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Throughout history, disease has been recognized as a looming threat to humanity 

however, prior to the 19th century, we understood very little about the causes of sickness and 

falling ill could only be attributed to divine punishment or cryptic natural phenomena (Atkins, 

1984).  Concurrent with the rise of germ theory, our understanding of what it means to be sick 

expanded to include the host response as well as the actions of the invader.   

Sickness triggers both homeostatic and behavioral changes to promote survival yet the 

behavioral aspects have been comparatively understudied.  The disparity in our understanding 

of the behavioral and homeostatic changes that occur in sickness may be in part due to the 

traditional dogma of the central nervous system (CNS) as an immune privileged zone which 

minimizes the importance of communication between the immune system and the CNS 

(Dantzer, 2018).  The first behavioral effects of cytokine signaling, a broad category of cellular 

signaling molecules known primarily for their role in the immune response, in the CNS were 

described in the 1980s when interleukin-1 (IL-1) was found to influence sleep, and TNFa was 

found to influence appetite (Krueger et al, 1984; Plata-Salamán et al, 1988).  Recent findings 

in the field of neuroimmunology further challenge the notion of CNS isolation from the immune 

system and have accelerated interest in understanding behavioral changes as a component of 

the immune response.  In 2015, lymphatic vessels were discovered within the meninges that 

effect cognition, and drain fluid and immune cells from the CNS, a feature thought to be absent 

from immune privileged organs (Da Mesquita et al, 2018b; Louveau et al, 2015; Ma et al, 2017).  

In 2017, a neuromodulatory role for the cytokine IL-17 was discovered in C. elegans, marking 

the first definitive report of a cytokine in a non-immunological role, directly modulating the 

behavioral response to a stimulus (Chen et al, 2017) and now a growing body of evidence 
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implicates maternal immune activation and aberrant immunological profiles in the pathogenesis 

of several neurodevelopmental disorders (Hsiao et al, 2012; Kim et al, 2017). 

This thesis is the summation of my studies into the mechanisms by which inflammatory 

signals originating outside of the CNS ultimately induce cellular changes within the brain and 

behavioral changes at the organismal level.  In the following chapter, I will introduce the 

concept of the behavioral component of the innate immune response and provide an overview 

of research into one of the most well-studied initiators of this behavioral response, the cytokine 

interleukin 1b (IL-1b).  Furthermore, I will summarize established and theorized routes of 

signal transduction from the immune system to the brain and highlight recent findings regarding 

lymphatic vessels located in the meninges and how this structure may facilitate a brain-immune 

interface.  Lastly, I will summarize these findings and lines of evidence in the rationale for my 

thesis studies. 
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1.1 The Behavioral Component of the Immune Response 
 
The study of sickness behavior can trace its roots back to the late 19th century when 

physician William Osler noted that a reduction of mental clarity and elevated apathy may be 

considered as symptoms of infection (Osler & Cousland, 1999) however, the earliest definitive 

report of infection-induced behavioral changes that promote survival was published in Science 

in 1975 in which researchers used bacterially infected lizards (Dipsosaurus dorsalis) to confirm 

the adaptive value of fever, which was controversial at the time.  As ectotherms, reptiles must 

regulate their body temperature by seeking external heat sources and in the context of infection, 

they will induce fever through behavioral means therefore, fever can be controlled without the 

need for potentially confounding pharmacological agents used to investigate fever in mammals.  

The report concludes that an increase in body temperature substantially improves survival, 

establishing the existence of infection-induced behavior changes that contribute to the immune 

response and promote survival (Kluger et al, 1975).  Nearly a decade later in 1984, James 

Krueger et al. recorded an increase in short wave sleep duration in rabbits following IL-1b 

injection, marking the first documented behavioral component of the mammalian immune 

response.  In his report, Krueger emphasizes his finding that the sleep-inducing properties of 

IL-1 are distinct from its pyrogenic or fever-inducing activities as one can be ablated without 

effecting the other (Krueger et al, 1984).  We now know that cytokines IL-1, IL-6, and TNFa, 

each possess the capability to induce the full suite of ‘sickness behavior’ symptoms (Kaster et 

al, 2012; Knoll et al, 2017; Sukoff Rizzo et al, 2012).  These findings served to solidify the 

notion that behavioral changes in response to pathogens were not just by-products of illness but 

part of the host immune response itself, laying the groundwork for further characterization of 

the behavioral component of the immune response. 
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In the ensuing decades, the set of behavioral responses to immune activation have been 

termed ‘sickness behavior’ and expanded to include: lethargy, anhedonia, increased anxiety-

like behavior, reduced self-grooming, and a reduction in social and sexual activities (Dantzer, 

