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CHAPTER 1 

Introduction 

Obesity Epidemic  

Obesity, defined as a body mass index of greater than 30 kg/m2, represents an increasingly 

important cause of human morbidity and mortality throughout the world. In the United States 

alone obesity effects more than one-third of adults (33.8%) [1] and approximately 17% of 

children aged 2-19 years [2]. The rise in obesity rates has been paralleled by increases in obesity-

related health problems, such as type-2 diabetes (T2D) and cardiovascular disease (CVD), with 

estimated healthcare costs in the United States ranging from $147 billion to nearly $210 per 

year [3]. Caloric restriction and weight-loss surgery are currently the most effective treatments 

for obesity; however, caloric restriction alone has limited long term success and nearly two-

thirds of people regain the weight lost within 1 to 5 years [4-6]. Therefore, there is a critical 

need for novel therapeutic options for obesity and its associated co-morbidities. An improved 

understanding of the pathology and pathophysiology of obesity will guide the development of 

successful treatments that target molecular mechanisms underlying the disease. 

 

Central Nervous System Regulation of Energy Homeostasis  

Obesity reflects a sustained state of positive energy balance that develops when energy intake 

exceeds energy expenditure. The central nervous system (CNS) plays a vital role in regulating 

food intake and energy expenditure to effectively maintain energy balance and, in turn, a 

healthy body weight [7-9]. This process is known as energy homeostasis. Information from the 
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periphery relating to energy status is relayed to the brain via nutritional, nervous and humoral 

signals and integrated by two key brain areas - the hypothalamus and caudal brainstem. Within 

the medial basal hypothalamus the arcuate nucleus (ARC) contains two neuronal subtypes that 

directly respond to energy peripheral cues; neurons that produce the orexigenic (appetite 

stimulating) neuropeptides, agouti-related peptide (AgRP) and neuropeptide Y (NPY), and 

neurons that produce anorexigenic (appetite suppressing) neuropeptides, pro-opiomelaocortin 

(POMC) and cocaine- and amphetamine-regulated transcript (CART) [10, 11]. Activation of 

NPY/AGRP neurons stimulates food intake and decreases energy expenditure by antagonizing 

the melanocortin-3 and -4 receptors (MC3R and MC4R) [11]. In contrast, neurons that release 

POMC/CART exert a tonic inhibitory effect on feeding and increase energy expenditure via the 

production and release of the melanocortin agonist α-melanocyte-stimulating hormone (α-MSH) 

[11]. Both sets of neurons (NPY/AgRP and POMC/CART) send axonal projections to second-order 

neurons in adjacent hypothalamic nuclei, including the paraventricular nucleus (PVN) and the 

lateral hypothalamic area (LHA), as well as autonomic centers in the hindbrain that receive 

afferent input from key peripheral tissues such as the gastrointestinal tract, liver, pancreas and 

adipose tissue (described below) [10-12]. 

Several hormones are instrumental in regulating energy balance. Among the best-researched 

examples are the pancreatic beta-cell derived hormone insulin and the adipocyte-derived 

hormone leptin. Insulin and leptin circulate in proportion to body fat, which in turn, constitute a 

negative feedback signal to reduce food intake and body weight by acting on neuronal systems 

that regulate energy balance [10]. Importantly, both NPY/AgRP and POMC/CART neurons 

express receptors for leptin and insulin [13]. Binding of leptin and insulin to hypothalamic 

receptors increases feedback inhibition of hypothalamic orexigenic pathways, as indicated by 
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decreased hypothalamic Npy and Agrp gene expression [10, 14]. At the same time, leptin and 

insulin promote increased POMC/CART anorexigenic neuronal activity as suggested by increased 

mRNA expression of POMC and CART, which bind melanocortin receptors to decrease food 

intake [10]. Thus, high levels of insulin and leptin signal the brain to decrease energy intake 

through activation of POMC neurons, and simultaneous inhibition of NPY/AgRP neurons. 

Other factors contributing to the regulation of food intake and body weight include crosstalk 

between the hypothalamus and brainstem. For example, vagal and sympathetic afferents from 

the liver and gastrointestinal tract convey information to the CNS through fibers that project to 

the nucleus of the tractus solitaries (NTS) of the caudal brainstem, contributing to a bidirectional 

communication between the brain and the gut known as the gut-brain axis [10, 15, 16]. 

Moreover, a population of hypothalamic PVN neurons that express MC4R mRNA have direct 

projections to the NTS [15], and intra-NTS injection of either MC4R agonists or leptin decrease 

food intake and body weight in rodents [17, 18]. Combined, these data suggest that neurons in 

the NTS integrate with hypothalamic input to influence energy balance. 

 

Obesity-related Inflammation  

Inflammation and inflammatory immune cells are critical factors underlying the development of 

obesity-associated co-morbidities such as T2D and CVD [19]. In obesity, macrophage infiltration 

and activation in adipose tissue mediates a localized inflammatory response [19], which is an 

integral component of the chronic low-grade systemic inflammation associated with the disease 

[20]. In addition to adipose tissue inflammation, intense research efforts have also focused on 

the potential contribution of obesity-associated inflammation in other organs such as liver, 

pancreas, and muscle to disease pathology in obesity [20].  
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Crosstalk between insulin signaling and inflammatory pathways 

In rodents and humans, obesity is accompanied by activation of inflammatory pathways, 

including increased expression of pro-inflammatory cytokines tumor necrosis factor α (TNFα) 

and interleukin-6 (IL-6) [21, 22], which are known to directly inhibit insulin signaling and 

therefore reduce insulin sensitivity [23, 24]. This can eventually lead to insulin resistance, a state 

defined by the inability of insulin to stimulate glucose uptake. These cytokines activate several 

serine kinases, including c-jun N-terminal kinase (JNK) and inhibitor of κB kinase (IKK-β), that 

phosphorylate serine residues of the insulin receptor and insulin receptor substrate (IRS) 

proteins, such as IRS-1 that are critical for activation of the insulin signaling cascade [23, 24]. 

Conversely, normal glucose homeostasis depends on insulin-induced tyrosine phosphorylation 

of IRS proteins, resulting in glucose uptake into muscle, adipose and several other tissues [25, 

26]. It is now widely appreciated that a number of conditions associated with increased 

inflammation, such as injury, infection or disease, are linked with the development of insulin 

resistance. These include hepatitis C, HIV, rheumatoid arthritis, and sepsis [20]. Importantly, the 

expression of pro-inflammatory cytokines is upregulated in the brain during injury and disease 

where they modulate characteristics of sickness behavior, including fever, activation of the 

hypothalamic-pituitary-adrenal axis, hyperalgesia, lethargy as well as changes in whole-body 

energy homeostasis [27, 28]. Injection of IL-1 induces taste aversion [29] and suppresses food 

intake [30] by rats. This anorectic effect is mediated, at least in part, by central melanocortin 

signaling following the activation of anorexigenic hypothalamic POMC neurons that release the 

appetite suppressing hormone α-MSH [31].  
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Hypothalamic inflammation and obesity 

Intriguingly, recent experimental evidence suggests that the brain, and specifically the 

hypothalamus, also shows activation of inflammatory pathways in response to obesity and high-

fat feeding [32-34].  

A role for neuroinflammation in obesity was first demonstrated by Zhang and colleagues in the 

form of nuclear factor-kappa B (NF-κB) activation, increased levels of prostaglandin E2 (PGE2), 

and oxidative stress due to reactive oxygen species (ROS) production induced by 20 weeks 

exposure to a high-fat diet (HFD)[35]. Moreover, in a later study, the same group showed that 

increased activation of IKKβ (NF-κB canonical signaling) in hypothalamic neurons is associated 

with impaired insulin and leptin signaling in the hypothalamus as well as weight gain and 

increased food intake; whereas suppression of IKKβ/NF-κB signaling in orexigenic (appetite-

stimulating) hypothalamic neurons expressing agouti-related peptide (AgRP) protects against 

obesity and preserves both insulin and leptin signaling [36]. NF-κB plays a key role in 

neuroinflammation and the development of reactive gliosis [37, 38], which is mediated, in part, 

by the signal-induced degradation of the inhibitory protein IκBα, thus allowing NF-κB to enter 

the nucleus and initiate pro-inflammatory gene expression (Figure 1-1) [39]. Building on these 

observations, De Souza et al. [32] demonstrated increased expression of pro-inflammatory 

cytokines (including interleukin-1β (IL-1β), TNF-α, and interleukin-6 (IL-6)) and induction of 

endoplasmic reticulum (ER) stress in the rat hypothalamus in response to chronic high-fat 

feeding. More recently, studies indicate that obesity and chronic consumption of a HFD also 

activate central nervous system (CNS) glial cells [34, 40-42], which are thought to be the 

principal source of pro-inflammatory mediators in the brain. Consistent with data from rodents, 

evidence of gliosis, a condition associated with increased numbers of activated astrocytes and 
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microglial cells, has been discovered in humans using neuroimaging techniques [34, 40]. These 

findings demonstrate that obesity triggers inflammatory pathways in both the human and 

rodent CNS. 

 

Neuroinflammation and Relevance to CNS Disease  

Inflammation in the CNS, also known as neuroinflammation, is a complex integrative response 

that is usually associated with trauma, infection and neurodengerative disease. Microglia and 

astrocytes make up the resident innate immune cells within the CNS that serve as the first line 

of defense, which can be modulated by adaptive immune responses composed of invading 

immune cells from the periphery [44]. This two-way communication between innate and 

adaptive immunity drives the brain’s inflammatory response, which can serve supportive roles, 

under physiological conditions, or defend the CNS during pathological insults by transiently 

upregulating inflammatory processes. Consequently, activation of endogenous glial cells and 

recruitment of peripheral leukocytes are characteristic features of inflammation and pathology 

in the CNS. 

The CNS was historically considered an immune privileged site where immune responses were 

highly attenuated or fully excluded to preserve brain tissue. Medawar [45] introduced the 

concept of “immune privilege” in the mid 1900s by demonstrating that foreign tissue grafts 

show prolonged survival when placed in the brain as compared with other, non-privileged sites, 

such as skin. Highly specialized barrier structures including the blood brain barrier (BBB) and 

blood-cerebrospinal-fluid barrier, isolate nervous tissue from physiological fluctuations in the 

periphery and limit entry of immune cells and immune mediators into the brain parenchyma 

[46]. Other factors that contribute to immune privilege include: 1) lack of lymphatic drainage; 2)  
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Figure 1-1. Canonical NF-κB Signaling Pathway. In the classical (or canonical) pathway, NF-κB is 

restrained in the cytoplasm, where it is bound and inhibited by a group of proteins called Iκβ 

(inhibitors of κβ). Upon stimulation by pro-inflammatory cytokines or activation of immune 

receptors, such as Toll-like receptors (TLRs), Iκβ is phosphorylated, leading to its ubiquitylation 

and proteasome-mediated degradation. Subsequently, the NF-κB heterodimer, consisting of p65 

(RelA) and p50 (NFKB1) subunits, dissociates from Iκβ, thereby allowing nuclear NF-κB 

translocation NF-κB and induction of transcription of target genes; NF-κB, nuclear factor κB.  

Adapted from [43]. 
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 low expression of major histocompatibility complex (MHC) molecules; and 3) an 

immunosuppressive CNS microenvironment [47, 48]. Traditionally, these features were thought 

to divide the immune system and the CNS into two separate entities; however, it is now widely 

accepted that the CNS is under constant surveillance by the peripheral immune system (for 

reviews, see [49-51]). Furthermore, systemic inflammatory and infectious stimuli, such as 

bacterial endotoxin lipopolysaccharide (LPS), trigger brain inflammatory responses suggesting 

continuous crosstalk between the immune system and CNS [52-54]. 

Interactions between the CNS and immune system involve two major routes: the first is the 

humoral pathway consisting of cytokines, chemokines, adhesion molecules and 

immunoreceptors; the second is the neurochemical pathway mediated by stimulation of vagal 

afferents [43, 55]. Circulating cytokines enter the intact CNS by selective, saturable transport 

systems at the BBB or by passive diffusion through the fenestrated capillaries of the choroid 

plexus and circumventricular organs (CVOs), which have a less restrictive BBB [56]. There are 

also membrane transporter routes, such as IL-1 receptors on perivascular macrophages 

surrounding the endothelium of the BBB, as well as dendritic cells and macrophages residing in 

the meninges and choroid plexus, which express molecules required to act as antigen-

presenting cells (APCs) and thus intercept incoming immune signals [48, 56]. In a pathological 

context, such as after ischemia, BBB breakdown can lead to increased permeability of brain 

endothelial cells, allowing entry of plasma components and immune cells into brain tissue [46]. 

In addition, increased production of pro-inflammatory cytokines during intestinal inflammation 

may stimulate autonomic nerve fibers, which induces rapid activation of immune signaling to 

the brain [57]. Thus, despite the immune-privileged environment, the CNS is capable of initiating 

and perpetuating inflammatory immune responses, and bidirectional interactions with the 
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peripheral immune system playing a role in health and disease.  

Neuroinflammation is linked to virtually all forms of CNS insults, ranging from blunt trauma and 

infection to long-term neurodegenerative disease [58]. Thus, it is frequently used as a marker of 

damage and disease activity in the brain. Neuroinflammation can be classified as acute or 

chronic. Acute inflammation is the initial defense against harmful stimuli, characterized by rapid 

activation of microglial cells and astrocytes (collectively referred to as gliosis). However, 

prolonged exposure to harmful stimuli can lead to excessive and inappropriate activation of glial 

cells, contributing to pathological changes [59, 60]. In general, acute inflammation is thought to 

have beneficial effects that are important for restoring CNS homeostasis, whereas chronic 

inflammation is a key pathologic feature of numerous CNS diseases [61]. Since 

neuroinflammation can be both beneficial and detrimental, a delicate balance must be 

maintained between the pro- and anti-inflammatory signals that modulate inflammatory 

reactions. As will be discussed in further detail below, these processes are usually kept in check 

by endogenous glial cells, namely microglia and astrocytes.  

 

Microglia: Biology and Functions  

Origin and historical view of microglia  

Microglia are among the first responders during an inflammatory response in the CNS. Microglial 

cells, which constitute 5-12% of the cellular population in the brain, are specialized 

macrophages in the CNS, belonging to the mononuclear phagocyte system [62]. Unlike neurons, 

astrocytes and oligodendrocytes, which develop from neuroepithelial cells, microglia are derived 

from primitive myeloid progenitors that originate from the extra-embryonic yolk sac [63]. 

Shortly after entering the brain, microglial precursors mature and take on a characteristic 
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branching morphology. While microglia are distributed throughout the CNS, including the spinal 

cord, they are predominant in grey matter and are particularly abundant in some brain regions, 

including the hippocampus, substantia nigra, basal ganglia and olfactory cortex [62]. Under 

normal physiological conditions, microglia are extremely long-lived and are maintained by 

division of local progenitor cells [64]. This is in contrast to peripheral macrophages that are 

continuously replenished by circulating blood monocytes, especially during inflammation [65]. 

The replicative capacity of microglia can be influenced by CNS pathology, which often results in 

a higher turnover rate of microglial cells, primarily through rapid proliferation and to a lesser 

extent by renewal from circulating blood-borne monocytes [66, 67]. It is now well established 

that peripheral leukocyte invasion into the CNS is involved in immune surveillance of healthy 

tissue and participates in the complex inflammatory reaction that characterizes the innate 

immune response of the brain [44]. 

 

Morphologic and molecular characteristics of microglia  

In the healthy nervous system, microglia have a ramified morphology characterized by long, thin 

branching extensions that is generally referred to as the “resting” state [68]. However, “resting” 

microglia actively survey the brain parenchyma and respond rapidly to any disturbance [69-71]. 

In contrast to macrophages, resting microglia exhibit low expression of the leukocyte common 

antigen (CD45) and CD11b/CD18 (Mac-1), and low/undetectable levels of membrane-bound 

signaling molecules needed for antigen presentation and phagocytosis, such as the major 

histocompatibility complex class I (MHCI) and MHCII antigens [72]. The resting state of microglia 

is heavily influenced by the neuronal microenvironment, which exerts numerous inhibitory 

mechanisms. These include production of cell surface mediators with anti-inflammatory 
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properties, such as IL-10 and transforming growth factor (TGF)-β, and induction of proteins, such 

as suppressor of cytokine signaling (SOCS) proteins, and transcriptional repressors, Nurr1 and 

ATF3, that inhibit production of neurotoxic/pro-inflammatory factors in microglia [73-75]. 

Physical interactions between microglia and neurons through ligand-receptor pairs, including 

CX3CL1-CX3CR1 and CD200-CD200R, also attenuate microglial activation [76, 77]. 

 

Microglia activation: neurotoxicity and neuroprotection 

Microglial activation, a change from a resting to a pro-inflammatory phenotype, can be 

triggered by foreign material or disturbances in CNS homeostasis. Microglial responses upon 

activation include proliferation and upregulation of inflammatory markers CD45 and CD11b, as 

well as co-stimulatory molecules (CD40, CD80, and CD86) [72]. Importantly, expression of these 

molecules gradually increases upon microglial activation. Once activated, microglia undergo a 

dramatic morphological transformation, with the processes retracting resulting in an amoeboid 

morphology similar to that of immature microglia (Figure 1-2) [68]. This phenomenon is termed 

reactive microgliosis. Activated microglia express many markers of macrophage differentiation: 

Fc receptors (Fcγ RI, RII, RIII), pattern recognition receptors (CD14, TLR4), complement receptors 

(CR3, CR4) and cytokine and chemokine receptors [55, 72]. The neurotoxic consequences of 

microglial activation are commonly associated with production of pro-inflammatory cytokines, 

such as TNF-α, reactive oxygen species and inducible nitric oxide synthase (iNOS), which 

increase neuronal damage following brain injury [71, 75]. Despite these negative consequences, 

activated microglia have also been shown to perform many essential beneficial functions such as 

clearing apoptotic cellular debris and pruning neuronal synapses [75]. Further, they can produce 

neurotrophic factors and anti-inflammatory cytokines, such as IL-10 and TGF-β, which promote  
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Figure 1-2. Structural dynamics of reactive microgliosis. This diagram shows that microglia 

undergo substantial morphological changes in response to tissue injury or inflammatory stimuli, 

which involves rapid alterations in the cell body and number of processes. Microglia evolve from 

a ramified (or resting) state, characterized by small cell bodies with thin, spider-like projections, 

into roundish amoeboid cells with enlarged cell bodies. Conversion into the activated state 

occurs in a stepwise progression in which existing ramified branches retract into the cell body so 

that they are partially or completely resorbed, classified as the locomotory stage whereby 

microglia can rapidly migrate throughout tissue. Taken from [68]. 
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neurogenesis and suppress further microglial activation [75]. Clearly there is an important 

balance between beneficial and detrimental effects of microglial activation. Consequently, 

failure of these homeostatic mechanisms or unrestrained microglial activation can contribute to 

neuronal damage and degeneration.  

