogether these results 
suggest that GLP-1R signaling in GF mice is increased compared to in CONV-
R mice when fed a WD for one week. Importantly, functional GLP-1R 
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signaling is protective in GF mice fed a WD. The lower GLP-1 levels in 
CONV-R mice may not be sufficient to exert an anti-inflammatory effect in 
response to diet-induced hypothalamic inflammation. Our results indicate, that 
GLP-1 is mainly derived from the periphery and that part of this GLP-1R-
mediated protection depends on astrocytic GLP-1R signaling in the CNS. 
However, one study suggests, that microglia secrete GLP-1 [249] and since 
different glia cells in the brain communicate with each other via various 
signaling molecules, it is possible that GLP-1 signaling from microglia to 
astrocytes could potentially be another contributor to such communication. 
Studies on microglia and their role in inflammation report a double function 
with a primary anti-inflammatory response, followed by a reactive phagocytic 
response once injury or stress pursues [83]. Similarly, this could affect the from 
us observed role for GLP-1R signaling on astrocytes in our study. It is 
suggested that microglia decrease GLP-1 secretion in an activated state [249]. 
Opposite, it is also possible that a prolonged stress signal leads to unresponsive 
GLP-1R on astrocytes, reducing the anti-inflammatory response. Overall, 
astrocytes are shown to initially respond to injury with an attempt to maintain 
the brain structure, but with proceeding injury, they enter the state of 
astrocytosis [67]. Astrocytes also communicate with microglia and the release 
of certain substances maintains microglia in their ramified state, as it was 
shown in cell culture [67, 250]. Astrocytosis in turn could possibly reduce this 
signaling towards microglia ultimately leading to an activation of microglia 
and thereby contributing to the inflammatory response. In parallel, it may also 
be accompanied by an initially increased release of pro-inflammatory factors 
and cytokines, as seen in the increased hypothalamic Il-1b expression in our 
mice, contributing to the progressing inflammation. The precise mechanisms 
happening in the CNS causing astrocytes and microglia to enter their active 
state is complex and not fully understood. Further studies would be needed to 
address microglia-GLP-1-astrocyte signaling as well as the communication 
between astrocytes and microglia and their role in the development of diet-
induced hypothalamic inflammation. 

Our study marks another important role for functional GLP-1R signaling and 
a possible treatment target in the development of diet-induced hypothalamic 
inflammation contributing to diet-induced weight gain and obesity. As 
described in the introduction, GLP-1R agonists are already in use for the 
treatment of T2D and have been shown to improve cardiovascular outcomes 
associated with T2D, but also the agonist liraglutide was successfully used in 
a weight loss study in obese patients [164, 251]. Our data suggests that 
functional GLP-1R signaling could possibly play already much earlier an 
important role and interventions targeting central GLP-1R signaling could 
possibly improve the development of diet-induced hypothalamic inflammation 
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before severe obesity causes comorbidities like T2D. Further studies would 
need to address whether an intervention with GLP-1R agonists or gut microbial 
stimulation of GLP-1 secretion can slow diet-induced weight gain before the 
development of severe obesity. However, treatment usually happens on already 
obese subjects. While in obese people, leptin resistance is observed not only 
centrally, but also in other tissues [252], GLP-1R signaling is possibly 
functional due to the fact that interventions with GLP-1R agonists were 
successful in obese T2D patients [164, 251].  

 

4.2 PAPER II 
The hypothalamic arcuate nucleus is the center for energy balance regulation. 
Together with the median eminence, it is part of the mediobasal hypothalamus 
and belongs to the circumventricular organs [253], that have an incomplete 
blood-brain barrier, meaning some cells and neurons are in direct contact to 
the circulation [129]. CVOs are abundant of TLR4, that is known to recognize 
bacterially produced metabolites like LPS [254, 255]. Several studies propose 
that LPS can alter barrier function [126, 127, 256, 257]. With this paper we 
aimed to determine whether the presence or absence of the gut microbiota or 
whether TLR adaptor proteins like Myd88 modulate BBB function in the 
MBH. 