Under inflammatory conditions, microglia can be functionally classified into pro-inflammatory or 

anti-inflammatory subsets according to the M1/M2 nomenclature, in a similar manner as 

peripheral macrophages. This classification system distinguishes microglia by their cytokine 

profile and expression of cell surface markers into two major types, pro-inflammatory M1 and 

anti-inflammatory M2. M1 is defined as the classical activation state, characterized by 

expression of cytokines such as TNFα, IL-6, IL- 1β, interferon-γ (IFNγ) and NO as well as surface 

molecules CD86 and CD68 [78-81]. Hence they are geared towards antigen presentation and 

show neurotoxic effects in the brain. In contrast, the “alternatively activated” M2 microglia are 

known to express arginase 1, the mannose receptor CD206 and anti-inflammatory cytokines 

such as IL-4 and IL-10 [78-81]. This second class exerts neuroprotective and anti-inflammatory 

actions such as wound healing and phagocytosing cellular debris to restore homeostasis. Indeed, 

mice lacking M2-polarizing signals such as IL-4 and IL-10 show worsened neurological function 

and increased brain infarction following focal cerebral ischemia [82, 83], whereas M1 microglial 

markers increase during disease progression, as with spinal cord injury [84, 85]. 

In addition to microglia, the brain contains macrophage populations that are distinguished by 

location, morphology and constitutive expression of standard macrophage markers such as class 

I and class II MHC antigens [48]. These include macrophages in the choroid plexus, the meninges 

and the perivascular spaces. Perivascular macrophages are localized between the parenchyma 

and vascular system and have an elongated cell body and branching processes, which encase  
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the blood vessel membrane [72, 86]. They have a critical influence on blood vessel function 

owing to their close association with the BBB, which separates the circulating blood from the 

brain. Interestingly, many studies indicate that perivascular and meningeal macrophages are the 

primary antigen-presenting cells in the CNS. Furthermore, unlike parenchymal microglia, these 

cells are short-lived and frequently replaced by blood-borne precursors [72, 87]. 

In summary, microglia are the principal immune cells in the brain, which can be distinguished 

from other CNS cell types, such as neurons and astrocytes, by their unique myeloid origin. They 

are remarkably plastic cells, capable of exerting cytotoxic or protective functions depending 

upon microenvironment signals. Microglia play essential roles in neuroinflammation and tissue 

homeostasis due to their ability to express cytokines and immune receptors, which are a crucial 

part of immune effector functions such as antigen presentation and phagocytosis.  

 

Astrocytes: Biology and Functions 

Origin and historical view of astrocytes 

Astrocytes are specialized glial cells of ectodermal origin. In 1893, Michael von Lenhossek coined 

the term astrocyte to describe their star-shaped morphology [88]. In the human brain, 

astrocytes constitute nearly half of the cells in the CNS [89]. While they are present in all regions 

of the CNS, the term astrocyte usually refers to protoplasmic astrocytes, which densely populate 

gray matter tissue. There is also a second class of astrocytes called fibrous astrocytes that exist 

in white matter regions [90].  

 

Morphologic and molecular characteristics of astrocytes  

Traditionally, the morphological features and spatial relationship with neurons are often used to  
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distinguish between astrocyte subclasses (i.e. protoplasmic vs. fibrous) [90].  Protoplasmic 

astrocytes, the most common, have a complex morphology with numerous fine processes that 

can contact synapses, dendrites and cell bodies of neurons. In contrast, fibrous astrocytes have 

less branching and exist around bundles of axons in white matter tracts. This broad classification 

system does not address other forms of astrocyte heterogeneity, such as molecular and 

physiological properties (for review see [91]). Astrocytes differ in their physiological properties 

such as membrane potential, potassium conductance, glutamate transporter and receptor 

expression, and/or the expression of proteins such as glial fibrillary acidic protein (GFAP). Other 

defining characteristics of astrocytes include calcium-mediated intracellular communication [92, 

93], the presence of intercellular connections (gap junctions) [94, 95], and the close apposition 

of astrocytic processes to both neurons and blood vessels, via end-feet [46]. 

Astrocytes are often identified using immunohistochemical markers for astrocyte specific 

proteins. The most well characterized and extensively studied marker is GFAP, an intermediate 

filament protein, which is enriched in the cell body and major processes of astrocytes [96]. GFAP 

has been used as the primary marker for astrocytes since its discovery in 1971 when it was 

isolated from the CNS of multiple sclerosis patients [97]. Other molecular markers used for the 

identification of astrocytes include: S100 calcium binding protein β (S100B) [98], glutamine 

synthase (GS), excitatory amino acid (EAA) transporters GLAST (glutamate-aspartate 

transporter) or GLT-1 (glial glutamate transporter 1), and most recently the aldehyde 

dehydrogenase 1 family, member L1 (Aldh1L1) [99]. However, no molecular marker, including 

GFAP, is universal to all astrocytes [60].  
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Functions of astrocytes in the CNS 

Astrocytes have elaborate processes that extend between the synaptic connections of neurons 

and also separate neurons from blood vessels [46]. It has been estimated that each human 

astrocyte can contact more than one million cortical synapses [100]. This close association with 

neurons makes astrocytes key participants in modulating neuronal activity. Astrocytes 

synthesize biochemicals and receptors also expressed by neurons. These features enable 

astrocytes to regulate the release and uptake of neurotransmitters such as glutamate and ATP, 

and in turn control synaptic transmission and neuronal excitability [93, 101]. In particular 

astrocytes are critical for modulation of glutamatergic neurotransmission as they express high 

levels of glutamate transporters (in particular GLAST and GLT-1) that tightly regulate glutamate 

concentrations in the synaptic cleft [102]. 

In conjunction with endothelial cells and neurons, astrocytes are intimately involved in BBB 

formation, integrity and maintenance, limiting entry of leukocytes and antigens into the CNS 

[46]. Astrocytic processes terminate in end-feet on blood vessels where they tightly ensheath 

endothelial cells and secrete factors including TGF-β, glial-derived neurotrophic factor (GDNF), 

angiopoetin 1 (ANG1) and basic fibroblast growth factor (bFGF) that support the formation of 

tight junctions between endothelial cells [46]; consequently, reducing permeability of the BBB. 

Astrocytes that envelope endothelial cells are ideally positioned to control the volume of the 

extracellular space via modulation of blood flow and brain water content. Astrocytic end-feet 

actively participate in the regulation of blood flow by producing and releasing molecular 

mediators that dilate and constrict blood vessels, such as nitric oxide (NO), prostaglandins (PGE), 

and arachidonic acid (AA) [60, 103]. They also express transmembrane channels called 

aquaporins (AQPs) that drive water transport across the BBB and thus play a critical role in 
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cerebral edema, which significantly contributes to pathology in many neurological disorders [60, 

102].  

Another critical function of astrocytes is the supply of energy to neurons in the form of lactate 

[104, 105]. Glucose enters the brain parenchyma where is taken up by astrocytes via glucose 

transporter type 1 (GLUT 1) and is subsequently converted to lactate to be transferred to nearby 

neurons or alternatively is stored in astrocytes in the form of glycogen [104, 105]. Astrocytic 

glycogen makes up the largest energy reserve in the brain [60]. Astrocytes also supply lipids to 

neurons, and in the absence of glucose can oxidize fatty acids to produce ketone bodies as an 

alternative energy source [106, 107]. Synaptic formation strictly depends on cholesterol and 

other brain lipids, which pass from the blood stream to neurons via apolipoprotein E (ApoE), a 

major lipid transport protein in the CNS that is predominantly localized in astrocytes [108, 109]. 

The energetic coupling between astrocytes and neurons is essential to sustain the high-energy 

demands during brain activity, and thus is critical for normal brain function. This is exemplified 

by recent evidence demonstrating that lactate transport between neurons and astrocytes plays 

an essential role in long-term memory formation [110]. 

 

Astrocyte activation: reactive astrogliosis  

In part due to their intimate relationship with neurons and the BBB, astrocytes also have 

fundamental roles in the innate immune response of the CNS and undergo key morphological 

changes in response to CNS pathologies [59]. In the context of neuroinflammation, astrocytes 

respond by a process referred to as reactive astrogliosis, characterized by cellular hypertrophy, 

proliferation, and increased expression of the intermediate filaments GFAP, vimentin, and nestin 

[59, 111]. In general, upregulation of GFAP expression underlies the transition of quiescent 
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astrocytes to the activated (reactive) phenotype. Reactive astrogliosis is a graded phenomenon, 

ranging from mild alterations in gene expression and cellular morphology to severe (sometimes 

permanent) tissue reorganization in which astrocyte processes overlap extensively with adjacent 

cells to form glial scars [59]. Astrocytes, like microglia, produce either pro- or anti-inflammatory 

cytokines and have immunoregulatory receptors in their membranes including MHC antigens, 

costimulatory molecules (B7-1, B7-2) and adhesion molecules (ICAM-1, VCAM-1) [112]. 

Traditionally, reactive astrogliosis is a marker of neuropathology; however, it is well established 

that like microglia, reactive astrocytes can have either beneficial or detrimental effects 

depending on the disease or specific molecular signaling pathways involved. Astrocyte mediated 

neuronal injury is caused predominantly by overproduction of reactive oxygen species (ROS) or 

proinflammatory cytokines and chemokines, including interferon (IFN)-γ, IL-1, IL-6, and MCP-1 

[113]. Other studies, however, show protective and reparative roles for reactive astrocytes.  

Rothstein et al. [114] demonstrated that loss of astrocyte glutamate transporters GLAST or GLT-

1 leads to elevated extracellular glutamate levels, resulting in excitotoxcity, neural degeneration 

and paralysis in rats.  Further, ablation of GFAP-positive reactive astrocytes has been shown to 

substantially increase CNS leukocyte invasion and inhibit protective glial scar formation that 

restricts inflammation and tissue damage after injury [115]. These observations clearly illustrate 

the importance of astrocyte function in maintaining multiple aspects of CNS homeostasis. 

In summary, astrocytes are key glial cells responsible for the structural support and proper 

functioning of neurons and cerebral vascular endothelial cells of the BBB. Astrocytes not only 

have a significant role in the regulation of neuronal synaptic activity, but are also an important 

source of inflammatory mediators and regulate BBB permeability. They help maintain the CNS 

microenvironment and are consequently highly reactive to disturbances in CNS homeostasis, 
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undergoing morphological and functional changes referred to as reactive astrogliosis. 

 

Functional interactions between neurons, microglia and astrocytes  

Astrocytes, neurons and microglia are continuously interacting. The mediators of these 

interactions consist of surface receptors and associated signaling molecules, which include 

neurotransmitters, cytokines, and neuropeptides. One candidate signal is the membrane-bound 

chemokine CX3CL1, also known as fractalkine (FKN), and its receptor CX3CR1 [116]. Fractalkine 

is constitutively expressed by neurons throughout the CNS. Neuronal excitation induces the 

release of fractalkine, which then binds and activates CX3CR1 receptors on microglia [117, 118] 

whose function is to inhibit microglial inflammatory activity. In this way, it has been proposed 

that microglia are able to sense and respond to neuronal activity. In turn, FKN/CX3CR1 signaling 

exerts regulatory control over neuronal activity related to synapse development and plasticity. 

Mice deficient in CX3CR1 exhibit deficits in developmental synaptic pruning [119], a process that 

involves the elimination or strengthening of connections between neurons, known as synapses. 

Consequently, these mice have reduced functional connectivity between the hippocampus and 

prefrontal cortex, resulting in social behavioral abnormalities [119]. Additionally, neurons can 

also act on microglia in a paracrine manner via secreted factors such as cytokines. For example, 

the anti-inflammatory cytokines IL-10 and TGFβ have been shown to down-regulate the 

microglial activation state in the presence of LPS, as indicated by decreased expression of 

activation molecules such as MHCII, and inflammatory mediators including pro-inflammatory 

cytokines TNFα and IL-1β, as well as nitric oxide [120-122]. These cytokines and their receptors 

are expressed throughout the CNS in both glial cells and neurons [123]. Additionally, TNFα 

released from astrocytes can affect neuronal excitability. Recent discoveries show that 
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astrocyte-released TNFα modulates basal synaptic transmission in the hippocampal dentate 

gyrus [124], and actively participates in mechanisms of homeostatic synaptic plasticity, such as 

synaptic scaling, that provide neurons with an activity-dependent mechanism to modify 

individual synapses [125, 126]. Specifically, TNFα has been reported to increase cell surface 

expression of AMPA receptors (AMPAR) leading to an increase in synaptic strength [127]. 

In addition to glial modulation of neuronal activity, an essential aspect of normal brain function 

is the bidirectional interaction between astrocytes and microglia. For example, co-culture 

experiments show that crosstalk between astrocytes and microglia, following activation, can 

amplify CNS inflammatory responses. Saijo et al. [73] found that LPS-induced neurotoxicity of 

dopaminergic neurons in vitro was significantly enhanced by the combination of activated 

astrocytes and microglia, as compared to either cell type alone. It has also been shown that 

pathological activation of microglia following LPS stimulation induces ATP release, recruiting 

nearby astrocytes that in turn, trigger the release of glutamate and additional ATP on 

hippocampal synapses to enhance the frequency of excitatory neuronal activity [128]. 

Alternatively, astrocytes have the ability to suppress pro-inflammatory responses in microglia. 

Min et al. [129] showed that treatment with astrocyte-conditioned culture media markedly 

attenuated hydrogen peroxide-induced production of ROS in primary cultures of microglial cells 

by stimulating antioxidant gene expression. This study indicates that astrocytes can activate a 

negative feedback loop down-regulating production of neurotoxic compounds by microglia, such 

as ROS. Taken together, these examples show that neurons and glial cells functionally interact in 

healthy conditions, and may also advance the development of a number of pathological states, 

such as inflammation of the brain.  
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Goals of Thesis 

The effects of obesity and high-fat feeding on neuroinflammation remain poorly understood. 

Thus, the primary goal of this dissertation is to advance our understanding of inflammatory 

changes in the brain in response to obesity and high-fat feeding, and to begin to address their 

potential physiologic significance. In other disease pathologies, neuroinflammation is commonly 

attributed to the activation of microglial cells and astrocytes, as well as infiltration of non-CNS 

immune cells. To date, no studies have directly tested for recruitment of peripheral innate 

immune cells to the CNS during obesity, and only a few studies have investigated the 

contribution of resident glial cells to neuropathology during obesity. Critically, no studies have 

addressed the physiologic significance of glial cell activation in response to obesity and high-fat 

feeding. 

This dissertation aims to address several key outstanding questions relating to the involvement 

of neuroinflammation in the physiologic response to obesity and high-fat feeding: 

Chapter 3: In this chapter we test the hypothesis that chronic exposure to high-fat diet results in 

accumulation of peripheral immune cells in the CNS of diet-induced obese (DIO) mice. 

Chapter 4: In this chapter we characterize the anatomical distribution of reactive astrocytes (as 

determined by increased GFAP-immunoreactivity), based on the hypothesis that reactive 

astrogliosis is present throughout several nuclei of the hypothalamus involved in food intake 

and body weight regulation.  

Chapter 5: Chapter 5 focuses on circulating concentrations of a glial-derived neurotrophic factor 

S100B as a putative biomarker for obesity-associated inflammation. In this chapter we test the 
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hypothesis that elevated serum S100B contributes to obesity-associated inflammation in a DIO 

mouse model, consistent with previous observations in obese patients. 

Chapter 6: Based on the findings from our anatomic characterization studies (Chapter 4), we 

hypothesized that astrocytes play a critical role in the physiologic response to high-fat diet. 

Chapter 6 describes the development of a tetracycline-inducible mouse model allowing 

inactivation of the canonical NF-κB signaling pathway to determine whether inhibiting astrocyte 

activation (reactive astrogliosis) modulates food intake and protects against high-fat diet 

induced weight gain.  

Overall, the studies performed in this dissertation have advanced our understanding of how 

neuroinflammation contributes to disease pathology in obesity that may aid in the development 

of novel therapeutics aimed at limiting or modulating neuroinflammation, which may eventually 

help improve obesity-associated co-morbidities and enhance successful long-term weight loss. 
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CHAPTER 2 

 Materials and Methods 

Ethics Statement 

All experiments were conducted in accordance with the National Institutes of Health (NIH) 

Guide for the Care and Use of Laboratory Animals and approved by the Animal Care and Use 

Committee of Vanderbilt University.  

 

Mice 

Unless otherwise indicated, animals were given ad libitum access to a 13% kcal standard 

laboratory chow (Std Chow; Picolab rodent diet 20, PMI Nutrition International, St. Louis, MO) 

and water. Animals were housed under constant temperature (21±2oC) and light conditions (12 

h light: 12 h dark) at 5 animals per cage, except where noted. 

 Mice used in Chapter 3: Mice for bone marrow transplant studies: Global green 

fluorescent protein (GFP)-transgenic mice (Stock #006567) of the C57BL/6 background were 

bred at Vanderbilt University from a founder purchased at Jackson laboratories (Bar Harbor, 

ME). In this transgenic model, GFP is expressed under the control of a chicken β-actin promoter 

and human cytomegalovirus enhancer. GFP transgenic mice were used as bone marrow donors 

at 10 weeks of age. Wild-type (WT) C57BL6/J mice (stock number: 000664) were purchased 

from Jackson Laboratories at 7-weeks of age and were allowed to acclimatize for 3 weeks. At 10 

weeks of age, recipient (WT) mice were placed on antibiotic-containing (100 mg/l neomycin) 

water for one week prior to bone marrow transplant (BMT) and continued for one week after 
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the procedure. Recipient animals were initially placed on a 13% kcal Std Chow for 4 weeks post-

BMT and then switched to a 60% kcal high-fat diet (HFD; Cat. no. D12532, Research Diets, New 

Brunswick, NJ) for an additional 15 or 30 weeks.   

 Mice used in Chapter 4: For the DIO studies: at 12–17 weeks of age, female C57BL6/J 

mice (n = 3–5 per diet) were placed on high-fat chow (60% kcal from fat; Cat. no. D12532, 

Research Diets, New Brunswick, NJ) or maintained on standard laboratory chow and body 

weights monitored weekly. After 20 weeks of high-fat feeding mice were deeply anesthetized 

and underwent tissue fixation via transcardial perfusion with 0.9% saline followed by ice-cold 

fixative (4% paraformaldehyde in 0.01 M phosphate-buffered saline pH 7.4 [PBS]). For the 

MC4R−/− versus MC4R+/+ studies: Female MC4R-deficient mice (abbreviated MC4R−/−) on the 

C57BL6/J background were generously provided by Dr. Roger Cone of Vanderbilt University, and 

have been described [130].  MC4R−/− mice (n = 5/genotype) were maintained on standard 

laboratory chow and were 24–28 weeks at the time of tissue collection after transcardial 

perfusion, as described for the DIO animals. MC4R−/− mice were backcrossed to the C57BL6/J 

background greater than 10 generations. 