 

4.2.1 GUT MICROBIOTA DOES NOT MODULATE BBB 
FUNCTION IN THE MBH 

We analyzed the number of cells that are in direct contact to the circulation by 
injecting Evans Blue (EvBl), a dye that cannot cross the BBB, and is therefore 
commonly used as a marker for BBB permeability [258]. CONV-R and GF 
mice showed no difference in the number of EvBl-positive cells in the MBH. 
As a lifelong absence or presence of microbiota could lead to compensating 
mechanisms, we acutely modulated the gut microbiota via colonization or 
antibiotic treatment. We found that neither colonization nor antibiotic 
treatment can change the number of cells that are in direct contact with the 
circulation in the MBH. We observed a reduced number of astrocytes in the 
ARC of GF compared to CONV-R mice, but we could not find any differences 
in tanycytes or fenestration markers between CONV-R and GF mice. Neither 
differed the TJ protein expression in the MBH. 
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To functionally assess the BBB, CONV-R and GF mice were injected with the 
neurotoxin monosodium glutamate (MSG), that cannot cross the BBB, but 
causes cell death to those neurons that are located outside the BBB. MSG 
caused cell death in both CONV-R and GF mice to a similar extent. 

From those results we concluded that gut microbiota depletion, life-long or for 
a short period, is not sufficient to alter BBB function in the MBH and neither 
could the introduction of microbes in adult age cause significant differences. 

 

4.2.2 BBB FUNCTION IN THE MBH IS MODULATED BY TLR- 
ADAPTOR PROTEIN SIGNALING 

Bacterial LPS alter barrier function in the choroid plexus [126]. LPS signals 
mainly over TLR4, that in turn is highly abundant in the CVOs, which are 
known to have an incomplete BBB. Grain-based rodent diets, as the chow diet 
used in this study, have been shown to also contain low amounts of LPS [259, 
260]. We therefore cannot exclude some TLR4 down-stream signaling in GF 
mice. Thus, we analyzed BBB function in mice deficient of the TLR adaptor 
proteins Myd88 and Trif (Figure 1 in 1.1.2). Mice lacking Myd88 or Trif 
signaling showed both a reduced number of cells to be exposed to the blood 
stream compared to wt mice with a greater reduction in Myd88 deficient mice. 
We could confirm this reduced number for both Myd88-/- males and females 
compared to their wt controls. Myd88-/- mice showed also a reduced number of 

Figure 5: Experimental set-up of mice to analyze effects of long-term or acute modulation of the 
gut microbiota on BBB permeability and function in the mediobasal hypothalamus (mice 
illustrated by Anna Hallén) 
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astrocytes, but no difference in tanycytes or in fenestration markers. While 
there was no difference in ZO-1 immunoreactivity, Myd88-/- mice had an 
increased Claudin-5 immunoreactivity in blood vessels of the ARC, suggesting 
that this TJ protein could contribute to the observed differences in BBB 
permeability in Myd88-/- compared to wt mice. 

To confirm those findings with a functional assay, we injected Myd88-/- and wt 
CONV-R mice with MSG. Myd88 deficient mice showed significantly less 
neuronal death by MSG in the MBH compared to controls. All together our 
results suggest that TLR adaptor protein Myd88 can modulate BBB function 
in the MBH. 

 

4.2.3 DISCUSSION TO PAPER II 
In this paper we showed that gut microbiota depletion, whether it is life-long 
or acute, is not sufficient to alter BBB function in the MBH. Instead, we found 
that the TLR adaptor protein Myd88 modulates BBB function. The absence of 
Myd88 reduced the number of cells exposed to the blood stream, while the 
tight junction protein Claudin-5 is higher expressed in blood vessels of the 
ARC. MSG affected fewer neurons in the MBH of Myd88-/- mice compared to 
wt mice, supporting our findings with a functional difference in the BBB 
permeability. 