 Mice used in Chapter 5: For the diet-induced obesity study: Male WT mice were 

purchased from Jackson Laboratories at 7-weeks of age. After one week of acclimatization, mice 

were weighed and divided into 2 groups (n=12/13 mice/diet) on Std Chow or HFD for a total of 

15 weeks. For the weight-loss study: Eight-week old male WT mice, purchased from Jackson 

Laboratories at 7-weeks of age, were weighed and divided into one of three feeding treatments: 

1) Lean – mice maintained on Std Chow diet for 20 weeks, 2) DIO - mice maintained on HFD diet 

for 20 weeks, or 3) Weight-loss group – mice fed HFD diet for 15 weeks then switched back to 

Std Chow for 5 weeks resulting in weight loss. 
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 Mice used in Chapter 6: For conditional and specific suppression of NF-κB activity in 

astrocytes, GFAP-rtTA*M2 (abbreviated GFAP-rtTA) mice, purchased from Jackson laboratories 

(stock number 014098), were crossed with Tet-O Ikβα-DN (abbreviated IκBdN) mice containing 

the NFkB inhibiting construct. In this transgenic model (called IκB-DN in this Dissertation), the 

tetracycline responsive rtTA transactivator, under transcriptional control of the astrocyte GFAP 

promoter, undergoes conformational change and binds the tetracycline operator (TetO) to 

inhibit expression of NF-κB after administration of doxycycline (Dox). IκBdN mice were 

generously provided by Dr. Fiona Yull at Vanderbilt University, and have been described 

previously (Cheng et al., 2007; Connelly et al., 2011). Mice were of mixed background consisting 

of GFAP-rtTA on a C57BL6/J background and IκBdN on an FVB strain background. Transgene-

negative (IκB-DN-) littermates were used as control animals. Mice were individually housed and 

were acclimatized to Dox-treated drinking water (as described below) for a period of 1 week 

before beginning high-fat diet studies. Water and food intake were measured daily for a period 

of two weeks and every 2-3 days thereafter. Body weight of mice was measured once a week.  

 

Body Weight and Composition 

Body weights of mice were recorded weekly unless otherwise stated. Prior to sacrifice, fat and 

lean body mass were measured by nuclear magnetic resonance in unanesthetized mice using 

the Bruker Minispec Analyzer (Bruker Optics, TX) in the Vanderbilt Mouse Metabolic 

Phenotyping Center.  

 

Reagents 

All reagents used in electrophoretic separations were obtained from Bio-Rad Laboratories  
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(Hercules, CA). All other reagents were purchased from Sigma-Aldrich (St. Louis, MO), unless 

stated otherwise. 

 

Doxycycline Preparation and Administration (Chapter 6) 

Doxycycline (Sigma, St Louis, MO) was dissolved in drinking water containing 1% Splenda (zero-

calorie sucralose as a sweetener) for a final concentration of 2mg/ml doxycycline. Dox-treated 

water was freshly prepared and administered twice weekly in light-protected bottles until study 

termination.  

 

Western Blot Analysis 

Samples of frozen tissue (i.e. brain and liver) were homogenized in RIPA buffer (Sigma-Aldrich, 

St. Louis, MO) containing protease inhibitors (Complete Protease Inhibitor Cocktail Tablets; 

Roche Applied Science, Indianapolis, IN), centrifuged at 13,000g for 10 minutes at 40C, and the 

protein content of the supernatant assessed by the Bradford method according to the 

manufacturer's instructions (Bio-Rad, Hercules, CA). Proteins were resolved by loading 10 μg 

tissue homogenate alongside a protein standard (Kaleidoscope ladder; Bio-Rad) on a 4–15% 

stacking sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel (mini-

protean TGX gel; Bio-Rad) and electrotransferred using a semidry transfer system (Bio-Rad) onto 

a nitrocellulose membrane (Perkin-Elmer, Boston, MA). The membranes were blocked using 5% 

skim milk in Tris-buffered saline (TBS) or LI-COR Odyssey blocking buffer (Li-Cor Biosciences, 

Lincoln, NE) and then incubated overnight at 40C with different combinations of primary and 

secondary antibodies as follows:  
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 Chapter 4: The anti-glial fibrillary acidic protein (GFAP) antibody was diluted 1:1,000 in 

Odyssey blocking buffer containing 0.1% Tween 20 and then incubated with 1:20,000 anti-

mouse IRDye 800 (Li-Cor Biosciences) for 1 hour at room temperature. The immunoreactivity 

was detected using the Odyssey Infrared Imaging Scanner (Li-Cor Biosciences). 

 

ELISA 

For measuring S100B in mouse plasma (Chapter 5), immediately before sacrifice ~0.7 ml of 

blood was drawn by cardiac puncture into 3.2% sodium citrate–containing tubes (volume citrate 

solution: blood = 1:9) on ice, centrifuged 13,000g for 15 minutes at 40C and frozen at -700C prior 

to use. For measuring protein content in brain homogenates (Chapter 5 & 6), frozen tissue was 

homogenized in RIPA buffer containing protease inhibitors, centrifuged at 13,000g for 10 

minutes at 40C, and the supernatant immunoassayed for TNFα (eBioscience, France), GFAP and 

S100B (Millipore, Billerica, MA), according to manufacturer’s instructions. ELISA sensitivity: 

2.7pg/mL for S100B, 1.5ng/mL for GFAP, 8pg/mL for TNFα. 

 

Quantitative Real Time RT-PCR (qPCR) 

Total RNA was extracted using Trizol reagent (Life Technologies Corp., NY) and complementary 

DNA (cDNA) synthesized using iScript cDNA synthesis kits (Bio-Rad Laboratories, CA), according 

to manufacturer’s instructions. Real-time RT-PCR (qPCR) reactions were performed using a 

CFX96 thermal cycler (Bio-Rad Laboratories, CA) and FAM-conjugated primer/probe sets 

(TaqMan Gene Expression Assays; all from Life Technologies Corp, NY) normalized to β-actin 

(catalogue no 4352341E) or gapdh (Mm99999915_g1). Quantification of target mRNA was 

calculated using the comparative Ct method (ΔΔCt). The assays used were CD68 
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(Mm00839636_g1) and Ccl2 (Mm00441242_m1) for Chapter 3; and Ccl2, s100b 

(Mm00485897_m1), rage (Mm01134790_g1), tnf (Mm00443258_m1), adipoq 

(Mm00456425_m1) and emr1 (Mm00802529_m1) for Chapter 5. 

 

Immunohistochemistry 

 Confocal Imaging of Adipose Tissue: Fresh epididymal adipose tissue was harvested 

from 0.9%-saline-perfused mice and a portion post-fixed in 1% paraformaldehyde followed by 

5% goat serum in PBS to block non-specific antibody binding. For Chapter 3, donor-derived cells 

were identified in adipose tissue sections by their endogenous expression of GFP. DAPI staining 

was used in all studies to visualize cell nuclei. Images were obtained with a Zeiss LSM 710 

confocal microscope (Carl Zeiss International, Germany) in the Cell Imaging Shared Resource at 

Vanderbilt Medical Center. Immunohistochemistry of adipose tissue (Chapter 5) was performed 

with the following primary-secondary antibody combinations: 1:200 rabbit monoclonal anti-

S100B (Cat # 52642; Abcam, Cambridge, MA) followed by 1:500 donkey anti-rabbit Alexa 488 

(Life Technologies Corp., Carlsbad, NY) and 1:250 rat monoclonal anti-F4/80 (Cat # ab109497; 

Abcam, Cambridge, MA) followed by 1:500 donkey anti-rat Alexa 594 (Life Technologies Corp., 

Carlsbad, NY). Imaging with laser confocal microscopy (Zeiss LSM 710, Carl Zeiss International, 

Germany) was performed in the Cell Imaging Shared Resource at Vanderbilt Medical Center. 

 Immunohistochemistry of brain sections: Immunohistochemical analysis was performed 

on free-floating coronal brain sections, cut at a thickness of 30µm per slice from mice perfused 

with 0.9% saline followed by 4% paraformaldehyde. After initial blocking in 5% normal donkey 

serum in PBS containing 0.3% Triton X-100, sections were incubated with primary antibodies for 

24 hours at 40C followed by secondary detection for 1 hour at room temperature, diluted 1:500 
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in blocking buffer. For brightfield images in Chapter 3, a primary antibody against GFP (dilution 

1:5000; A-11122, Life Technologies, NY) was used followed by secondary detection with a horse 

radish peroxidase conjugated anti-rabbit IgG (W4018, Promega, WI) and visualized using 

Immpact DAB (Vector Laboratories, CA) on a wide-field microscope, Axioimager Z1 (Zeiss, NY). 

For quantification of GFP+ recruited cells, the number of GFP-positive cells were counted in five 

sections per animal from five brain regions in Std Chow and HFD mice: cortex, septum and 

striatum (coordinates: 1.10-0.38mm from the bregma); thalamus and hypothalamus 

(coordinates: -0.70-2.54mm from the bregma). For confocal microscopy in Chapter 3, a primary 

antibody against Iba1 was used as a marker for microglia (dilution 1:1000; 019-19741, Wako, 

Germany) followed by secondary detection with donkey anti-rabbit Alexa 594 (dilution 1:500; 

Life Technologies Corp., NY) and images obtained using a Zeiss confocal microscope (see above 

Confocal imaging of AT). Guidance on nomenclature and anatomic boundaries was taken from 

[131]. Immunohistochemistry of brain sections in Chapter 4 were stained and quantified as 

follows: Primary antibodies against GFAP (Cat # MAB360, Millipore, MA) and GFP (Cat # A-

11122, Life Technologies, CA) were diluted 1:7,500 and 1:5,000, respectively, followed by 

secondary detection with donkey anti-mouse HRP (Cat # W4021; Promega, WI) and visualized 

using Immpact DAB. For fluorescent, double-labeling studies, secondary antibodies donkey anti-

rabbit Alexa 488 (Cat # A-21206; Life Technologies, CA) and donkey anti-mouse Alexa 594 (Cat # 

A-21203; Life Technologies, CA) were used. Relative density of GFAP staining was qualitatively 

assessed and scored as follows: +/-, sparse staining; + light staining; ++ moderate staining; +++ 

extensive staining; ++++ very extensive staining. A minimum of two sections per animal per 

brain region were included for smaller nuclei and fives sections per animal examined for the 

larger more extensive nuclei.  
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Adipose Tissue Fractionation (Chapter 5) 

Epididymal adipose tissue was dissected from lean and DIO mice and finely minced in PBS 

containing 0.5% bovine serum albumin (PBS-B) and then digested with 0.1 mg/mL collagenase 

(Cat# C6885; Sigma-Aldrich, MO). After incubating for 30 min at 37°C under constant agitation, 

cell suspensions were filtered through a 100µm mesh dissociation sieve and centrifuged to 

collect the stromal vascular fraction (SVF) cell pellets. The supernatant was subsequently 

centrifuged at 16,00rpm and collected as the total adipocyte fraction. After removal of the 

adipocyte layer, the stromal vascular fraction (SVF) cell pellets were gently resuspended in ACK 

lysing buffer (KD Medical Inc., MD) to remove red blood cells and washed in PBS-B. The final 

pellets were resuspended in Trizol (Life Technologies Corp., NY) for RNA extraction. 

 

Flow Cytometry (Chapter 3) 

Blood was taken at euthanasia by cardiac puncture, followed by brief erythrolysis with water to 

isolate peripheral blood leukocytes. Whole brain was removed from saline-perfused mice, the 

cerebellum and hindbrain removed, and the right cerebral hemisphere minced in phosphate 

buffered saline (PBS) and processed to obtain a single-cell suspension using a papain 

dissociation system (Worthington Biochemical Corp., NJ) according to the manufacturers’ 

instructions. Samples were incubated with rat anti-mouse CD16/CD32 in FACS buffer (1XPBS 

plus 2% fetal calf serum, filter sterilized) for blockade of Fc receptors and immunostained as 

appropriate with fluorophore-conjugated antibodies: Rat anti-CD11b (clone M1/70; PE-

conjugated), and Rat anti-CD45 (clone 30-F11; APC-conjugated; all from BD Biosciences, CA). 

Data from 20,000 live, single-cell events was acquired using FACSDiva software (BD Biosciences, 

CA). Cells were processed using a 5 Laser BD LSR Fortessa machine (BD Biosciences, CA) in the 
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Vanderbilt Flow Cytometry Core. For data analysis and collection, cells were initially gated on 

forward-scatter and side-scatter to exclude cell doublets. Dead cells were excluded based on 

DAPI labeling. Fluorescent compensations were performed using cells isolated from normal non-

chimeric WT control animals and stained with each fluorochrome separately. 

 Name Manufacturer Description 

CD11 antigen like 

family member B 

antibody (CD11b) 

Cat. # 561688, 

BD Biosciences, 

CA 

Cd11b is an integrin family member that is 

predominantly expressed on the surface of 

monocytes, which mediates leukocyte adhesion 

and migration to mediate the inflammatory 

response. 

CD45 (Leukocyte 

Common Antigen, 

L-CA) antibody 

Cat. # 55081, 

BD Biosciences, 

CA 

CD45 is a receptor-like protein tyrosine 

phosphatase (RPTP) family member that is highly 

expressed on all nucleated haematopoietic cells 

and plays an essential role in antigen receptor-

mediated signal transduction pathways. 

 

Statistics 

Statistics were performed with Graphad Prism version 5.04 software (GraphPad Software, San 

Diego, CA), and a significance level of 0.05 was used for statistical inference. Data are presented 

as mean ± standard error of the mean (S.E.M.). Unpaired t-tests were used to assess differences 

between two groups (animals on standard chow vs. high-fat diet). In Chapter 3, two-way ANOVA 

was used to determine the relationship between morphology and diet in the 

immunohistochemical analyses. Spearman’s correlation analysis was used to quantify 

relationships between %GFP+ brain-infiltrating immune cells and variables of interest (i.e. fat 

mass). For the weight-loss study in Chapter 5, one-way ANOVA was used to assess differences 
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between lean, obese and weight-loss groups. Two-way ANOVA was used to assess differences in 

gene expression between adipose tissue fractions of lean and DIO mice. In Chapter 6, two-way 

ANOVA was used to assess differences between groups of animals of different genotypes on 

different diets as well as assess the effects of diet, genotype, and their interaction. 
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Obesity induced by a high-fat diet is associated with increased immune cell entry into 

the central nervous system 

Laura B. Buckman1, Alyssa H. Hasty1, David K. Flaherty2, Christopher T. Buckman3, Misty M. 

Thompson1, Brittany K. Matlock2, Kevin Weller2 and Kate L.J. Ellacott1 

1Department of Molecular Physiology & Biophysics, and 2Vanderbilt Flow Cytometry Shared 

Resource, and 3Department of Cell and Developmental Biology, Vanderbilt University Medical 

Center, Nashville, TN 37232 

The contents of this chapter have been published in Brain, Behavior, and Immunity, vol 35, pp. 
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Introduction 

Leukocyte infiltration into the CNS is a key pathological feature in various inflammatory 

neurological disorders. These include neurodegenerative CNS disorders, like multiple sclerosis 

(MS) or Alzheimer’s disease [132]. Infiltration of peripheral immune cells into the CNS is not 

significant under normal physiological conditions; however, massive CNS infiltration of bone-

marrow-derived cells (BMDC) is a feature of the inflammatory state in mouse models of stroke 

and neuronal injury [132-134]. 

In common with what is seen in peripheral tissues, obesity causes inflammation in the CNS. For 

example, increased production of pro-inflammatory cytokines and reactive oxygen species 

occurs in the hypothalamus in response to both acute and chronic high-fat feeding in mice [32, 

34]. Further, it has been demonstrated that high-fat feeding and obesity are associated with 

increased iba1-immunoreactivity [34, 42]; however, it is not known whether this is a result of 

increased activation of resident microglia or recruitment of peripheral immune cells, such as 

monocytes/macrophages that also express iba1 when present in the CNS. The presence of 

infiltrating macrophages in the CNS of rodent models of obesity has been inferred by increased 

expression the expression of CD45 (a pan leukocyte marker) immunoreactivity [40]. However, 

this methodology is limited and cannot be used to definitively demonstrate the recruitment of 

peripheral immune cells into the CNS during obesity due to the fact that high-levels of CD45 may 

be found on both activated microglia as well as infiltrating monocytes/macrophages [66]. We 

hypothesize that monocytes, which are amongst the earliest immune cells to infiltrate adipose 

tissue, are recruited into CNS parenchyma during obesity, thereby contributing to the 

neuropathological features associated with the disease. To study the migration of leukocytes 

into the CNS during obesity we employed a bone marrow chimeric mouse model generated by 



35 

 

transplanting green fluorescent protein (GFP)-expressing bone marrow into irradiated hosts, 

which distinguishes CNS microglia (radio-resistant cells) from peripheral monocytes solely by the 

expression of GFP. Previous studies using these mice demonstrated the ability of BMDCs to 

enter the CNS where they differentiate into microglial-like cells [135].  

 

Results 

Bone marrow chimeric animals show significant weight gain and adipose tissue 

inflammation in response to high-fat feeding 

To confirm that the chimeric mice showed the “normal” physiologic response to diet-induced 

obesity we measured body weight, fat mass and peripheral inflammation in epididymal white 

adipose tissue. There was a statistically significant increase in weight gain (Figure 3-1B; 

15 weeks, t(14) = 5.15, P = 0.0001; 30 weeks, t(9) = 6.64, P < 0.0001) within groups fed HFD due 

primarily to increased fat mass (Table 3-1). Assessment of adipose tissue whole mount 

preparations revealed adipocyte hypertrophy, and the accumulation of donor-derived GFP+ 

cells, which often formed crown-like structures in obese adipose tissues (Figure 3-1D). In 

contrast, adipocyte hypertrophy and crown-like structures were not present in lean Std Chow 

control animals (Figure 3-1C). Additionally, gene expression of the monocyte chemotactic 

protein CCL2 (Figure 3-1E; t(9) = 4.81, P = 0.001) and the macrophage-specific antigen CD68 

(Figure 3-1F; t(9) = 5.43, P = 0.0004) were significantly increased, 88% and 75% respectively, in 

adipose tissue from obese HFD animals as compared to lean Std Chow controls. 

 



36 

 

 

  



37 

 

Figure 3-1. Bone Marrow chimeras show obesity and adipose tissue inflammation in response 

to a high-fat diet. C57BL/6J mice transplanted with GFP+ (donor) bone marrow were randomly 

divided into two groups and fed either a 60% high-fat (HFD) or standard chow (Std Chow) diet 

for 15 or 30 weeks (A). Body weight was increased by high-fat diet (B). Confocal imaging 

demonstrated adipocyte hypertrophy (C, Std chow; D, HFD) and recruitment of GFP+ (green) 

cells into white adipose. DAPI nuclear stain indicated in blue. White adipose tissue gene 

expression of inflammatory markers CCL2 (E) and CD68 (F) was significantly higher in mice fed a 

HF diet after 30 weeks. For real-time RT-PCR data, data are presented as mean ± S.E.M., n=10 

mice per diet. An unpaired Student’s t-test was performed for statistical evaluation of the data. 

*** P<0.001. Scale bar = 50µm. 
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Table 3-1. The body composition of the radiation bone marrow chimeric mice after 15 or 30 

weeks on high-fat (HFD) or standard laboratory chow (Std Chow). 