To assess BBB permeability, we injected mice with EvBl. EvBl binds to 
albumin and has therefore a bigger molecular weight, that does not allow 
passage through the BBB [258]. Tissues with an incomplete barrier function 
are exposed to EvBl, and they become colored blue and can be assessed by 
eye. Cells in the MBH that are in contact to the blood stream are therefore 
exposed to EvBl and can be assessed under the microscope at a wavelength of 
600-620 nm. There are other alternatives to assess cells that are located outside 
the BBB. Sodium Fluorescein is a small molecular weight tracer, that may 
easier pass the BBB and therefore possibly detect smaller changes like in the 
early state of a disease, but it cannot be assessed visually. Another popular 
option is the use of horseradish peroxidase, that gives a brown staining and can 
therefore be assessed visually similar to EvBl [258]. However, EvBl is the 
most commonly used dye to assess vascular permeability [261] allowing us to 
set the results of this paper in relation to other findings. 

Others reported that GF mice have a more permeable BBB compared to 
CONV-R mice and that the colonization with bacteria at an adult age can cause 
a reduction in permeability [125]. However, this study focused on different 
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regions of the brain, namely the cortex, striatum and hippocampus. Those brain 
regions usually have a complete BBB, as Braniste et al. also confirmed in their 
specific pathogen-free (SPF, comparable to our CONV-R) mice. While the 
authors similar to us used EvBl to determine exposure to the circulation, they 
observe EvBl only in the blood vessels in SPF mice, but also outside the blood 
vessels in GF mice in the analyzed regions i.e. cortex, striatum, and 
hippocampus. In contrast, we found EvBl-positive cells outside the blood 
vessels in both CONV-R and GF mice in the MBH, indicating that the BBB is 
permeable to a certain extent for both CONV-R and GF mice in this region. 
Further, Braniste et al. also used a neurotoxin to analyze BBB function in these 
regions. In support of their findings on EvBl, they do not report any effect of 
the neurotoxin in SPF mice compared to injections with vehicle in these mice. 
They only show a significantly reduced neuronal survival rate in the 
hippocampus of GF mice that received the neurotoxin. In contrast, we can 
observe an effect of the neurotoxin in both CONV-R and GF mice compared 
to their vehicle-injected controls. Thus, our results clearly support that the BBB 
in the MBH is permeable in CONV-R mice and we show that the presence or 
absence of gut microbes does not affect the BBB in this for energy balance 
regulation important region. It has been further shown by other studies that 
BBB permeability changes can occur differently dependent on the region [126, 
127], further supporting the idea, that the gut microbiota possibly has different 
effects in the hippocampus, striatum or cortex, compared to the MBH on BBB 
permeability. 

A recent publication demonstrated that LPS can modulate the barrier in the 
choroid plexus. While the BBB is in most regions tightly regulated and non-
permeable to most molecules, the blood-cerebrospinal fluid barrier consists of 
fenestrated vessels of the choroid plexus. In turn, the epithelial layer is 
connected by tight junction proteins and forms here the barrier [126]. Carloni 
et al. showed that during intestinal inflammation more LPS enters the blood 
stream and that the choroid plexus barrier is modulated in response to LPS 
triggered inflammatory processes. In contrast, another study administered LPS 
intraperitoneally, but finds the BBB to be relatively unaffected by LPS. 
However, this study did focus on acute effects of LPS within 24h. Only in high 
doses they observed a disruption in some brain regions, but not in the 
hypothalamus [127]. Bacterial-derived LPS is known to act on TLR4, a 
membrane bound member of the TLR family. TLR4 in turn acts over two 
different downstream signaling pathways including either adaptor protein 
Myd88 or Trif. It ultimately leads to an activation of an inflammatory response 
(see 1.1.2, Figure 1) [43]. LPS is mainly produced by the inhabiting gut 
microbiota, but it can be also found in grain-based rodent diets. It is therefore 
expected, that GF mice, as they have no bacterial-produced LPS, have lower 
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LPS levels and LPS-to-TLR4 signaling compared to CONV-R mice. To 
support this theory, LPS could be measured in the blood of both GF and 
CONV-R mice as well as in the feces. 