15 weeks (n=11/diet) 

Group Weight (g) Fat mass (g) Fat mass (%) Muscle mass (g) 

Std Chow 23.64 ± 0.50 1.81 ± 0.14 7.64 ± 0.53 16.26 ± 0.16 

HFD 29.27 ± 0.97 5.37 ± 0.75 18.62 ± 2.78 17.28 ± 0.52 

 
t(14)=5.15, 

P=0.0001 

t(10)=4.68, 

P=0.0009 

t(10)=3.89, 

P=0.003 

t(11)=1.87, 

P=0.09 

30 weeks (n=10/diet) 

Group Weight (g) Fat mass (g) Fat mass (%) 
Muscle mass 

(g) 

Std Chow 25.05 ± 0.37 2.41 ± 0.17 9.56 ± 0.60 18.15 ± 0.32 

HFD 38.52 ± 1.99 13.33 ± 1.51 33.61 ± 2.33 21.14 ± 0.54 

 
t(9)=6.64, 

P<0.0001 

t(9)=7.20, 

P<0.0001 

t(10)=10.01, 

P<0.0001 

t(18)=4.78, 

P=0.0001 

aData are expressed as mean ± SEM. 
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High-fat diet-induced obesity is associated with increased recruitment of peripheral 

leukocytes into the CNS 

The percentage of GFP+ leukocytes in the blood after bone marrow transplant was examined in 

order to confirm that the cells that repopulated the peripheral immune system in the chimeric 

mice were of donor (GFP+) origin (Figure 3-2). The mean percentage of GFP+ peripheral 

leukocytes was greater than 90% across all animals (range 78–98%). There was no significant 

difference in the % GFP+ leukocytes between the Std chow and HFD fed animals at 30 weeks (Std 

chow = 91.86 ± 1.75, HFD = 94.36 ± 0.65; P = 0.21, t(11) = 1.13). While there was a small, but 

statistically significant, difference in the % GFP+ leukocytes between the Std chow and HFD fed 

animals at 15 weeks (Std chow = 92.29 ± 8.27, HFD = 95.9 ± 0.68; P = 0.003, t(19) = 3.40), there 

was no statistically significant correlation observed between the percentage of GFP+ peripheral 

leukocytes and the number of GFP+ single cell events in the CNS (Figure 3-2; ρ = 0.014, 95% 

CI = −0.30–0.33, P = 0.93).  

Analysis of the peripheral blood leukocytes demonstrated that mice fed HFD have increased 

numbers of monocytes and total blood leukocytes as compared to Std chow controls, consistent 

with previously published data [136]. Therefore, we next investigated whether the appearance 

of donor-derived monocytes in the brain is attributed to monocytosis induced by a high-fat diet. 

We found elevated peripheral blood monocytes and total white blood cells (leukocytes) in obese 

compared to lean mice (Figure 3-3), yet the peak leukocyte or monocyte count did not correlate 

with the number of GFP+ single cell events in the CNS, suggesting cerebral monocyte infiltration 

is not solely due to the total number of monocytes in peripheral blood.  

The presence of peripheral immune cells in the brains of Std Chow and HFD mice was quantified 

using flow cytometry of isolated cells that were gated for their intrinsic GFP expression.  
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Figure 3-2. The mean percentage of GFP+ peripheral blood leukocytes was greater than 90% 

across all animals. Donor-derived GFP+ cells in the blood of recipient animals were assessed by 

flow cytometry and ranged from 78%-98% of total peripheral blood leukocytes. Representative 

contour plots are shown gated for GFP+ cells (A-B). No correlation was observed between the 

percentage of GFP+ cells in the brains and peripheral blood of BM chimeras (C). Spearman 

correlation was performed for statistical evaluation of the data across all animals, including mice 

fed high fat and standard laboratory chow. ρ and P values for association indicated on graph 

(n=10-11/diet/timepoint). 
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Figure 3-3. The total number of peripheral blood leukocytes and monocytes was significantly 

increased in HFD animals. Analysis of complete blood counts revealed increases in total 

leukocytes (A) and monocytes (B) in HFD animals as compared with Standard Chow controls. No 

correlation was observed between the percentage of GFP+ cells in the brain and the numbers of 

peripheral blood leukocytes or monocytes of BM chimeras (C-D). Spearman correlation was 

performed for statistical evaluation of the data. ρ and P values for association indicated on 

graph (n=10-11/diet/timepoint). 
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Quantitative analysis revealed that the percentage of donor-derived GFP+ peripheral cell 

infiltrates in the CNS was increased significantly in obese HFD mice at both 15 (Figure 3-4A; 

t(12) = 2.21, P = 0.05) and 30 weeks (Figure 3-4B; t(18) = 2.22, P = 0.04) as compared to their 

lean Std Chow controls when expressed as a percentage of single cell events (Figure 3-4A and B) 

or as a percentage of cells that were also positive for the hematopoietic lineage marker CD45 

(Figure 3-4C – 15 weeks, t(20) = 2.24, P = 0.04; Figure 3-4D – 30 weeks, t(18) = 3.29, P = 0.004). 

We further analyzed the GFP+ cells in the brain for expression of microglia/macrophage marker 

CD11b. The mean percentage of GFP+ cells that were positive for both CD11b+ and CD45+ was 

greater than 80% in both Std Chow and HFD fed groups (Figure 3-4E and F). 

 

High-fat feeding is associated with an increased number of CD45hi expressing 

microglia/macrophages in the brain 

CD45 is expressed on all cells of the hematopoietic lineage; however, with respect to microglia, 

regulation of CD45 expression occurs in an activation-dependent manner. For example, 

ramified/resting microglia have a CD45 low phenotype (CD45lo) and increase their cell surface 

expression to a high level (CD45hi) upon activation [137, 138]. In contrast, macrophages in 

peripheral tissues constitutively express high levels of CD45; consequently CD45hi expression 

levels also characterize CNS-infiltrating peripheral monocytes. In this study we observed two 

distinct CD45 expressing populations: CD11b+/CD45lo cells and CD11b+/CD45hi cells. There was a 

significant increase in the ratio of CD11b+CD45hi cells to CD11b+CD45lo cells in the brains of 

obese compared to lean mice at both 15 (Figure 3-5A; t(20) = 2.53, P = 0.02) and 30 (Figure 3-

5B; t(18) = 3.24, P = 0.005) weeks post-HFD. Fewer than 10% of the cells found in the CD45hi 

gates were GFP-, suggesting that the majority of the CD45hi cells were GFP+ CNS-infiltrating 

peripheral monocytes. 
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Figure 3-4. Obesity is associated with increased immune cell entry into the CNS. Brain cells 

were isolated from recipient mice after 15 or 30 weeks on a HFD or Std Chow diet and analyzed 

by flow cytometry. High-fat feeding led to increased CNS infiltration of GFP+ immune cells at 

both the 15  and 30 week time points, shown as a percentage of single cell events (A, B) or as a 

percentage of cells that were positive for the hematopoietic lineage marker CD45 (C, D). Greater 

than 80% of the GFP+ cells expressed microglial markers CD11b and CD45 (E and F, upper right 

quadrants). Representative contour plots are shown for each diet/time point. Data are 

presented as mean ± S.E.M. (n=10-11). An unpaired Student’s t-test was performed for 

statistical evaluation of the data. *P<0.05.   
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Figure 3-5. Obesity is associated with increased CD45hi-expressing microglia/macrophages in 

the CNS. Flow cytometric analysis revealed that the percentage of CD11b+ cells that expressed 

high levels of CD45 was increased in HFD- induced obese mice at 15 (A) and 30 (B) week time 

points as compared to lean Std Chow-fed controls. Representative dot plots are shown gated for 

CD45hi and CD45lo cells. Data are presented as mean ± S.E.M. (n=10-11). An unpaired Student’s 

t-test was performed for statistical evaluation of the data. *P<0.05; **P<0.01.  
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Donor-derived GFP+ cells in the brain express the microglial marker Iba-1 

Using immunohistochemistry we determined that the regional distribution of GFP+ cells in the 

CNS was comparable with what has previously been reported using the radiation bone marrow 

chimera model [139]. Greater than 92% of the GFP+ cells across both standard chow and HFD 

groups were found in the parenchyma and had a stellate morphology. In agreement with the 

flow cytometry data there was a statistically significant increase in the number of GFP+ cells in 

the brains of the HFD animals compared with Std Chow fed controls, and this was due to an 

increase in the number of stellate cells as opposed to cells with an elongated or amoeboid 

morphology (Figure 3-6: Fdiet(1,8) = 9.28, P = 0.02; Fmorphology(1,8) = 92.61, P < 0.0001; 

Finteraction(1,8) = 8.53, P = 0.02). 

We next performed double-immunohistochemistry to further validate our previous finding using 

flow cytometry that >80% donor GFP+ cells in the brain were CD11b+CD45+, consistent with a 

microglia/macrophage phenotype. Immunostaining for the microglial marker ionized calcium-

binding adapter molecule 1 (Iba1) revealed that most GFP+ recruited cells indeed co-localized 

with Iba1. Furthermore, donor GFP+ cells that were Iba1+ were morphologically distinct from 

brain-resident microglia (Figure 3-7). Resident GFP− Iba1+ cells largely demonstrated a resting 

microglial morphology (Figure 3-6, solid white arrowheads), whereas Iba1+ cells that were GFP+ 

exhibited a distinct stellate morphology with enlarged somata accompanied by retraction and 

thickening of processes (Figure 3-7, open white arrowheads). In contrast, cells that were GFP+ 

but Iba1− were rare and typically found located close to the microvasculature with an elongated 

morphology (Figure 3-7F) similar to what has been reported for perivascular macrophages [135]. 
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Figure 3-6. Distribution of GFP+ immune cells in the CNS. Immunohistochemistry for GFP+ cells 

showed increased recruitment in HFD animals compared with Std Chow controls. 

Representative images are shown for the septum (Std Chow - A,C; HFD - B, D); hypothalamus  

(Std Chow - E,G; HFD - F, H) and cortex (Std Chow - I; HFD - J). There was a statistically significant 

increase in total GFP+ cells in the HFD animals due to an increase in cells of stellate morphology 

in the parenchyma. Data are presented as mean ± S.E.M. (n=3). Two-way ANOVA was performed 

for statistical evaluation of the data. *P<0.05. Scale bars: Panels A, B, I and J = 100µm; Panels C, 

D, G and H = 50µm; Panels E and F = 75µm. 
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Figure 3-7. Morphology of GFP+ cells recruited to the CNS. Confocal microscopy of CNS sections 

from recipient mice confirmed that GFP+ cells expressed microglial marker Iba1 and had a 

stellate appearance (A-F, open arrowheads) compared with resident microglia which displayed a 

ramified (“resting”) phenotype (A-F, closed arrowheads). Representative images showing 

microglia in red (Iba1; A, D), GFP in green (B, E), and overlay in yellow-orange (C, F). Co-

localization of GFP and Iba1 staining was used to distinguish recruited cells (Iba1+GFP+) from 

resident microglia (Iba1+GFP-) (upper panels). The few GFP+ cells that were negative for Iba1 

were associated with blood vessels with an elongated morphology similar to perivascular 

macrophages (lower panels). Scale bars = 20µm.  
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Body weight, adiposity and white adipose tissue inflammation positively correlate with 

the number of GFP+ immune cells in the CNS 

Macrophage recruitment to white adipose tissue is an early event in obesity, which drives the 

development of low-grade systemic inflammation in both humans and mice [140]. Because 

macrophages content and inflammatory gene expression are highly correlated with the degree 

of obesity and metabolic dysfunction, we next looked at the relationship between measures of 

adiposity and macrophage inflammatory markers with the number of GFP+ peripheral immune 

cells recruited to the CNS across all groups. In this study, we found that the degree of GFP+ 

peripheral immune cell infiltrates in the CNS positively correlated with increases in body weight 

(Figure 3-8A; ρ = 0.49, 95% CI = 0.21–0.70, P < 0.001) and fat mass (Figure 3-8B; ρ = 0.55, 95% 

CI = 0.28–0.73, P < 0.001). Additionally, relative mRNA levels of CD68 (Figure 3-8C; ρ = 0.36, 95% 

CI = 0.05–0.60, P < 0.01) and CCL2 (Figure 3-8D; ρ = 0.41, 95% CI = 0.11–0.64, P < 0.01), markers 

of inflammation in white adipose tissue, were both positively correlated with the number of 

brain-infiltrating GFP+ immune cells. 

 

Discussion 

We have demonstrated that high-fat diet induced obesity enhances recruitment of bone 

marrow-derived monocytes to the CNS. Radiation bone marrow chimera strategies have been 

highly effective for studying the role of leukocytes in the pathophysiology of obesity [141-148], 

including one of the initial studies demonstrating recruitment of macrophages into adipose 

tissue with obesity [140]. In agreement with these studies, our results indicate that bone 

marrow chimeric mice fed a high-fat diet exhibited the normal physiological response to high-fat 

feeding including increased body weight gain, adipose tissue macrophage recruitment and white  
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Figure 3-8. Infiltration of GFP+ peripheral immune cells into the CNS is positively correlated 

with measures of adiposity and white adipose tissue inflammation. The relationship between 

the percentage of GFP+ cells in the brains of chimeric mice with body weight (A), fat mass (B) 

and adipose tissue CD68 (C) and CCL2 (D) mRNA expression, across all groups. Data were 

analyzed using Spearman correlation.  ρ and P values for associations indicated on graphs (n=10-

11/diet/timepoint).  ○, HF;  ●, Std Chow. 
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adipose tissue inflammation. Furthermore, we found that the number of CNS-infiltrating 

monocytes was positively correlated with body weight, fat mass and markers of inflammation in 

adipose tissue (CD68 and CCL2 gene expression). These data point to a relationship between 

adiposity and adipose tissue inflammation, and the recruitment of immune cells to the CNS. 

Obesity has previously been shown to be associated with microglial activation as assessed by 

immunohistochemistry [34, 40, 42] and positron emission tomography [40]. In the normal/non-

inflamed brain, microglia exist primarily in a resting state with low levels of CD45 expression, 

which increases to high levels upon activation by inflammatory stimuli such as 

lipopolysaccharide and during neuropathology [149-151]. For this reason, it is not possible to 

unequivocally separate activated microglia and bone marrow-derived cells in the CNS by 

differences in CD45 expression alone. We observed a 30–35% increase in the ratio of 

CD11b+CD45hi to CD11b+CD45lo cells in our high-fat fed animals compared with the standard 

chow controls. This may reflect an increase in activation of resident microglia and/or the 

increase in bone marrow-derived cells in the CNS as non-CNS monocytes/macrophages that 

constitutively express high levels of CD45; however, our finding that fewer than 10% of the 

CD11b+CD45hi cells were GFP- suggests that it is likely that the increased recruitment of bone-

marrow derived cells to the CNS in the obese animals largely underlies the increase in the 

CD11b+CD45hi to CD11b+CD45lo cell ratio seen in our study. 

Immunohistochemistry revealed that 93% of the bone marrow-derived cells in the CNS were 

found in the parenchyma, but were not associated with vessels, and had a distinct stellate 

morphology characterized by enlarged somata accompanied by retraction and thickening of 

processes similar to what has previously been reported [135, 139, 152]. This is in contrast to 

resident microglia, which primarily had the ramified morphology characteristic of resting cells 
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[70]. While we have not proven it definitively by co-staining for activation markers, these 

morphological changes typically correlate with alterations in microglial action towards a 

macrophage-like phenotype including increased motility, migration, phagocytosis and cytokine 

production; however, it is not uncommon that microglial function changes independent of 

morphology [66]. Activated microglial morphology may alternatively indicate a lack of 

maturation of infiltrating cells following recruitment to the CNS. Undifferentiated microglia have 

an amoeboid morphology similar to activated microglia and thus have the ability to distribute 

across different CNS sites where they transition into a mature morphological ramified/resting 

phenotype [153, 154]. 

In support of the idea that bone marrow-derived monocytes behave like macrophages in the 

CNS, Simard and colleagues [132] demonstrated that bone marrow-derived 

monocytes/macrophages enter the CNS and phagocytose and degrade amyloid more effectively 

than resident microglia in a mouse model of Alzheimer’s disease. The function of the bone 

marrow-derived monocytes and their potential contribution to disease pathology in obesity 

remains to be elucidated. High-fat feeding has been shown to be associated with increased 

apoptosis of hypothalamic neurons [155]; thus, it is feasible that bone marrow-derived 

monocytes are recruited to the CNS in obesity in response to this neuronal apoptosis and that 

they function like macrophages to clear neuronal debris. However, the finding that the increase 

in GFP+ infiltrating cells was seen throughout the brain, and not exclusively in the hypothalamus, 

suggests that other mechanisms are likely to be involved. In the peripheral vasculature, obesity 

and high-fat feeding are associated with endothelial cell “activation” characterized by changes in 

expression of proinflammatory cytokines and cell adhesion molecules (for review see [156]), 

which is thought to be mediated, at least in part, by the activation of the toll-like receptor-4 
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pathway by diet-derived saturated fatty acids  [157]. It is feasible that a similar mechanism may 

be causing changes in cerebral endothelial cells and thus contributing to the increased 

recruitment of monocytes to the CNS. Other potential mechanisms include obesity associated 

changes in CNS vascularity [158], blood–brain barrier permeability [33] and/or elevated CNS 

expression of chemokines such as MCP-1. 

Due to their common cell surface markers it is difficult to accurately distinguish between 

resident microglia and peripheral immune cells recruited to the CNS during disease. To 

overcome this we used a radiation bone marrow chimera model, using GFP-labeled bone 

marrow to unequivocally distinguish between resident microglia and bone marrow-derived 

monocytes. The same strategy has also been used in a number of other disease models [132, 

134, 152, 159-162]; however, it remains controversial whether the irradiation associated with 

the procedure influences recruitment of myeloid cells to the brain [163, 164]. Nonetheless, in 

our study both groups received equivalent treatment prior to the diet switch indicating that, in 

common with other neuroinflammatory conditions, diet-induced obesity increases recruitment 

of bone marrow-derived monocytes to the brain within this experimental paradigm. 

In summary, our study demonstrates increased recruitment of bone marrow-derived monocytes 

into the CNS during high-fat diet induced obesity. Future work is needed to determine the 

physiological significance of immune cell recruitment to the CNS during obesity and whether 

these cells are recruited as a consequence of obesity-induced neuroinflammation and/or 

contribute to the neuropathology associated with obesity. 
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Introduction 

Astrocytes play a key role in maintaining the parenchymal environment in the brain and are also 

a critical component of the neurovascular unit of the blood-brain barrier (BBB) which regulates 

the influx and efflux of substances from the brain [46]. Astrocytic end feet are in close 

opposition to endothelial cells of the cerebral vasculature and in vitro astrocytes have been 

shown to regulate the physical tightness of the BBB as well as the expression of key transporters 

and enzymes [165-168]. Astrocytes are also known to functionally regulate synaptic plasticity via 

their interactions with neurons [169-172]. The hypertrophy and hyperplasia of astrocytes in 

response to acute or chronic insults in the brain is known as reactive astrogliosis. Astrogliosis 

can range from mild changes in astrocyte form and function to severe alterations characterized 

by the formation of a glial-scar which serves as a barrier between healthy and damaged tissues 

[59]. Astrogliosis is a feature of numerous neuropathologies including stroke, Alzheimer’s 

disease, spinal cord and traumatic brain injury.  

In the rodent hypothalamus, diet-induced obesity results in increased expression of 

proinflammatory cytokines TNFα and IL-1β [32, 34] and activation of the Ikkβ/NFkβ system [36], 

which is considered one of the key transcriptional pathways mediating inflammation. Evidence 

of gliosis (the hypertrophy and hyperplasia of glial cells) in response to high-fat feeding in 

rodents [33, 34, 40, 41, 173] is also suggestive of the presence of obesity-associated CNS 

inflammation. Whether this obesity-associated neuroinflammation arises de novo or in response 

to the well-characterized peripheral inflammation is not clear.  

While astrogliosis in response to obesity has been reported in rodents, little information is 

available about the distribution of astrogliosis in the CNS in response to obesity.  The expression 
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of glial-fibrillary acid protein (GFAP), an intermediate filament protein, is a commonly used as a 

marker of astrocytes. When examining obesity-associated astrogliosis previous studies have 

either used Western blotting for GFAP in homogenates of whole brain [33] or hippocampus 

[173], or have examined GFAP-immunoreactivity by immunohistochemistry exclusively in the 

arcuate nucleus of the hypothalamus (ARC; [34, 41, 169]). Due to the distinct roles of different 

hypothalamic nuclei in the regulation of energy homeostasis and other neuroendocrine 

processes, we sought to examine the pattern of astrogliosis across the region.  

In this chapter we test the hypothesis that in response to obesity, astrocyte activation, as 

marked by increased GFAP expression, increases in key hypothalamic nuclei associated with 

energy homeostasis. We compare the distribution of immunoreactivity for GFAP throughout the 

hypothalamus in two distinct mouse models of obesity, diet-induced (DIO) and genetic 

melanocortin-4 receptor (MC4R) deficiency [130].  

 

Results 

Validation of the glial-fibrillary acidic protein (GFAP) antibody 

In this study we used GFAP-immunoreactivity to examine the distribution of astrogliosis across 

the hypothalamus in response to obesity. Tables 4-1 and 4-2 provide information on the 

antibodies used for conducting these studies. By western blotting the GFAP antibody detected a 

single band at ~51 kDa in brain homogenate, corresponding to the predicted size of the GFAP 

protein (Figure 4-1A). Furthermore, the GFAP immunoreactivity seen in brain slices 

corresponded to the known morphology of astrocytes (Figure 4-1B) [60]. Some GFAP 

immunoreactivity was also detected in ependymal cells around the third ventricle. When the 

secondary antibody was incubated with the tissue in the absence of the GFAP primary antibody 
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Figure 4-1. Characterization of the glial-fibrillary acidic protein (GFAP) antibody. A) Western 

blotting for GFAP in whole brain homogenate resulted in a band at 51 kDa corresponding to the 

predicted size of GFAP; B) GFAP-immunoreactivity seen in brain slices corresponded to the 

known morphology of astrocytes. Scale bar = 25 µm; C) Incubation of the tissue with secondary 

antibody in the absence of primary did not result in any cellular staining, indicating that the 

immunoreactivity seen was not due to non-specific binding of the secondary antibody to the 

tissue. Scale bar = 200 µm. 
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Table 4-1. Primary antibodies used in these studies. 

Primary Antibodies 

Name Immunogen Manufacturer Host Species 

Glial-Fibrillary 

Acidic Protein 

(GFAP) 

Purified GFAP from 

bovine spinal cord 

Cat. # MAB360, 

Millipore Inc., MA 

Mouse monoclonal, 

Clone GA5 

Green-fluorescent 

Protein (GFP) 

Purified GFP from 

Aequorea victoria 

Cat. # A-11122, 

Invitrogen Life 

Technologies 

Corporation, CA 

Rabbit polyclonal, 

IgG fraction 
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Table 4-2. Secondary antibodies used in these studies. 

Name 
Manufacturer Host Species 

Anti-mouse IgG (H+L) HRP 
Cat. # W4021, Promega 

Corporation, WI 
Donkey 

Anti-rabbit IgG (H+L) 

AlexaFluor 488 

Cat. # A-21206, Invitrogen Life 

Technologies Corporation, CA 
Donkey 

Anti-mouse IgG (H+L) 

AlexaFluor 594 

Cat. # A-21203, Invitrogen Life 

Technologies Corporation, CA 
Donkey 

Anti-mouse IgG (H+L) IRDye 

800CW 

Cat #. 926-32212, Li-Cor 

Biosciences, NE 
Donkey 
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no cellular staining was detected, indicating that the immunoreactivity seen was not due to 

nonspecific binding of the secondary antibody to the tissue (Figure 4-1C). A small amount of 

noncellular staining was seen at the median eminence, which was likely due the detection of 

mouse IgG that enters the brain at this circumventricular site. 

 

Distribution of GFAP-immunoreactivity in the hypothalamus of lean and diet-induced 

obese mice 

After 20 weeks of high-fat feeding the mean body weight of the DIO C57BL6/J mice was 42.1 ± 

1.8 g, which was significantly greater than the standard chow fed lean group, 20.8 ± 0.8 g 

(P<0.001, two-tailed unpaired t-test). In the lean animals GFAP-immunoreactivity was seen at 

comparatively low levels throughout the hypothalamus, with the highest level seen around the 

arcuate nucleus (ARC; Figures 4-2-4-3). In obese animals, increased GFAP-immunoreactivity was 

also seen throughout the rostral-caudal extent of the hypothalamus; however, the astrogliosis 

was not uniform across all nuclei (Table 4-3). The most pronounced increases in GFAP-

immunoreactivity were in nuclei proximal to the third ventricle (3V). In particular, high levels of 

expression were seen in the medial preoptic area (MPOm, vMPO; Figure 4-2A and B), 

paraventricular (Pa; Figure 4-2C-F, Figure 4-4C and D) and dorsomedial nuclei (DMN; Figure 4-

3A-F, Figure 4-4 E and F) of the hypothalamus. High levels of GFAP-immunoreactivity were also 

seen in the ARC (Figure 4-3E and F, Figure 4-4G and H); however, in the medial portion of the 

ARC adjacent to the median eminence (ME; Figure 4-3E and F) the difference between the lean 

and DIO animals was less pronounced than in the rostral portion of the nucleus (Figure 4-3A and 

B). The areas with the highest level of GFAP-immunoreactivity often fell within in the distinct 

anatomic boundaries of hypothalamic nuclei. For example, while high levels of GFAP-

immunoreactivity were seen in the DMN and ARC, the obesity-associated increase in expression  
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Table 4-3. Relative expression of glial-fibrillary acidic protein (GFAP) immunoreactivity in lean 

compared with diet-induced obese (DIO) mice. 

Region Bregma Mean Lean Mean DIO 

Anteroventral periventricular nucleus (AVPe) 0.38 – 0.02 +/- + 

Anterodorsal preoptic nucleus (ADP) 0.14 - 0.02 +/- +,+/- 

Ventromedial and Medial preoptic nuclei 

(vMPO, MPOM & MPOL) 
0.38 - -0.46 + +,+/- 

Medial preoptic area (MPA) 0.26 - -0.58 + + 

Periventricular hypothalamic nucleus (Pe) 

rostral 

medial 

caudal 

 

0.26 - -0.46 

-0.58 - - 1.34 

-1.46 - -1.94 

 

+ 

+, +/- 

+/- 

 

+,+/- 

+,+/- 

+, +/- 

Suprachiasmatic nucleus (Sch) -0.22- -0.82 +,+/- ++,+/- 

Paraventricular hypothalamic nucleus (Pa) 

rostral 

caudal 

 

-0.58 - -0.82 

-0.94 - -1.22 

 

+,+/- 

+ 

 

++,+/- 

++ 

Anterior hypothalamic area (AH) 

Anterior 

Central 

Posterior  

 

-0.34 - -0.58 

-0.70 - -0.82 

-0.94 - -1.34 

 

+ 

+ 

+ 

 

+ 

+ 

+ 

Lateroanterior hypothalamic nucleus (LA) -0.34 - -0.70 + + 

Lateral hypothalamic area (LH) 

rostral 

 

-0.34 - -0.94 

 

+/- 

 

+ 
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medial 

caudal 

-1.06 - - 1.70 

-1.82 - - 2.46 

+/- 

+/- 

+,+/- 

+/- 

Arcuate hypothalamic nucleus (ARC) 

rostral 

caudal 

 

-1.22 - -1.82 

-1.94 - -2.46 

 

+++ 

++,+/- 

 

+++ 

++,+/- 

Dorsomedial hypothalamic nucleus (DMN) 

rostral 

caudal 

 

-1.34 - -1.70 

-1.82 - -2.18 

 

+ 

+,+/- 

 

++,+/- 

++, +/- 

Posterior hypothalamic area (PH) -1.82 - -2.46 + + 

Premammillary nucleus, ventral part (PMV) -2.30 - -2.46 +/- + 

Ventromedial hypothalamic area (VMH) 

rostral 

caudal 

 

-1.06 - -1.58 

-1.70 - -2.06 

 

+ 

+ 

 

+, +/- 

+, +/- 
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Figure 4-2. Regional increases in glial-fibrillary acidic protein (GFAP) immunoreactivity in the 

rostral hypothalamus in diet-induced obese compared with lean mice. Diet-induced obesity 

was associated with the most pronounced increases in GFAP immunoreactivity in the medial 

preoptic nucleus (A, lean; B obese), periventricular nucleus (A, C & E lean; B, D & F, obese) and 

paraventricular nucleus (C & E, lean; D & F, obese) compared with the anterior and lateral 

hypothalamic areas (C & E, lean; D & F, obese) which showed a lower relative increase. Third 

ventricle = 3V, Medial preoptic nucleus = MPO [medial portion = MPOm; ventromedial portion = 

vMPO], OX = optic chiasm, Pe = Periventricular nucleus, Pa = paraventricular nucleus, Sch = 

suprachiasmatic nucleus, AHC = anterior hypothalamic area central portion, LH = lateral 

hypothalamic area, opt = optic tract. Distance from bregma is as according to Paxinos and 

Franklin [131]: A & B = bregma -0.1mm; C-F = bregma -0.82. Scale bars = 100 µm. 
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Figure 4-3. Regional increases in glial-fibrillary acidic protein (GFAP) immunoreactivity in the 

medial hypothalamus in diet-induced obese compared with lean mice. Diet-induced obesity 

was associated with the most pronounced increases in GFAP immunoreactivity in the 

dorsomedial hypothalamus (A,C & E, lean; B, D & F, obese) and periventricular nucleus (A,C & E, 

lean; B, D & F, obese) compared with the ventromedial and lateral hypothalamic areas (A,C & E, 

lean; B, D & F, obese) which showed a lower relative increase. Third ventricle = 3V, ARC = 

arcuate nucleus, DMN = Dorsomedial hypothalamus, LH = lateral hypothalamic area, Pe = 

Periventricular nucleus, opt = optic tract, VMH = ventromedial hypothalamus. Distance from 

bregma is as according to Paxinos and Franklin [131]: A-D = bregma -1.46mm; E & F = bregma -

1.94mm. Scale bars = 200 µm. 
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Figure 4-4. Higher-magnification images of regions with the most pronounced difference in 

glial-fibrillary acidic protein (GFAP) immunoreactivity between lean and diet-induced obese 

mice. Medial preoptic area (A, lean; B, obese); Paraventricular nucleus (C, lean; D, obese); 

Dorsomedial hypothalamus (E, lean; F, obese) and Arcuate nucleus (G, lean; H, obese). Distance 

from bregma as according to Paxinos and Franklin [131]: A & B = -0.1mm; C & D = -0.82mm; E & 

F = -1.46mm; G & H = -1.94. Scale bars = 100 µm. 
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In the ventromedial hypothalamic nucleus (VMH) was more modest (Figure 4-3A-F). The 

anterior (AH; Figure 4-2C-F) and lateral hypothalamic (LH; Figure 4-2E and F, Figure 4-3C and D) 

areas also showed a less pronounced difference in GFAP-immunoreactivity between the lean 

and DIO groups. 

 

Distribution of GFAP-immunoreactivity in the hypothalamus of MC4R+/+ and obese 

MC4R-/- mice 

In an independent experiment we examined GFAP-immunoreactivity in a genetic model of 

obesity, the MC4R-/- mouse. The MC4R-/- mice showed a significant increase in body weight 

(50.1 ± 1.6 g) compared to their wild-type littermates (MC4R+/+; 21.8 ± 0.5 g, P<0.001 by two 

tailed unpaired t-test). In common with the DIO animals, the MC4R-/- mice showed increased 

GFAP-immunoreactivity throughout the rostral-caudal extent of the hypothalamus, reflecting a 

similar distribution pattern characterized by high levels of GFAP-immunoreactivity in the MPO 

nuclei, Pa and DMN (Table 4-4).  In contrast to the DIO study there was a more pronounced 

difference in GFAP-immunoreactivity in the ARC between the lean MC4R+/+ and obese MC4R-/- 

animals (Figure 4-5). 

 

GFAP-immunoreactivity associated with microvessels 

In areas of high GFAP-immunoreactivity the cell bodies of the astrocytes were swollen and their 

processes in close proximity, in some cases overlapping, indicative of moderate to severe 

astrogliosis [59]. Furthermore, GFAP-immunoreactivity was also seen forming distinct staining 

patterns that resembled the outline of microvessels (Figure 4-6). These structures were found 

predominantly in the obese animals with less pronounced microvascular-associated staining 

seen in the lean groups.  In order to confirm that this distinct GFAP-immunoreactivity was in fact 
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Table 4-4. Relative expression of glial-fibrillary acidic protein (GFAP) immunoreactivity in obese 

melanocortin-4 receptor deficient mice (MC4R-/-) compared with lean wild-type (MC4R+/+) 

littermates. 

Region Bregma MC4R+/+ MC4R-/- 

Anteroventral periventricular nucleus (AVPe) 0.38 - 0.02 +/- ++,+/- 

Anterodorsal preoptic nucleus (ADP) 0.14 - 0.02 +/- +,+/- 

Ventromedial and Medial preoptic nuclei 

(vMPO, MPOM & MPOL) 
0.38 - -0.46 + +,+/- 

Medial preoptic area (MPA) 0.26 - -0.58 + +,+/- 

Periventricular hypothalamic nucleus (Pe) 

rostral 

medial 

caudal 

 

0.26 - -0.46 

-0.58 - -1.34 

-1.46 - -1.94 

 

+ 

+, +/- 

+ 

 

+ 

++ 

+, +/- 

Suprachiasmatic nucleus (Sch) -0.22 - -0.82 ++ ++,+/- 

Paraventricular hypothalamic nucleus (Pa) 

rostral 

caudal 

 

-0.58 - -0.82 

-0.94 - -1.22 

 

+,+/- 

++ 

 

+++ 

++ 

Anterior hypothalamic area (AH) 

Anterior 

Central  

Posterior 

 

-0.34 - -0.58 

-0.70 - -0.82 

-0.94 - -1.34 

 

+ 

+ 

+ 

 

+ 

+ 

+, +/- 

Lateroanterior hypothalamic nucleus (LA) -0.34 - -0.70 + + 
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Lateral hypothalamic area (LH) 

rostral 

medial 

caudal 

 

-0.34 - -0.94 

-1.06 - - 1.70 

-1.82 - - 2.46 

 

+ 

+ 

+/- 

 

+ 

+ 

+ 

Arcuate hypothalamic nucleus (ARC) 

rostral 

caudal 

-1.22 - -1.82 

-2.06 - -2.46 

++ 

+,+/- 

+++, +/- 

+++ 

Dorsomedial hypothalamic nucleus (DMN) 

rostral 

caudal 

-1.34 - -1.70 

-1.82 - -2.18 

+,+/- 

+,+/- 

++, +/- 

++, +/- 

Posterior hypothalamic area (PH) -1.82 - -2.46 + + 

Premammillary nucleus, ventral part (PMV) -2.30 - -2.46 + +,+/- 

Ventromedial hypothalamic area (VMH) 

rostral 

caudal 

 

-1.06 - -1.58 

-1.70 - -2.06 

 

+ 

+ 

 

++ 

++ 
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Figure 4-5. Regional increases in glial-fibrillary acidic protein (GFAP) immunoreactivity in the 

medial hypothalamus of melanocortin-4 receptor deficient (MC4R-/-) mice compared with 

wild-type (MC4R+/+) littermates.  Genetic obesity caused by loss of MC4R signaling was 

associated with the most pronounced increases in GFAP-immunoreactivity in the dorsomedial 

hypothalamus (A-D) and arcuate nucleus  (A&B) compared with the ventromedial and lateral 

hypothalamic areas, which showed a lower relative increase. MC4R+/+ = Panels A & C; MC4R-/- 

= panels B & D. Bregma = -1.46mm,  as according to Paxinos and Franklin [131]. Panels A & B 

scale bar = 200 µm. Panels C & D scale bar = 50 µm. 
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Figure 4-6. Obesity is associated with increased microvascular associated glial-fibrillary acidic 

protein (GFAP) immunoreactivity. A representative image taken from a diet-induced obese 

mouse illustrating the distinct pattern of microvascular associated GFAP staining. Scale bar = 100 

µm. 
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associated with microvessels we repeated the DIO experiment in animals expressing green 

fluorescent protein (GFP) under the control of the promotor for the endothelial marker Tie2 

(Tie2-GFP mice [174]). 

In the DIO Tie2-GFP mice this microvascular-associated GFAP-immunoreactivity was adjacent to 

areas of Tie2-GFP expression confirming that the GFAP-staining was proximal to microvessels 

(Figure 4-7). In this study the immunoreactivity of the GFP antibody corresponded to the 

endogenous fluorescence in the Tie2-GFP transgenic mice and was used to intensify the existing 

signal. 

 

Distribution of GFAP-immunoreactivity in extra-hypothalamic areas in lean compared 

with obese mice 

The goal of this study was to characterize the distribution of GFAP-immunoreactivity in the 

hypothalamus of lean and obese mice. While a detailed examination of the whole brain is 

beyond the scope of this study we did see some differences in staining in extra-hypothalamic 

brain regions such as the hippocampus and thalamus, particularly the medial habenula, internal 

capsule and reticular thalamic nucleus (Figure 4-8). Areas of the forebrain more rostral to the 

hypothalamus or caudal areas in the midbrain, pons and medulla were not examined in this 

study. 

 

Discussion 

Inflammation in the hypothalamus is being increasingly recognized as a pathologic feature of 

obesity in animals [32, 34, 36, 41, 169] and possibly humans [34]. Reactive astrogliosis occurs in 

response to inflammation and injury to the CNS. While changes in GFAP-immunoreactivity have 
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Figure 4-7. Increased glial-fibrillary acidic protein (GFAP) immunoreactivity is seen surrounding 

endothelial cells in diet-induced obese Tie2-GFP animals. A distinct pattern of GFAP 

immunoreactivity (A) is seen surrounding endothelial cells (B; Tie2-GFP expression) in diet-

induced obese mice. Panel C indicates nuclei stained with DAPI. Panel D is all panels overlaid. 