Considering, that Myd88 deficient mice showed a stronger response than Trif 
deficient mice, this could indicate, that different TLRs signal together to 
modulate BBB integrity in the MBH. Identifying Myd88 as a contributing 
factor to a more permeable barrier, allows us to target that adaptor protein in 
future studies with the aim to prevent further increases of the BBB permeability 
above physiological levels, as it is seen for example in diseased state. 

 

4.3 PAPER III 
We have shown that the gut microbiota affects leptin sensitivity [76], a 
hormone acting over hypothalamic anorexigenic and orexigenic neurons. 
However, leptin has a neurotrophic role in the early postnatal days and is 
important for the formation of projections of those anorexigenic and orexigenic 
neurons [52, 53]. In this paper we investigated the role of the gut microbiota 
in the early postnatal leptin surge and determined if alterations in the leptin 
surge could affect the projection of orexigenic and anorexigenic neurons in 
CONV-R and GF mice and have long-lasting effects into adulthood. 

CONV-R and GF pups from size-matched litters were used for analysis of 
leptin levels during the early postnatal time period as well as for analysis of 
hypothalamic structures. CONV-R and GF pups fostered in matched litters of 
7-10 pups were followed for body weight development and were terminated as 
adults at 8 weeks of age. 

 

4.3.1 GF MICE HAVE AN ELEVATED LEPTIN SURGE 
Leptin levels were measured on different postnatal days (PNDs), that are 
known to cover the period of the leptin surge [52], meaning between PND 3 
and PND 16. GF mice showed a significantly intensified leptin surge compared 
to CONV-R mice, with significantly elevated levels at the peak of the surge 
(PDN 12) and at PND 16, indicating that the leptin surge lasts also longer in 
GF mice. In contrast, colonization of pups on the day of birth with gut 
microbes, reduces the leptin levels during the surge. 
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Analysis of body weight during the time of the surge, showed however no 
differences between CONV-R and GF mice. Even though GF mice are 
significantly lighter at about 3 weeks of age, there are later on no differences 
in bodyweight observable, but GF mice are leaner as measured at termination 
at 8 weeks of age. CONV-R mice have then more inguinal and gonadal white 
adipose tissue depots than GF mice. 

 

4.3.2 HIGHER LEPTIN LEVELS IN GF MICE DO NOT AFFECT 
THE FORMATION OF HYPOTHALAMIC NEURONS OR 
GLIA  

Since leptin has been shown to have neurotrophic properties [53, 56] and is 
important for the formation of projections of orexigenic, e.g. AgRP and NPY, 
and anorexigenic neurons, e.g. POMC, as well as for the formation of 
astrocytes [74], we determined whether the observed intensified leptin surge 
in GF pups had any effect on POMC and NPY projections or astrocytes. 

Surprisingly we only observed a reduced number of POMC positive cells in 
the ARC of GF mice compared to CONV-R mice, but no difference in POMC 
projections in adults. Neither could we observe any differences in the 
projections of NPY in the ARC or the PVH in a subset of mice that were 
included into the analysis. The number of astrocytes in matched coronal 
sections of CONV-R and GF mice did neither differ. 

We next hypothesized, that there could be an acute, short-term effect of the 
leptin surge on those neuronal projections leading to an increased number of 
projections in the GF mice. Staining for POMC and NPY in coronal sections 
of pups revealed no visible differences between CONV-R and GF pups. There 
were barely visible POMC projections in the pups, even at the last timepoint 
included (PND 16). We observed little NPY staining in the PVH of CONV-R 
and GF pups at PND 12 and 16, but we did not detect any increase in the 
number of projections in the GF mice. However, there were large variations 
between mice within the groups. Thus, even though our results suggest that 
there is no difference in NPY projections between GF and CONV-R mice, 
more mice need to be included due to the high variation between mice. More 
NPY fibers were detected at PND 16 compared to PND 12, suggesting that the 
projections continue to form during this period. Astrocytes however clearly 
increased throughout the surge. We observe an earlier increase in the number 
of GFAP expressing astrocytes in GF compared to CONV-R mice with a 
detectable increase from PND 8 to PND 12 in GF mice and an increase from 
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PND 8 to PND 16 in CONV-R mice. This suggests that there might be an acute 
effect of the different leptin levels on the formation of astrocytes. 

 

4.3.3 DISCUSSION TO PAPER III 
In this paper we determined the effect of the gut microbiota on the early 
postnatal leptin surge and whether possible differences in the leptin surge could 
have long-lasting effects, specifically on energy balance regulating 
hypothalamic neurons. 

Focusing on the early postnatal time window, we observe a significantly 
elevated leptin surge in GF mice compared to CONV-R mice. The leptin surge 
for both CONV-R and GF mice peaks at PND 12, which is in agreement with 
previous studies [50, 52, 57]. Confirming the role of the gut microbiota at the 
peak of the surge, GF mice colonized with cecal bacteria at birth displayed 
significantly lower levels compared to their GF controls coming from the same 
isolator. Further supporting the role of the gut microbiota in the leptin surge, 
leptin levels in CONV-D and CONV-R mice do not differ at the peak of the 
surge, at PND 12.  

Previous studies have shown that antibiotic treatment during a critical 
developmental window, including the last week of gestation and throughout 
nursing, can cause long-lasting effects on body composition in mice [117]. The 
time of nursing coincides with the leptin surge and is also an important period 
for the formation of hypothalamic projections and glia cells [51, 74]. The gut 
microbiota has previously been shown to modulate formation of functional 
neuronal projections. Colonizing neonates with a complex gut microbiota or 
only Bifidobacterium species identified a role for Bifidobacteria in promoting 
synapse formation and affecting microglial function during postnatal 
development resulting in a higher neuronal firing rate at 20 days of age 
compared to GF mice [118]. These results suggest that depletion of the gut 
microbiota in the early postnatal period as it is seen in GF mice could also have 
long-lasting effects on the development of hypothalamic energy regulating 
circuits or glia cells. However, according to our results, there are no differences 
in projection patterns between GF and CONV-R mice despite elevated leptin 
levels in GF pups. The reduced number of POMC-positive cells in GF adults 
could potentially be explained by reduced POMC expression due to a generally 
lower energy harvest from the gut signaling a rather energy deprived state. 
Importantly, the formation of energy regulating neurons may not occur at the 
same time in all species. While in rodents the neurotrophic leptin surge appears 
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postnatally, elevated leptin levels have been measured in mothers before giving 
birth, suggesting that this may happen in utero in humans [262]. It is debated, 
whether a fetus grows in a sterile environment in the womb [112]. Assuming 
the womb is sterile, this would suggest that the leptin surge in humans happens 
at a time, when the fetus is potentially free of bacteria. However, it should be 
noted that the mothers are colonized and the fetus could be exposed to 
microbial products and metabolites from the maternal gut microbiota via the 
maternal circulation. Further studies are needed to determine the role of the gut 
microbiota in formation of hypothalamic neuronal projections and glia 
proliferation in humans.  