Scale bar = 50 µm.  
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Figure 4-8. Increased expression of glial-fibrillary acidic protein (GFAP) is also seen in extra-

hypothalamic regions in obese compared with lean animals. A side by side comparison of 

GFAP-immunoreactivity across an entire brain slice reveals an increased expression in the 

multiple brain regions in the diet-induced obese animals including the hippocampus, medial 

habenula, internal capsule and reticular thalamic nuclei. Scale bar = 500 µm.  
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been documented using immunohistochemistry in the ARC in response to obesity [34, 41, 169] 

this study is the first to examine the relative distribution of reactive astrogliosis throughout the 

hypothalamus. The finding that some hypothalamic nuclei, such as the MPO, Pa, and DMN show 

a profound up regulation in GFAP-immunoreactivity in response to obesity compared with other 

areas, such as the VMH, AH, and LH, which showed comparatively less astrogliosis, suggests that 

these nuclei have distinctly different inflammatory responses to obesity. One potential reason 

for this difference may be the proximity of the different nuclei to the third ventricle. In general, 

the hypothalamic nuclei that showed the highest increases in GFAP-immunoreactivity in this 

study were situated proximal to the third ventricle. The relative expression (lean vs. obese) and 

distribution of GFAP-immunoreactivity was very similar between the diet and genetic (MC4R-/-) 

obesity models suggesting that it is the obesity, not the high-fat diet per se, that leads to the 

increased GFAP-immunoreactivity. 

In this study we used GFAP-immunoreactivity as a marker of astrocytes/astrogliosis. While 

GFAP-immunoreactivity is commonly used for this purpose we acknowledge that GFAP is not a 

completely comprehensive marker of astrocytes and that some astrocytes do not express GFAP 

[99]; however, for the purposes of this study we believe that GFAP-immunoreactivity provides 

an indication of the behavior of this sub-set of astrocytes in response to obesity. 

In this study we utilized female mice. Glial plasticity has been shown to vary with the stage in 

the estrous cycle [171, 175]. The stage of the estrous cycle of the animals used in this study was 

not controlled; thus, may be partially responsible for the relatively higher GFAP-

immunoreactivity seen in ARC of the lean female mice compared to other hypothalamic nuclei. 

Other studies have utilized male mice, and while they did not document nuclei outside of the 

ARC, they did see increases in GFAP-immunoreactivity in the ARC of high-fat fed mice in their 
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study [34, 169]. The goal of the present study was not to examine the sexual dimorphism in 

GFAP-immunoreactivity in response to obesity so only one sex was used. This study will need to 

be repeated in male mice in order to confirm that the same pattern of GFAP-immunoreactivity is 

seen in response to obesity. 

Whether hypothalamic inflammation in obesity arises de novo or in response to the well-

documented peripheral inflammation has not been completely elucidated. A recent study by 

Thaler and colleagues [34] performed a time-course of the development of inflammation and 

reactive astrogliosis in the CNS. Their study indicates that the hypothalamic inflammation in 

response to high-fat feeding in rats precedes the onset of white adipose tissue inflammation; 

however, as adipose tissue inflammation was only examined at a single time point, further 

investigation is needed. The distinct pattern of GFAP-immunoreactivity seen in this study 

associated with microvessels (Figures 4-6 and 4-7) suggests that the reactive astrogliosis can 

occur, at least in part, in response to changes at the level of the blood-brain barrier/periphery. It 

is likely that in chronic obesity inflammation in the brain occurs both de novo and in response to 

chronic adipose tissue derived inflammation. As our study only examined a single time point, 

reflecting chronic obesity, further studies are needed to characterize the development of 

reactive astrogliosis in the different hypothalamic nuclei over time. 

The regional differences in astrogliosis in response to obesity may have important consequences 

for the regulation of energy homeostasis. Astrocytes are known to regulate synaptic plasticity in 

other neuroendocrine systems such as the reproductive axis [171, 175] and hypothalamo-

neurohypophysial system [170, 172]; thus, astrogliosis seen in response to obesity may have a 

significant impact on modulating neuronal communication. Indeed, this has already been 

demonstrated for the melanocortin system of the ARC [169], which is critical for the regulation 
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of energy homeostasis [176]. The consequences of obesity-associated astrogliosis outside of the 

ARC have yet to be determined but are likely to have wide-ranging implications for the control 

of metabolism [177] and other neuroendocrine axes. 
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Introduction 

S100B is a member of S100 calcium-binding proteins, which is abundantly produced in the CNS, 

primarily by astrocytes and, to a lesser extent, neurons and oligodendrocytes [178]. When 

secreted by astrocytes at low levels, S100B acts as a neurotrophic factor by stimulating neurite 

outgrowth and enhancing neuronal survival. Conversely, high S100B concentrations induce a 

pro-inflammatory response that exerts cytotoxic effects through binding its cell surface 

receptor, the receptor for advanced glycation end-products (RAGE) [178]. In this regard, an 

increase in the levels of S100B is generally used as a marker of reactive astrogliosis, a hallmark 

of inflammation and injury in the brain. Thus, an increased circulating serum level of S100B is a 

feature not only of astrocyte dysfunction, but also of CNS disorders and pathologies.  

During the last decade, S100B has been validated in clinical studies as a non-invasive peripheral 

biomarker of neuroinflammation and CNS injury that is readily measured in the blood and 

cerebrospinal fluid (CSF). Elevated levels of circulating S100B have been reported in humans 

affected by a wide array of neuropatholoigcal conditions including cerebral ischemia, trauma 

and psychiatric illness [179-182]. High levels have also been reported in obese human subjects 

[183], as compared to their normal-weight counterparts. The presence of elevated S100B in the 

serum of obese human subjects may reflect astrocyte activation; however, expression of S100B 

expression is also found in non-CNS tissues, such as adipose tissue and skin, where S100B levels 

can increase independent of CNS injury. 

Recently, it has been suggested that the S100B-RAGE axis may be an important regulator of 

chronic low-grade adipose tissue inflammation during obesity. This is exemplified by in vitro 

studies in which adipocyte-derived S100B can act as an inflammatory cytokine via RAGE, 
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stimulating a pro-inflammatory, M1-polarized phenotype of macrophages in a co-culture system 

[184]. However, in obesity direct evidence for in vivo regulation of S100B in adipose tissue or the 

CNS is limited. The objective of this study was to test the hypothesis that increased plasma 

S100B contributes to obesity-associated inflammation in a diet-induced obese (DIO) mouse 

model. On the basis that both brain and adipose tissue may influence circulating S100B levels, 

we examined the expression and regulation of S100B in these tissues by obesity and determined 

whether these effects were reversible by weight loss. 

 

Results 

Plasma and white adipose tissue S100B levels were increased by diet-induced obesity in 

mice 

We examined the regulation of plasma S100B protein levels and adipose tissue s100b gene 

expression in a DIO mouse model. Fifteen weeks of high-fat feeding resulted in a statistically 

significant increase in body weight (Lean: 30.9 ± 0.5g; DIO: 44.7 ± 0.9g; P<0.001) and adiposity 

(Lean: 2.2 ± 0.3g; DIO: 14.3 ± 0.7g; P<0.001) compared with lean standard chow-fed control 

animals. DIO animals had a statistically significant increase in plasma S100B protein levels as 

measured by ELISA (Figure 5-1A; lean: 7.2 ± 0.8 pg/ml; DIO: 19.5 ± 2.5 pg/ml; P<0.001), 

supporting what has previously been shown in human subjects [183]. To determine if WAT 

S100B expression was also regulated by obesity we measured S100b gene expression in whole 

WAT by qPCR. There was a statistically significant increase in S100b gene expression in WAT of 

DIO animals compared to lean controls (Figure 5-1B; P<0.05). In addition, there was a 

statistically significant increase in WAT gene expression of Tnf (Figure 5-1C; P<0.001), Ccl2 

(Figure 5-1D; P<0.001) and Emr1 (the gene for the macrophage marker F4/80; Figure 5-1D; 

P<0.001), indicating the presence of WAT inflammation in DIO animals. WAT Rage gene  
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Figure 5-1. Plasma and white adipose tissue (WAT) S100B levels in diet-induced obese (DIO) 

mice. Plasma S100B protein (A) and WAT s100b gene expression (B) are increased in DIO mice 

compared with lean standard chow fed controls. DIO mice showed WAT inflammation as 

indicated by increased gene expression for Tnf (C), Ccl2 (D) and Emr1 (E). WAT gene expression 

for the S100B receptor, RAGE was not altered by diet-induced obesity (F). *P<0.05; ***P<0.001. 

N=12-13/group. 
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expression was not significantly different between the lean and DIO groups (Figure 5-1E). 

Together, these data indicate that, in common with markers of adipose tissue inflammation, 

WAT s100b gene expression was increased by diet-induced obesity. 

 

Obesity-associated increases in plasma and white adipose tissue S100B levels were 

reversed by weight-loss in mice 

In obese animals, adipose tissue dysfunction and WAT inflammation decrease following weight-

loss [185]. To further examine the potential contribution of S100B to adipose tissue dysfunction 

during obesity, we determined whether the increased plasma and WAT S100B levels in DIO mice 

could be reversed by weight-loss. Switching DIO mice to standard chow for 5 weeks after 15 

weeks of HFD (weight-loss group) resulted in weight-loss compared with the animals that 

remained on HFD (DIO; Figure 5-2); however, at euthanasia the animals in the weight-loss group 

were still significantly heavier than the control lean animals that were fed standard chow 

throughout the study (Lean: 29.9 ± 0.6g; Weight-loss: 36.3 ± 1.5g; P<0.001). The difference in 

terminal body weight between groups was due to differences in adiposity, with all three groups 

having statistically significant differences in body fat content (Lean: 2.5 ± 0.4g; Weight-loss: 7.6 ± 

1.2g; DIO: 16.8 ± 0.5g; P<0.001).  

In contrast, there were no significant differences in WAT gene expression of the S100B receptor 

Rage between groups (Figure 5-3F; P>0.05). These data demonstrate that, in common with 

markers of adipose tissue inflammation, s100b gene expression is reversed following weight-loss 

in mice. 
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Figure 5-2. Body-weight curves of mice used for weight-loss study. Changing mice from high-fat 

diet back to standard chow for five weeks resulted in weight-loss (weight-loss group) compared 

with mice maintained on high-fat diet (DIO). Both groups remained heavier than the lean group 

that was maintained on standard chow throughout the study. N= 7-9/group 
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Figure 5-3. Plasma and white adipose tissue (WAT) S100B levels after weight-loss in mice. 

Weight-loss reversed the diet-induced obesity-associated increase in plasma S100B protein (A), 

WAT s100b gene expression (B), and markers of WAT inflammation (Tnf [C], Ccl2 [D] and Emr1 

[E]). Gene expression for the S100B receptor RAGE was not significantly different between the 

groups (F). Data sets with different letters are significantly different from each other. N=7-

9/group. DIO = diet-induced obese. 
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CNS levels of S100B were not altered by diet-induced obesity or following weight-loss in 

mice 

Our previous work (Chapter 4) provided anatomical evidence of reactive astrogliosis in obese 

mice within several nuclei of the hypothalamus involved in energy homeostasis, suggesting that 

astrocytes contribute to metabolic inflammation in this brain region. On the basis of these 

findings, we examined in vivo regulation of S100B protein content in the DMN and MBH, in DIO 

compared with lean animals. These areas were selected as they had previously shown high 

levels of GFAP-immunoreactivity in obese animals (Chapter 4). Surprisingly, no significant 

changes in S100B levels were detected in the DIO animals as compared to the lean controls 

(Figure 5-4A; P<0.05). Furthermore, no significant differences in S100B levels were found in the 

weight-loss group as compared with the animals that remained on HFD or standard chow 

(Figure 5-4B; P<0.05).  

 

S100B-immunoreactivity was detected in both adipocytes and adipose tissue 

macrophages 

Although secretion of S100B has been shown in adipose tissue, very little is known about the cell 

type specification of its expression within this organ. Therefore, we performed 

immunohistochemistry on whole mount WAT to determine the localization of S100B within 

adipose tissue from lean and DIO animals. Adipocytes in DIO animals were hypertrophied 

(Figure 5-5A) compared with lean controls (Figure 5-5F). In agreement with our qPCR data, WAT 

immunohistochemistry reveled increased immunoreactivity for S100B (Figure 5-5B) and F4/80 

(Figure 5-5C) in the DIO animals compared with lean controls (Figure 5-5G and H). Co- 

localization of S100B-immunoreactivity with F4/80-immunoreactivity revealed expression of 

S100B in adipose-tissue macrophages in lean (Figure 5-5J) and DIO animals (Figure 5-5E). 
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Figure 5-4. Protein levels of hypothalamic S100B in mice with diet-induced obesity and after 

weight loss. Brain S100B protein levels in the mediobasal hypothalamus (MBH) and dorsomedial 

hypothalamic nucleus (DMN) were unchanged in DIO mice relative to those in lean and weight-

loss groups. N=7-9/group. DIO = diet-induced obese.  
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Figure 5-5. Immunohistochemistry for S100B in adipose tissue from lean and diet-induced 

obese mice. Differential interference contrast (DIC) microscopy revealed that diet-induced 

obesity was associated with adipocyte hypertrophy (A) compared with lean controls (F). 

Immunoreactivity for S100B (green) was seen in both adipocytes and non-adipocytes in both 

diet-induced obese (DIO; B) and lean control mice (G) with levels increased in the DIO animals. 

Increased F4/80 immunoreactivity (red) was seen in DIO (C) compared with lean control mice 

(H). Co-localization of S100B and F4/80-immunoreactivity (yellow/white) revealed expression of 

S100B in both adipocytes and F4/80-positive macrophages in both DIO (E) and lean (J) mice. 

DAPI (blue) was used to indicate cell nuclei. Upper panels A-E are representative images from a 

DIO mouse. Lower panels F-J are representative images from a lean control. Scale bar = 50µm. 
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S100b gene expression was increased in the adipocyte-enriched fraction of adipose 

tissue by obesity 

WAT is a heterogeneous organ that can be separated into an adipocyte-enriched fraction and a 

stromal-vascular fraction (SVF), containing pre-adipocytes, endothelial and immune cells. Using 

a subset of the animals from the weight-loss study we quantified the relative gene expression of 

s100b and Rage in the adipocyte-enriched and SVFs of lean and DIO mice by qPCR. First we 

determined the efficiency of our cellular fractionation by examining the relative gene expression 

of the adipocyte marker, adiponectin (Adipoq), and the macrophage marker, Emr1, in the 

different fractions. Adipoq gene expression was high in the adipocyte-enriched fractions but 

barely detectable in the SVFs, independent of diet (Figure 5-6A; P(fraction)<0.01, P(diet)>0.05, 

P(interaction)>0.05), indicating efficient separation of the adipocytes into the adipocyte-enriched 

fraction. As expected, the SVF contained higher levels of the macrophage marker Emr1 

compared with the adipocyte-enriched fractions across all groups (Figure 5-6B; P(fraction)<0.05, 

P(diet)<0.01, P(interaction)>0.05); however, likely due to the presence of lipid-laden macrophages in 

the DIO animals [186], the efficiency of the separation was reduced and statistically significant 

levels of the macrophage marker Emr1 were still detected in the adipocyte-enriched fractions 

from DIO animals (Figure 5-6B; P<0.05). In agreement with our immunhistochemical study, using 

qPCR we detected s100b gene expression in both the adipocyte-enriched fractions and SVFs in 

lean and DIO mice (Figure 5-6C). In response to high-fat feeding there was a statistically 

significant increase in s100b gene expression in the adipocyte-enriched fraction but not the SVF 

fraction (Figure 5-6C; P(fraction)<0.001, P(diet)<0.05, P(interaction)<0.01). Gene expression of Rage was 

also detected in both adipocyte-enriched and SVF (Figure 5-6D; P(fraction)<0.01, P(diet)>0.05, 

P(interaction)<0.05). Bonferroni post-hoc analysis revealed a statistically significant decrease in Rage 

gene expression in the SVF fraction from DIO mice (Figure 5-6D; P<0.01); however, there were  
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Figure 5-6. Regulation of S100B gene expression in different white adipose tissue (WAT) 

compartments. Fractionation of WAT into adipocyte-enriched and stromal-vascular fractions 

(SVF) was verified by examining gene expression for the adipocyte marker adiponectin (A) and 

the macrophage marker emr1 (B). In diet-induced obese (DIO) mice, s100b gene expression was 

selectively increased in the adipocyte-enriched fraction (C) while Rage gene expression was 

selectively decreased in the SVF fraction. N=3-5/group. *P<0.05; **P<0.01. 
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 no obesity-associated changes in Rage gene expression in the adipocyte-enriched fraction. 

These data suggest that obesity-associated changes in WAT s100b gene expression are due to 

increased expression in adipocytes and/or the lipid-laden macrophages that fractionate with the 

adipocytes in DIO animals. 

 

Discussion 

WAT dysfunction during obesity contributes to the development of insulin resistance and 

cardiovascular disease [19]. An improved understanding of factors that mediate WAT 

dysfunction will enable the development of novel therapeutics for these detrimental 

comorbidities. Here we demonstrate that plasma S100B concentration and whole WAT s100b 

gene expression are increased by obesity in mice and that these increases can be reversed by 

weight-loss. Further we provide evidence that obesity-associated increases in WAT S100B 

expression are likely specific to adipocytes and/or the lipid-laden macrophages that fractionate 

with the adipocytes from obese animals.  

One limitation of this work stems from the WAT fraction study. Due to the presence of lipid-

laden macrophages that fractionate with adipocytes in DIO animals [186] we were unable to 

generate an adipocyte-enriched fraction that did not contain a statistically significant increase in 

macrophages compared with the lean group. This means that we cannot unequivocally say that 

the DIO-associated increase in s100b gene expression in the adipocyte-enriched fraction is due 

to changes in adipocytes rather than the lipid-laden macrophages that fractionate with the 

adipocytes in the obese animals.  

While the presence of S100B was first reported in adipose tissue in 1983 [187] its physiologic 
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function in this organ is not well characterized. In the CNS, S100B is documented to act as an 

inflammatory cytokine [188] via its interaction with RAGE. Due to the known proinflammatory 

role of S100B in the CNS it has been proposed that adipose-derived S100B may play a role in the 

recruitment and subsequent activation of innate immune cells in adipose tissue [189]. This 

hypothesis is supported by our findings that provide evidence of an increase in adipose S100b 

gene expression in WAT during obesity, which, in common with markers of adipose tissue 

inflammation, can be reversed following weight loss. Our findings provide an in vivo 

complement to a recent a study by Fujiya and colleagues [184] who demonstrated in vitro that 

S100B released from adipocytes acts as a proinflammatory cytokine promoting “M1” 

polarization of macrophages via the RAGE receptor. Interestingly, we also noted a reduction in 

Rage gene expression in the SVFs from obese animals, which may represent a compensatory 

mechanism to reduce inflammation in the face of increased S100B and other RAGE ligands [190] 

in adipose tissue during obesity. Together our data and published studies provide evidence 

suggesting that the activation of the S100B-RAGE axis may contribute to the chronic low-grade 

adipose tissue inflammation during obesity.  