With the results of this paper, the question arises for the origin of the leptin 
surge. Different groups have tried to answer this question; however, the results 
do not lead to one clear conclusion. One report detects a leptin surge in milk 
during lactation in rat dams [263]. This study found that leptin levels in blood 
correlate with leptin levels in milk of rat dams and with the pups’ body weight 
gain. However, this study did not analyze a possible correlation between the 
milk leptin levels in dams and the plasma leptin levels in pups [263]. 
Nutritional leptin as the source of the leptin surge would require that leptin can 
escape enzymatic degradation and pass the acidic stomach. Additionally, leptin 
needs to pass a gut barrier that is preventing the translocation of molecules into 
the blood stream. The barrier is reportedly leakier in pups and would therefore 
allow the translocation of a molecule of the size as leptin is with 16 kDa [156, 
264]. This could explain the relatively high leptin levels in the blood compared 
to the relatively low fat mass in pups [52]. CONV-R pups get colonized from 
the day of birth, in contrast to GF pups. Gut permeability has suggested to be 
affected by colonization with gut bacteria [229], possibly allowing leptin to 
easier pass the gut barrier in GF pups compared to CONV-R pups, which 
would give a possible explanation for the differences in the leptin levels in 
CONV-R and GF pups. In support of this theory, another study reports that 
nutritional leptin can be absorbed in pups [265]. In contrast to the theory of 
nutritional leptin as the origin of the leptin surge, there are publications 
showing that ob/ob mice have reduced AgRP fibers in the PVH, but leptin 
administration at an early age, not at adult age, can restore such fibers [53]. 
The ob/ob mouse as a homozygous knockout is sterile [266, 267], which 
requires breeding pairs of heterozygous mice. A litter consisting of 
homozygous knockout in the ob gene as well as heterozygous and wt pups 
would be fostered together and receiving all the same milk from heterozygous 
dams with normal leptin levels [268]. This means ob/ob pups would then 
indeed have a leptin surge and leptin would trigger in those mice the formation 
of hypothalamic neuronal projections. Bouret and colleagues clearly 
demonstrated that the absence of leptin signaling as seen in ob/ob or db/db 
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mice results in impaired fiber formation in the PVH [51, 56]. A possible 
optional explanation for the origin of leptin during the surge is given by a 
publication reporting increased ob gene expression in white adipose tissue in 
pups. During the rise of plasma leptin levels, the authors measured a 6-10fold 
increase in ob mRNA levels at PND 7 in dorsal white adipose tissue, while the 
fat percentage is unaffected [52]. Future studies would need to address the 
question about the origin of the surge to allow a better understanding of results 
in relation to the leptin surge. One suggestion would be to measure leptin levels 
in the offspring of a heterozygous ob/ob breeding. If leptin has a nutritional 
origin, all pups would show rising leptin levels throughout the surge 
independent of their genotype. Another option would be to measure ob gene 
expression in the subcutaneous adipose tissue depots of CONV-R and GF 
pups. Possible differences in the ob gene expression could explain the observed 
differences in the leptin levels of CONV-R and GF pups. 

We investigated the BBB of the MBH in pups at the peak of the leptin surge. 
Surprisingly, we found that only very few cells are exposed to the circulation, 
as determined by EvBl. The BBB appears to be tighter regulated in pups than 
in adults. Considering the intestinal barrier being leakier in pups and allowing 
bigger molecules to translocate from gut to blood stream [264], this means also 
that potentially harmful substances will more likely be able to enter the blood 
stream. This might require a more tightly regulated BBB in the MBH to protect 
the developing brain from potential threats in the circulation. With age the 
intestinal barrier gets tighter regulated and is less leaky, aiming to prevent the 
translocation of such harmful substances from intestinal lumen into the blood 
circulation. With decreasing leakiness of the intestinal barrier, possibly the 
BBB gets more permeable to allow the sensing of nutrients in the MBH. Such 
a response in adjusting the permeability of the BBB in the MBH had been 
observed before, as it has been reported that the BBB permeability increases 
in response to fasting [95]. Altogether, it seems very likely, that one barrier 
affects the others permeability and therefore also compensates for the other 
one in a healthy state to ensure protection of, in this case, the brain. It remains 
therefore questionable, whether the higher levels of leptin observed in GF mice 
are actually reaching the receptor at a higher rate compared to in CONV-R 
mice. Further studies would need to address this question of leptin signaling in 
the postnatal brain. 
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CONCLUSION AND FUTURE 
PERSPECTIVES 

In my thesis I wanted to broaden the understanding of how the gut microbiota 
contributes to the development of diet-induced obesity via disbalance in central 
energy regulation. Firstly, we discovered in PAPER I that the gut microbiota 
modulates the development of diet-induced hypothalamic inflammation. 
Knowing that hypothalamic inflammation may contribute to the diet-induced 
weight gain ultimately leading to obesity, it reveals a possible further role for 
the gut microbiota in contributing to the development of DIO. We further 
identify GLP-1R signaling as an important modulator in diet-induced 
hypothalamic inflammation with astrocytic GLP-1R signaling being of 
relevance. Bacterial produced SCFAs butyrate and propionate have been 
shown to stimulate the secretion of GLP-1 [34, 166, 168]. Future studies could 
build on our study and target butyrate or propionate producing bacteria and 
enrich them while feeding a WD. It would be of great interest to analyze 
whether this could improve WD-induced hypothalamic inflammation by 
increasing GLP-1 secretion. As discussed in 4.1 it would be of interest to 
further disentangle the communication between microglia and astrocytes in the 
development of hypothalamic inflammation. A clearer understanding of the 
interplay of the different cell-types and metabolites leading to hypothalamic 
inflammation, would allow the development of targeted treatment of 
hypothalamic inflammation in obesity. Additionally, our results suggest 
central GLP-1R signaling as a possible target for treatments slowing down or 
preventing the development of diet-induced severe obesity. 

Further on we could show in PAPER II that the presence or absence of the gut 
microbiota has no effect on BBB function in the MBH as analyzed by the 
number of cells in contact to the circulation, TJ protein staining and sensitivity 
towards a neurotoxin. In contrast, TLR-adaptor protein Myd88 signaling 
affects BBB function and the absence of Myd88 signaling reduces the number 
of cells that are in direct contact to the circulation in the ARC. Potentially gut 
microbiota driven differences in the development of DIO and possible 
differences in central energy regulation are therefore most likely not 
attributable to an altered BBB function in mediobasal hypothalamus, but have 
potentially other causes. Signaling over Myd88 activates NF-κB triggered 
production of cytokines. Future studies could address this mechanism and 
contribute to a further understanding on how Myd88-signaling affects BBB 
function. This knowledge could possibly be used to target the BBB 
permeability in the MBH to understand its role in the development of diet-
induced hypothalamic inflammation, obesity, and leptin resistance. It also 
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offers new targets for drug-intervention studies in the treatment of disfunctions 
in central energy balance regulation. 

The third study targeted the postnatal leptin surge, as this is known to affect 
the outgrowth of neuronal projections in the hypothalamus. We find in PAPER 
III, that GF mice have an elevated and prolonged leptin surge. However, we 
cannot find any differences in the formation of hypothalamic neuronal 
projections from ARC to PVH and neither any differences in leptin stimulated 
proliferation of astrocytes between CONV-R and GF mice. Our results indicate 
that the elevated leptin surge observed in GF mice does not affect the formation 
of neuronal POMC or NPY projections from the ARC to its surrounding nuclei 
implied in energy balance regulation differently compared to CONV-R mice. 
However, it would be of interest to determine other possible effects of the early 
postnatal leptin surge. One study reports an effect of the early postnatal leptin 
surge on the development of beige adipocytes [269], indicating that early 
postnatal leptin potentially exerts its effect not only in the CNS. Furthermore, 
it needs to be mentioned, that our study has the potential to contribute to a 
clearer understanding of the role of the gut microbiota in the leptin surge after 
the conduction of further experiments. Firstly, it could be of great interest to 
follow the development of NPY and POMC projections into the PVH after the 
leptin surge. As we cannot detect a mature pattern by 16 days of age, it would 
be important to target later time points like 21 or 28 days of age. It could be of 
further interest to analyze whether the elevated leptin levels observed in GF 
pups result in increased leptin receptor signaling in the hypothalamus. As the 
uptake of leptin is suggested to happen over a saturable transport system, 
possibly via tanycytes, it would be of interest, to determine, whether there are 
differences in the uptake of leptin between CONV-R and GF pups during the 
time of the surge. It further on appears to be inconclusive, where the observed 
elevated leptin derives from. Determining the origin of the leptin surge would 
therefore add a yet missing puzzle piece. To understand the formation of 
neurons under the presence or absence of the gut microbiota potentially helps 
us to further understand possible effects by the gut microbiota on central 
energy balance regulation. 
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