In addition to increased adipose tissue s100b gene expression we also demonstrated that 

obesity is associated with elevated plasma S100B in mice. This is in agreement with published 

data reporting a positive correlation between plasma S100B levels and BMI in humans [183, 

191-193]. However, this finding has been disputed by others [194]. The source of the elevated 

plasma S100B during obesity remains to be determined. In addition to WAT, another potential 

source is the brain, as increased gene expression for s100b [33] and other markers of 

inflammation [32, 34] as well as glial cell activation [33, 34] have been reported in response to 

chronic diet-induced obesity in rodents. Surprisingly, changes in S100B levels were not present 
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within regions of the hypothalamus, including the DMN or MBH, following chronic high-fat 

feeding despite significant elevations of S100B in both plasma and WAT. Thus, in this study it is 

unlikely that the CNS contributes substantially to the high levels of circulating S100B in obesity; 

however, our study did not evaluate or exclude participation of other brain regions.  

The elevated plasma S100B levels seen in obesity suggest the potential for endocrine activation 

of the S100B-RAGE axis. Inhibition of RAGE following administration of soluble RAGE or 

neutralizing antibodies has been shown to be protective in mouse models of atherosclerosis 

[195, 196] and diabetes-associated kidney disease [197] suggesting that elevated plasma S100B 

during obesity, whatever its source, may contribute to the well-characterized vascular 

inflammation and compromise associated with obesity. 

In summary, our data suggests that the activation of the S100B-RAGE axis may be a previously 

undescribed mechanism contributing to WAT dysfunction during obesity that warrants further 

study. As such, the S100B-RAGE axis may be a potential therapeutic target for obesity-

associated comorbidities. 
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Introduction 

Obesity is a leading public health problem worldwide and is caused by a dysregulation of energy 

homeostasis, the balance between food intake and energy expenditure. The central nervous 

system (CNS) controls body weight by homeostatic regulation of energy intake and expenditure. 

Genetic and pharmacologic studies in rodents have identified a number of neuronal circuits 

critical for the regulation of energy homeostasis [198, 199]. However, to date the vast majority 

of research on the central regulation of energy homeostasis has focused on the contribution of 

neurons, with the potential contribution of non-neuronal CNS cells, including glia, only 

beginning to be appreciated [34, 107, 177, 200]. 

Studies from our laboratory and others demonstrate that in rodents high-fat feeding resulting in 

obesity causes CNS inflammation [32-34] and astrocyte activation, known as reactive astrogliosis 

[34, 41, 169, 201]. Astrocytes are the most abundant glial cell type in the CNS and are essential 

for regulation of the CNS microenvironment and neuronal synaptic plasticity [60]. In the arcuate 

nucleus of the medial basal hypothalamus (MBH) chronic obesity-associated reactive astrogliosis 

has been implicated in modulating synaptic organization of the melanocortin circuitry [169], 

thus contributing to obesity by modulating the tone of melanocortin neurons. In addition to 

being elevated by chronic high-fat feeding, CNS inflammation and reactive astrogliosis are also 

evident in the rodent hypothalamus at only 24h after the introduction of a high-fat diet [34]. 

During the initial 24h period after the introduction of a highly-palatable high-fat diet mice 

undergo a period of voracious food intake, known as hyperphagia, before homeostatic 

mechanisms prevail to restore energy intake to an isocaloric level. The increase in CNS 

inflammation and astrocyte activation during this period suggests a potential contribution of 

these cells in this homeostatic response; however, the physiologic significance of acute 
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astrocyte activation after high-fat feeding is not clear. 

The objective of this study was to determine the contribution of astrocytes to the acute 

homeostatic response to high-fat feeding. In other CNS disorders, inflammation is both 

protective and detrimental depending on the context [75]. We hypothesized that high-fat diet-

induced activation of inflammatory signaling pathways in astrocytes is part of a homeostatic 

response, which restrains food intake in response to the diet. The corollary to this hypothesis is 

that inhibiting inflammatory signaling in astrocytes should ameliorate this homeostatic response 

resulting in increased food intake during the initial acute hyperphagic response to the high-fat 

diet. In CNS injury the nuclear-factor kappa B (NFκB) transcription pathway in astrocytes plays a 

key role in the production of proinflammatory cytokines and the development of reactive 

astrogliosis [37, 38]. To determine the contribution of astrocytes to the acute homeostatic 

response to high-fat feeding we bred a mouse model with doxycycline-inducible inhibition of the 

NFκB transcription pathway under the control of the astrocyte specific glial-fibrillary acidic 

protein (GFAP) promotor. Using this model we examined how preventing astrocyte activation by 

inhibiting the NFκB transcription pathway specifically in astrocytes altered the acute 

homeostatic response to high-fat diet. 

 

Results 

Inflammation and astrocyte activation were acutely induced in the medial basal 

hypothalamus of wild-type mice following introduction of a high-fat diet 

Initially we examined changes in markers of inflammation and astrocyte activity in the MBH at 

24h after HFD was first introduced to the mice; the time point at which the peak hyperphagic 

response is documented. As predicted, switching wild-type mice from standard chow to highly-
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palatable HFD resulted in hyperphagia; in the first 24h after introduction of the HFD the mean 

caloric intake of the mice increased by 75% (Figure 6-1A; P<0.001). This increased caloric intake 

was accompanied by statistically significant increases in MBH levels of the proinflammatory 

cytokine TNFα (Figure 6-1B; P<0.05) and markers of astrocyte activation, S100B (Figure 6-1C; 

P<0.01) and GFAP (Figure 6-1D; P<0.05). These findings support published work demonstrating 

acute hypothalamic inflammation and astrocyte activation in rodents after 24h of high-fat 

feeding [34]. 

 

Acute high-fat diet induced astrocyte activation in the medial basal hypothalamus was 

absent in melanocortin-4 receptor deficient mice 

MC4R-deficient mice have an exaggerated hyperphagic response to high-fat feeding [202, 203].  

This is caused, at least in part, by a failure to initiate appropriate homeostatic mechanisms, to 

compensate for the increased caloric content of the diet. We postulated that if HFD-induced 

astrocyte activation is part of a homeostatic response aimed at restraining food intake then 

astrocyte activation in response to HFD would be attenuated or absent in the MC4R-deficient 

mouse. MC4R-deficient mice showed a 118% increase in caloric intake 24h after introduction of 

the HFD (Figure 6-2A; P<0.001). In contrast to our earlier study in wild-type mice (Figure 6-1), 

the basal levels of S100B and GFAP were higher in the MC4R-deficient mice and the animals 

failed to further increase MBH S100B (Figure 6-2B; P>0.05) or GFAP (Figure 6-2C; P>0.05) levels 

in response to HFD. Thus, in the MC4R-deficient mouse exaggerated hyperphagia in response to 

introduction of a HFD was associated with the absence of HFD-induced MBH astrocyte 

activation. 
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Figure 6-1. Inflammation and astrocyte activation were acutely induced in the medial basal 

hypothalamus of wild-type mice following introduction of a high-fat diet. 24h of high-fat 

feeding resulted in hyperphagia (A) accompanied by increased levels of tumor necrosis factor-α 

(TNFα; B), S100B (C) and glial-fibrillary acidic protein (GFAP; D) in the medial basal hypothalamus 

(MBH). *P<0.05, **P<0.01, ***P<0.001. n=4-5/group. 

  



101 

 

 

Figure 6-2. Acute high-fat diet induced astrocyte activation in the medial basal hypothalamus 

was absent in melanocortin-4 receptor deficient mice. In agreement with published literature 

[202, 203] melanocortin-4 receptor deficient mice showed exaggerated hyperphagia 24h after 

introduction of the high-fat diet (A). However, in the medial basal hypothalamus (MBH) there 

was no HFD-induced increase in the level of markers of astrocyte activation S100B (B) and glial-

fibrillary acidic protein (GFAP; C). ***P<0.001, n=7/group. 
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Inhibition of astrocyte activation increased high-fat diet induced hyperphagia  

To determine the physiologic significance of MBH astrocyte activation in response to acute high-

fat feeding in mice, we blocked reactive astrogliosis using a transgenic mouse model. We bred 

mice with doxycycline-inducible expression of a dominant-negative form of the NFκB inhibitor 

IκBα under the control of the astrocyte specific GFAP promotor. We verified that transgene 

expression was present only in the brains in the IκB-DN+ animals after treatment with 

doxycycline using PCR (Figure 6-3). No expression was detected in either control IκB-DN- mice or 

IκB-DN+ in the absence of doxycycline. Furthermore, the expression of the dominant-negative 

transgene was not detected in the liver.  

We verified the successful inhibition of astrocyte activation in our transgenic mouse model by 

measuring levels of S100B and GFAP in the MBH. IκB-DN+ mice did not show the HFD-induced 

increase in MBH S100B (Figure 6-4A; P>0.05) and GFAP (Figure 6-4B; P>0.05) seen in control IκB-

DN- littermates 24h after introduction of the HFD (S100B - Figure 6-4A; P<0.05, GFAP - Figure 6-

4B; P<0.01). There was a statistically significant effect of genotype on baseline S100B (Figure 6-

4A; P(genotype)<0.01) and GFAP (Figure 6-4B; P(genotype)<0.001) expression in IκB-DN+ mice on 

standard chow, which was not unexpected since NFκB is a transcription factor that controls the 

expression of key glial marker genes, including GFAP [204, 205] and several members of the 

S100 protein family [206, 207]. However, the reduction in S100B and GFAP levels in IκB-DN+ 

animals was not associated with any overt differences in standard chow intake prior to 

introduction of the HFD (Figure 6-4C). Inhibiting the NFκB transcription pathway in astrocytes 

resulted in an increase in peak food intake 24h after introduction of HFD in IκB-DN+ animals, 

compared with littermate controls (IκB-DN-; Figure 6-4D; P<0.01). The increased food intake was 

only seen at 24h after introduction of the HFD after which point there was no statistically  
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Figure 6-3. IκB-DN transgene expression was induced in the brain but not liver of IκB-DN+ mice 

upon exposure to doxycycline. PCR for the IκB-DN transgene was performed in cDNA made 

from brain or liver of  IκB-DN+ and IκB-DN- mice with or without doxycycline treatment. Tg = 

transgene; Dox = doxycycline exposure. 
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Figure 6-4. Inhibition of astrocyte activation increased high-fat diet induced hyperphagia. 

Inhibiting astrocyte activation by inducing expression of a dominant negative form of the 

inhibitor of NF B signaling, I Bα, under the control of the glial-fibrillary acidic protein (GFAP) 

promotor (IκB-DN+ mice) prevented the high-fat diet induced increase in markers of astrocyte 

activation, S100B (A) and GFAP (B) in the medial basal hypothalamus (MBH) 24h after 

introduction of the diet. This was associated with an increase in high-fat diet intake at 24h (C 

and D). *P<0.05, **P<0.01. n=3-15/group. 
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significant difference between the groups (Figure 6-4C). Together these data support our 

hypothesis that acute astrocyte activation 24h after introduction of a HFD is part of a 

homeostatic response that restrains food intake and that loss of astrocyte activation results in 

elevated food intake. 

The IκB-DN+ mice and their IκB-DN- littermate controls showed lower overall caloric intake on 

both standard chow and in response to introduction of the HFD (Figure 6-4), compared with the 

wild-type mice used to generate the data in Figure 6-1. To test whether this was due to 

doxycycline exposure we performed an acute high-fat feeding study in IκB-DN- mice that were 

not exposed to the drug. In the absence of doxycycline the peak HFD intake of IκB-DN- mice at 

24h was 17.2 ± 0.6 kcal (Figure 6-5) compared with 17.1 ± 0.49 kcal in the IκB-DN- mice exposed 

to doxycycline (Figures 6-4C and D). This suggests that the genetic background of the animals 

(C57BL6/J in the case of the wild-type mice used to generate the data in Figure 6-1, compared 

with F1 C57BL6/J X FVB hybrids in the case of the transgenic mice used to generate the data in 

Figure 6-4) likely contributed to the differences in caloric intake seen between the studies. 

 

Discussion 

Dysfunction in the homeostatic regulation of food intake is a key contributor to the 

pathogenesis of obesity. As such an improved understanding of how food intake is regulated, 

particularly in response to highly-palatable calorically dense foods, is necessary for the 

development of effective therapeutic interventions. The presence of hypothalamic inflammation 

and astrocyte activation acutely after initial exposure to a highly-palatable calorically dense HFD 

[34] suggests a potential contribution of these cells in the homeostatic response to the diet; 

however, the physiologic significance of acute astrocyte activation after high-fat feeding is not  
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Figure 6-5. Doxycycline treatment did not influence the peak hyperphagic response to high-fat 

diet in IκB-DN- mice. In order to control for potential effects of doxycycline on food intake we 

examined the response to introduction of a high-fat diet in control IκB-DN- mice in the absence 

of doxycycline. The pattern and magnitude of food intake was similar to the IκB-DN- mice treated 

with doxycycline (see Figure 6-4C). 
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clear. In this study we provide evidence that astrocyte activation is part of an acute homeostatic 

response to introduction of a HFD that restrains food intake and that the absence of HFD-

induced astrocyte activation is associated with exaggerated hyperphagia. These findings are 

significant as they are amongst the first to provide direct experimental evidence for a role of 

astrocytes in the regulation of food intake.  

In this study we utilized the MC4R-deficent mouse as a model of exaggerated HFD hyperphagia 

[202, 203]. We predicted that if our hypothesis was correct and astrocytes are part of a 

homeostatic response involved in restraining food intake in response to a HFD then acute 

astrocyte activation in response to HFD may be attenuated in this model. This was indeed the 

case as we found that MC4-R deficient mice failed to upregulate GFAP and S100B levels in the 

MBH 24h after introduction of the HFD. However, this data is complicated by the finding that, in 

agreement with our previously published work [201], MC4-R deficient mice had higher basal 

levels of hypothalamic GFAP and S100B than WT mice, indicating the presence of underlying 

astrogliosis. Astrogliosis in the MC4R-deficient mouse is present in the absence of high-fat 

feeding and is likely due to the prevailing obesity. Factors which may contribute to the 

development of astrogliosis in this model include obesity-associated elevations in inflammatory, 

metabolic and/or humoral signals arising in the periphery or directly in the CNS. It is conceivable 

that due to the elevated basal activation in MC4R-deficient mouse that the MBH astrocytes are 

already maximally activated precluding further activation in response to a HFD. It may also be 

argued that due to the high level of basal activity this data suggests that the exaggerated high-

fat hyperphagia in the MC4R-deficient mouse is independent of astrocyte activation. However, 

data from our IκB-DN+ transgenic mouse model demonstrating that preventing HFD-induced 

astrocyte activation resulted in elevated HFD intake clearly supports a physiologic role for 
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astrocytes in the acute homeostatic response to HFD. 

In this study we focused on the MBH as it is likely to be one of the principal brain regions 

mediating the effects seen. It has previously been shown that the MBH exhibits rapid changes in 

glial cell activity in response to high-fat feeding [34] and the presence of a circumventricular site, 

the median eminence, within this area makes it highly sensitive to changes in hormonal and 

nutritional inputs. Furthermore, the MBH contains critical neuronal circuitry mediating feeding 

behavior including the well-characterized melanocortin neurons in the arcuate nucleus. Indeed, 

astrogliosis associated with chronic high-fat feeding has been implicated in modulating the 

synaptic organization of melanocortin neurons in this brain region [169]. Like the MBH, caudal 

brainstem areas such as the nucleus of the solitary tract and dorsal vagal complex also mediate 

feeding behavior [208] and are in close proximity to another circumventricular organ, the area 

postrema. To date no one has reported inflammation or glial activation in the brainstem in 

response to high-fat feeding but the involvement of this or indeed other brain areas, such as 

nuclei of the mesolimbic dopamine that mediate HFD palatability and reward, cannot be 

excluded as the transgenic mouse model used in our study targeted all GFAP-expressing cells 

and not those exclusively in the MBH.  

GFAP is principally expressed in the central nervous system; however, peripheral sites of 

expression including the liver [209], pancreas [210] and enteric nervous system [211] have been 

documented. While we did not detect any expression of the I B-DN transgene in the liver in our 

doxycycline-treated I B-DN+ animals a potential of contribution of non-CNS GFAP-positive cells 

in mediating the altered acute feeding response to HFD cannot be completely ruled out. 

Alterations in synaptic plasticity, exemplified by rapid rewiring of melanocortin neurons in the 
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arcuate nucleus, have been observed acutely in response to introduction of a HFD [212]. In 

other neuroendocrine axes, astrocytes regulate synaptic plasticity contributing to the regulation 

of tone within neuronal circuits [213]. A likely mechanism by which astrocytes contribute to a 

reduction in acute HFD-induced food intake is via modulation of the activity of neurons that 

regulate food intake in the arcuate nucleus or another brain region. This neuronal modulation 

may occur via: 1) the action of astrocyte-derived cytokines or other biochemicals such as ketone 

bodies; 2) astrocyte ensheathment of neurons physically hindering synaptic connectivity; 3) 

astrocyte mediated alterations in neurotransmitter reuptake in the synapse; and/or 4) astrocyte 

induced alterations in blood-brain barrier permeability which change humoral and nutritional 

inputs to the CNS from the periphery. In a recent study, Le Foll and colleagues presented 

evidence that astrocytes in the ventral medial hypothalamus play a role in modulating food 

intake in response to a high-fat diet via the action of ketone bodies [107]. An important 

mechanistic question that remains unresolved in the field relates to what is causing the high-fat 

diet induced inflammation and astrocyte activation in the CNS. Candidates include saturated 

fatty acids [214], endoplasmic reticulum stress [36] and neuronal injury [34].  

In summary, we have discovered that reactive astrogliosis is part of a previously undescribed 

homeostatic response to consumption of a high-fat diet that functions to acutely restrain food 

intake. This has implications for our understanding of the cellular mechanisms by which food 

intake is regulated by the CNS.  
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CHAPTER 7 

Conclusions and Future Directions 

While research on the neuronal circuitry underlying feeding behavior has been an intense focus 

of obesity research over the last several decades, glial cells have only recently emerged as 

potentially important contributing factors in the pathogenesis of the disease. In obese rodent 

models, markers of inflammation, including oxidative stress and pro-inflammatory cytokine 

signaling, have been observed in the hypothalamus, a key brain region involved in energy 

homeostasis [32, 34]. A primary hallmark of neuroinflammation present in obese animals, 

activated microglia and astrocytes, promotes immediate immune activation and mediates long-

term neurotoxic effects that are associated with neuropathology. However, relatively little is 

known about the influence of diet or obesity on glial cell function and, more importantly, how 

glial cells may participate in the normal and pathological processes in the central regulation of 

energy balance. Thus, the overall goal of this dissertation was to advance our understanding of 

the neuroinflammatory changes triggered by high-fat diet and obesity, and to address the 

contribution of these responses to the pathogenesis of obesity. We made the following key 

observations that have contributed to advancing our knowledge in this area: 

1. Obesity elicits increased monocyte infiltration into the CNS that correlates with 

adiposity and measures of adipose tissue inflammation and may contribute to the 

neuroinflammatory response to the disease (Chapter 3). 

2.  Astrogliosis seen in response to obesity is present throughout several nuclei of the 

hypothalamus involved in food intake and body weight regulation, as well as the brain 

capillaries, but does not affect all hypothalamic nuclei equally (Chapter 4).  
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3. Astrocytes are involved in the acute homeostatic response to high-fat diet and mediate 

protection against acute high-fat-diet-induced hyperphagia, demonstrating for the first 

time a novel role for astrocytes in the regulation of feeding behavior (Chapter 6).  

 

Outstanding Questions/Future Directions 

What are the acute consequences of inflammation in mice fed a HFD? 

While chronic inflammation has long been viewed as contributing to pathology in obesity, our 

data suggests that acute inflammation may be protective by promoting a reduction in high-fat 

food intake. Indeed, in other disease states inflammation is an essential mechanism that 

protects against infectious agents and plays beneficial, reparative roles during tissue remodeling 

following injury. In the CNS, this process is coupled with activation of microglia and astrocytes, 

which is tightly regulated to prevent overactivation and related neurotoxicity. Currently, in the 

context of energy homeostasis, most of the available knowledge on the role of inflammation is 

associated with chronic neuroinflammation as a consequence of prolonged exposure to a high-

fat diet. In this context, the IKKβ/NF-κB pathway plays a critical role in mediating hypothalamic 

inflammation and metabolic impairment in chronic diet-induced obese animals. Here, we 

present a new homeostatic view of obesity-induced neuroinflammation in which astrocytes 

participate in an acute inflammatory response to promote a return to homeostasis. Consistent 

with the idea that the acute-phase response represents normal, “homeostatic” activity, we 

found that blocking astrocyte activation, by the specific inhibition of NF-κB signaling in astroglial 

cells, enhanced hyperphagia induced by a highly palatable, high-fat diet.  

More detailed analyses into the timing and duration of NF-κB and pro-inflammatory cytokines 

are crucial for determining the effect of these stimuli, which may act additively as potent 
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enhancers of astrocyte activation to induce transient changes in astrocyte function. Another 

unanswered question is whether the effects observed in our inducible mouse model are solely 

attributed to interference of NF-κB signaling in the mediobasal hypothalamus (MBH), since 

suppression was induced in astrocytes globally throughout the brains of our transgenic mice. 

Consequently, additional studies are needed to further substantiate that the MBH is the primary 

site of action for astrocytes in stimulating feeding behavior, as opposed to other brain structures 

involved in feeding behavior control. Understanding whether there is enhancement of astrocyte 

activity in other brain regions in response to acute high-fat feeding is crucial to fully elucidate 

the mechanisms by which acute astrocyte activation affects feeding behavior. Most likely, this 

homeostatic regulation results from an integration of astrocyte-regulated signals from a number 

of brain areas that include the brainstem and the mesolimbic dopamine pathway. To determine 

whether any of these effects can be attributed to the MBH vs. other brain regions, we could 

selectively modulate astrocytic NF-κB signaling using MBH-directed injections of a lentiviral 

vector expressing dominant negative IκBα driven by the expression of the astrocyte-specific 

GFAP promoter. 

 

Evidence for a role of acute neuroinflammation in the homeostatic regulation of 

neuronal circuitry 

In addition to the well-described activation of glial cells in the course of neuropathology, there is 

growing evidence that astrocytes can be directly activated by increased neuronal activity [215]. 

This phenomenon, which is termed "neurogenic neuroinflammation", occurs as a mechanism to 

protect against neuronal injury. For example, enhanced neuronal activity induces expression of 

glutamate transporters in astrocytes and thus prevented glutamate spill over to neighboring 

synapses [216, 217]. This protects against glutamate-induced neurotoxicity. Neurogenic 
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neuroinflammation can also modulate blood flow, which in turn increases substrate availability 

to meet the increased cellular energy demands associated with neuronal activity. Application of 

glutamate to astrocytes in vitro induces calcium waves that trigger the release of vasodilators 

such as ATP [215, 218]. Furthermore, results from in vitro studies indicate that inhibition of 

synaptic activity by tetrodotoxin (TTX) significantly increased TNFα production by glial cells, 

accompanied by an increase in the surface expression of AMPA receptors on neurons [125]. 

These effects contribute to synaptic scaling, a form of synaptic plasticity that controls the 

strength of evoked transmission between neurons. Together these data support the hypothesis 

that acute neuroinflammation is neuroprotective in the CNS. 

 

What is the Significance of Neuroinflammation in the Pathophysiology of Obesity?  

In the previous section, we have discussed the role of early astrocyte activation in the 

homeostatic regulation of food intake as a protective mechanism to maintain/restore metabolic 

homeostasis. However, this inflammatory process, when prolonged, can become maladaptive 

and lead to metabolic dysfunction and chronic disease. According to our findings in Chapters 3 

& 4, the maladaptive reaction associated with obesity is characterized by activation of 

astrocytes and infiltration of peripheral immune cells into the CNS. Normal brain function is 

highly coupled to astrocyte activity. Below are descriptions of three potential mechanisms by 

which astrocytes may participate in pathological processes underlying neuronal dysfunction and 

thus dysregulation of energy homeostasis. 

 

Alteration of synaptic plasticity  

One potential mechanism is re-organization of the synaptic networks in the hypothalamus, a 
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phenomenon referred to as synaptic plasticity. Neural plasticity allows neurons to modify and 

form new connections in response to changes in the microenvironment or as a result of injury to 

the brain. Interestingly, two key hormones involved in the control of appetite and energy 

balance (leptin and ghrelin) have been shown to regulate synaptic plasticity by altering the 

number of synaptic inputs to hypothalamic neurons of the arcuate nucleus that control feeding 

behavior, including both POMC and NPY-expressing neurons [219, 220]. Astrocytes may be 

complicit in this process. This possibility is supported in particular by the fact that astrocytes 

surround and ensheath synapses and regulate key steps in synapse formation and maintenance 

through both secreted and contact-mediated mechanisms. Moreover, Horvath et al. [169] have 

shown that exposure to a high-fat diet results in re-wiring of synaptic inputs to melanocortin 

neurons possibly due to increased astrocyte ensheathment, which can physically hinder synaptic 

connectivity. Because of the spatial association of astrocytes with synapses, changes in astrocyte 

morphology are capable of affecting synapse formation and maintenance [172, 221, 222]. Our 

observations in Chapter 4 suggest the hypothesis that the increased astrocyte activation 

associated with chronic HFD-feeding modifies the function of different hypothalamic nuclei by 

altering astrocyte-neuron interactions, which likely translates into long-term structural changes 

contributing to the pathogenesis of obesity. The next step is to determine whether suppression 

of astrocytic NF-κB signaling inhibits reorganization of these neuronal networks in response to 

high-fat diet.  

 

Alteration of hypothalamic neurogenesis  

Another possible mechanism that may induce rapid re-wiring of the hypothalamus is adult 

neurogenesis, a process by which neural progenitor and stem cells generate new neurons. 
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Evidence is accumulating that adult neurogenesis contributes to hypothalamic control of food 

intake, where its dysregulation contributes to and perhaps even initiates obesity. For example, it 

has been reported that the hypothalamus contains multipotent stem cells that can produce 

neuronal subtypes that are essential for energy-balance regulation, mainly neuropeptide Y (NPY) 

and proopiomelanocortin (POMC) hypothalamic neurons [223-226]. In line with these reports, 

targeted deletion studies have shown that acute ablation of agouti related protein (AGRP)–

expressing neurons induces cell proliferation of newborn neurons in the arcuate nucleus, in 

particular neurons expressing NPY and AGRP, two potent orexigenic (appetite-stimulating) 

peptides [227]. Moreover, many of the newborn neurons were found to be leptin-responsive 

[223]. The present data also indicate that the rate of neurogenesis in the hypothalamus can be 

altered by changes in the physiological state such as obesity. McNay and colleagues [228] 

employed BrdU labeling to reveal that chronic HFD attenuates hypothalamic neurogenesis in 

adult mice fed a HFD for 2 months and this is attributed, at least in part, to increased apoptosis 

of newly divided cells and retention of older hypothalamic neurons.   

Although the direct mechanism through which chronic high-fat-diet-feeding attenuates 

neurogenesis is unknown, there is evidence that suggests the involvement of astrocytes. 

Astrocytic NF-κB signaling has emerged as a particularly important mediator of hypothalamic 

neurogenesis. Astrocytes express numerous factors that can influence neural stem cell (NSC) 

proliferation and differentiation [89, 229], including inflammatory mediators such as TNFα that 

have been reported to inhibit neurogenesis. Our observation that HFD feeding increased 

astrocyte activation along with elevated hypothalamic levels of TNFα, which can be blocked by 

inhibition of NF-κB, raises the possibility that astrocytes may contribute to hypothalamic re-

wiring through adult neurogenesis by modulating NF-κB-mediated inflammatory signaling. It is 
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also plausible that increased NF-κB transcriptional activity in astrocytes prevents the 

differentiation of cells to the neural pathway, which is supported by reports that pro-

inflammatory cytokines IL-6 and TNFα induce an overall increase in glial cell differentiation with 

less progenitor cells showing preference for the neuronal pathway [230, 231]. Increases in 

astroglial differentiation may also contribute to the marked increase in astroglial cell number 

that we observed in HFD-induced and genetically obese mouse models described in Chapter 4. 

Hence, targeted disruption of NF-κB signaling in astrocytes should promote increased 

differentiation of neural stem cells into a neuronal lineage and increase survival of newly 

differentiated cells, thereby restoring the capacity to replace older neurons and damaged neural 

networks. The possibility of these two mechanisms could be tested using our mouse model with 

genetically induced IKKβ/NF-κB inhibition in astrocytes.  

 

Excitotoxicity 

There is also evidence implicating neurochemical processes such as excitotoxicity to the 

pathology of obesity. Excitotoxicity is an important contributor to neuronal death due to 

overstimulation with excitatory amino acids, primarily glutamate. An inflammatory stimulus in 

the brain triggers excessive release of glutamate from both microglia and astrocytes [232, 233]. 

At the same time, pathological stimuli attenuate astrocyte glutamate uptake by decreasing 

expression of critical glutamate transport proteins [234, 235] causing further increases in the 

glutamate concentration. It is therefore tempting to speculate that early activation of astrocytes 

alters the capacity of neurotransmitter clearance within the synapse, which may play a key role 

in control of the activity and excitability of neuronal circuits involved in the regulation of food 

intake and energy balance.  
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The above-described disorders have also been associated with dysfunction of microglia including 

excitoxicity as well as reduced neurogenesis and synaptic plasticity. Moreover, microglia express 

a variety of neurotransmitter receptors that are known to modulate neuronal activity, including 

glutamate and ATP. Microglia have also been shown to directly interact with synapses as often 

as every hour [236]. These data suggest that microglia may also contribute to or amplify the 

neuroinflammatory response to obesity thereby contributing to impaired energy metabolism. 

Indeed, work in our laboratory has demonstrated that astrocyte activation and peripheral 

immune cell infiltration are located in brain regions important in the regulation of energy 

homeostasis, namely the hypothalamus. 

 

What is the Trigger of Obesity-associated Neuroinflammation? 

One of the questions still under debate involves the possible mechanisms by which 

inflammation and gliosis in the hypothalamus are initiated and transition from a potentially 

protective acute response to harmful chronic effects in  the context of obesity. Emerging 

candidates include lipids, secreted factors from adipocytes (leptin, adiponectin) and cytokines.  

 

Lipids 

One major candidate is diet, specifically diets high in saturated fats. Diets rich in saturated fatty 

acids have been shown to induce cognitive impairments [237]. This is in contrast to diets high in 

either polyunsaturated fatty acids (PUFAs) or monounsaturated fatty acids (MUFAs) [238]. 

Conversely, studies performed by Bruce-Keller and colleagues [239] suggest that the effects of 

HFD on the CNS are partially mediated by the overall percentage of total fat rather than the 

percentage of saturated fat intake. They demonstrated significantly higher levels of pro-
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inflammatory cytokine production (TNFα, IL-6, and MCP-1) and glial cell activation in the brains 

of mice fed a high-fat diet composed of 60% total dietary fat (37% saturated fat) as compared to 

mice fed a high-fat diet consisting of 41% total dietary fat (62% saturated fat). Since both diets 

elicit significant obesity, these data suggest that the percentage of total fat, rather than weight 

gain or saturated fat content, mediates these effects. A third possibility is the breakdown of 

dietary fats into free fatty acids (FFAs). Two recent studies have demonstrated that high-fat 

feeding leads to increased fat accumulation in the hypothalamus [240, 241]. This is further 

supported by the finding that saturated fatty acids induce pro-inflammatory signaling in cultured 

astrocytes [242]. Collectively, these data indicate that dietary lipids may play an important role 

in hypothalamic inflammatory signaling during HFD intake.  

 

Circulating Factors from Adipose Tissue  

Induction of neuroinflammation might also be associated with changes in humoral signals, 

particularly adiponectin and leptin. Adiponectin is an adipokine that exerts protective effects 

against the development of insulin resistance, dyslipidemia and atherosclerosis [243]. It has 

significant anti-inflammatory properties that include suppression of adhesion molecule 

expression on endothelial cells, reduction of inflammatory cytokine signaling, including 

inhibition of IL6 and TNFα, and suppression of macrophage phagocytosis. Adiponectin has also 

been reported to contribute to neuroprotection [244] and has demonstrated anti-inflammatory 

effects in the brain mediated, in part, through inhibition of NF-κB signaling [245, 246]. Notably, 

there is also adiponectin receptor expression in the brainstem and mouse hypothalamus [245-

247]. Therefore, it is plausible that the decrease in plasma adiponectin levels associated with 

obesity may at least be partially responsible for the increased TNFα production and astrocytic 
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NF-κB activation in the hypothalamus in response to HFD. Similarly, leptin has also been 

recognized as contributing to the modulation of inflammatory reactions in the CNS. However, in 

contrast to adiponectin, leptin levels are increased during obesity in proportion to the increase 

in fat mass. Leptin has been shown to activate inflammatory signaling in microglia in vitro [248, 

249]. As such, leptin could induce inflammatory effects triggered by a HFD by modulating 

microglial activation, which could contribute to release of inflammatory cytokines and cause 

reactive astrogliosis. 

Another potential trigger is adipose derived cytokines. Several mechanisms might account for 

this possibility. For example, cytokines can enter the CNS via specific transporters present on the 

endothelial cells that form the blood-brain barrier as well as through capillaries of the choroid 

plexus and circumventricular organs [56]. Intriguingly, our findings in chapter 6 revealed early 

activation of astrocytes within the MBH, which is situated in close proximity to the median 

eminence (ME), a circumventricular organ that senses and integrates diverse peripheral signals 

to maintain energy homeostasis. Therefore, it is conceivable that a combination of peripherally 

derived cytokines may act on the BBB and associated cell types, including microglia, astrocytes, 

and perivascular cells, to induce the inflammatory effects of HFD in the MBH. An alternative 

hypothesis is that cytokines signal via Toll-like receptor 4 (TLR4) on vagal afferent fibers leading 

to activation of brainstem neurons that project into the hypothalamus. Indeed, consumption of 

a HFD increases TLR4 expression in the gut epithelium and decreases alkaline phosphatase 

activity, a lipopolysaccharide (LPS)-detoxifying enzyme [250]. In addition to cytokines, LPS is a 

potent stimulator of TLR4 signaling. These data raise the possibility that HFD-induced 

neuroinflammation may also be initiated by products originating from the gut (such as LPS) that 

activate vagal afferents. 
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Does Neuroinflammation Contribute to Obesity-associated Co-morbidities? 

The findings of this dissertation provide valuable insights into the increased susceptibility to 

neurological disorders seen in obese patients. It is well known that obesity is associated with an 

increased incidence of neurologic disease as well as impairments to long-term memory and 

cognition [179, 180]. Intriguingly, our findings indicate that obese mice develop persistent 

neuroinflammation in several extrahypothalamic brain regions such as the hippocampus, which 

is a critical brain region for memory processing. Additionally, recent studies have reported 

decreased production of neurotrophic factors and impaired hippocampal neurogenesis in obese 

rodents [251, 252]. Therefore, modulation of NF-κB signaling in astrocytes might also emerge as 

a possible mechanism by which HFD impacts cognitive function. 

Our findings also have important implications for other neuroendocrine systems involving the 

hypothalamus, such as the hypothalamo–pituitary–adrenal (HPA), hypothalamo– pituitary–

thyroid (HPT) and hypothalamo–pituitary–gonadal (HPG) axes. For example, astrocytic and 

synaptic remodeling has been shown to occur in the arcuate nucleus in response to gonadal 

hormones involved in the control of reproduction [175]. At puberty and during the ovarian 

cycle, the number of synaptic contacts and coverage by glial processes changes in the 

hypothalamic gonadotropin releasing hormone (GnRH) neurons [175], which are essential for 

puberty onset, fertility and correct reproductive function [253]. This raises the possibility that 

HFD-induced neuroinflammatory changes in the hypothalamus might also play a role in 

increasing susceptibility to disorders of the HPG axis. In fact, obesity is associated with an 

increased risk for pregnancy complications such as pre-eclampsia, infertility in both men and 

women, as well as pubertal changes in obese children [254, 255]. Hence, understanding how 
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HFD intake leads to neuronal injury and remodeling may provide novel insights to advance the 

treatment of patients with various neuroendocrine disorders.  

 

Final Summary 

Overall, the studies described in this thesis have advanced our knowledge of the pathology of 

obesity and physiological systems responsible for control of food intake. It is clear that the 

timing and duration of neuroinflammation are critical factors determining outcome. Our findings 

of chronic immune cell recruitment and reactive astrogliosis in the CNS during obesity are 

particularly interesting since they parallel findings in other chronic neurodegenerative 

inflammatory disorders. Whether these CNS manifestations are reversible is a critical 

unanswered question. Ultimately, identification of therapeutic targets for the treatment of 

obesity and its comorbidities depends on advancing our understanding of these CNS 

inflammatory responses including the interplay between cell types in the CNS mediating 

immune activation and the studies described in this thesis have directly contributed to this goal 

(Figure 7-1).  
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Figure 7-1. A schematic of the findings of this dissertation research. In response to chronic 

obesity, we found increased monocytes infiltration into the CNS, which assume a characteristic 

amoeboid morphology that coincides with brain inflammation. We also demonstrate that 

astrogliosis is induced throughout several nuclei of the hypothalamus involved in energy 

homeostasis. Finally, we demonstrate for the first time a novel role for astrocytes in the 

regulation of feeding behavior via NF-κB during acute high-fat-diet-induced hyperphagia. 
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