2001).  It should be noted however, that the characteristic decrease in overall locomotor activity 

is a confounding factor that makes characterization of additional symptoms problematic, a fact 

that is typically acknowledged in reports which make claims about aspects such as anxiety-like 

behavior (Swiergiel & Dunn, 2007).  Regardless of the difficulty inherent in parsing apart and 

characterizing facets of this response, roughly equivalent expressions of sickness behavior have 

been described in diverse vertebrate species including birds, fish, and mammals, indicating high 

adaptive value, thus emphasizing the importance of understanding this response (Kirsten et al, 

2018; Tazi et al, 1988; Wilsterman et al, 2020).  The study of sickness behavior may have 

significant clinical relevance as researchers have long noted the high overlap between mood 

disorder and sickness behavior symptoms, leading to the use of peripheral immune stimulation 

as a standard model of depressive behavior (Lasselin et al, 2020; Müller & Ackenheil, 1998; 

Zhao et al, 2020).  In fact, depression symptoms have been identified as a side effect of cytokine 

based therapies developed for non-psychiatric pathology and recent meta-analysis of clinical 

studies show that an inflammatory profile can predispose patients to mood disorders (Capuron 

& Miller, 2004; Kraynak et al, 2018).  These findings emphasize the critical need to better 

understand the mechanisms of sickness behavior in order to better treat both psychiatric and 

peripheral pathologies. 
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1.2 Interleukin-1b is a Key Initiator of Inflammation and Behavioral 
Changes 
 
From the moment of discovery, IL-1 has revolutionized our understanding of innate 

immunity.  Two ligands, IL-1a and IL-1b, collectively referred to as IL-1 were identified as a 

result of decades of research into endogenous pyrogens, that is the search for an endogenous 

factor capable of producing fever in the absence of infection (Dinarello, 2015).  The existence 

of endogenous pyrogens was first proposed in 1943 by Eli Menkin who demonstrated that fever 

could be induced by injecting the supernatant of neutrophils isolated from sterile injury marking 

a major milestone in our understanding of fever and the host immune response. Menkin’s 

findings were validated and expanded upon by his contemporaries however, over the next half 

century significant doubt remained within the scientific community as to whether it was the 

newly identified factor endogenous pyrogen or Lipid A contamination, the inflammatory 

properties of which were also being extensively investigated at the time, that was responsible 

for fever induction (Atkins, 1960).  In parallel with research into endogenous pyrogen, 

investigations into cell derived factors which modulate biological function resulted in 

independent characterization of IL-1 under multiple names reflective of identified 

immunological roles such that by the 1970s, IL-1 was simultaneously being investigated as 

multiple distinct substances, each considered highly potent in their own regards, including: 

mononuclear cell factor (MCF), lymphocyte-activating factor (LAF), and B cell activating 

factor (BAF) among others (Oppenheim & Gery, 1993).  The T cell activating quality of IL-1 

was being investigated under the name lymphocyte activating factor (LAF) while the pyrogenic 

quality was being investigated as endogenous pyrogen or leukocyte pyrogen (Gery et al, 1972; 

Gery & Waksman, 1972).  In 1979, through careful purification, the two compounds were found 

to be a single factor and renamed Interleukin-1 to reflect the multiple biological roles and 
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cellular targets of IL-1 (Rosenwasser et al, 1979).  Lingering confusion over two apparently 

distinct forms of IL-1 with virtually identical signaling capacity were resolved in 1985 when 

the sequences of both IL-1a and IL-1b genes were described in humans (March et al, 1985). 

IL-1b is produced as a 31 kDa, 269 amino acid, biologically inactive pro-protein which 

must undergo enzymatic cleavage to produce a biologically active 17 kDa form for secretion 

(Krumm et al, 2014).  IL-1a by contrast, is produced in as a biologically active molecule which 

can be proteolytically cleaved in a similar manner to IL-1b to enhance signaling however it is 

not required.  Because IL-1a is constitutively produced by barrier tissues and is typically 

released by cellular damage, it is often viewed as an alarmin (Garlanda et al, 2013).  The most 

well defined mechanism by which IL-1b is proteolytically processed and released from the cell 

is through inflammasome mediated pyroptosis, a form of programmed cell death triggered by 

damage- or pathogen-associated molecular patterns (DAMPs and PAMPs respectively).  In 

general terms, the inflammasome is a cytosolic multi-protein complex with enzymatic 

capabilities, formed by the activation of pattern recognition receptors (PRRs) which detect 

PAMPs and/or DAMPs.  Once the inflammasome is assembled and enzymatically active, it is 

able to proteolytically process IL-1 family cytokines pro-IL-1b and pro-IL-18 to their 

biologically active forms as well as pro-Gasdermin D, the cleavage of which allows Gasdermin 

D pores to form on the plasma membrane, releasing active IL-1b, IL-18 and other cellular 

contents (Atianand et al, 2013; Ding & Shao, 2017).  As pores form in the cell membrane and 

the cytosolic contents of the cell are emptied, pro-IL-1b may also be cleaved to its active form 

in the extracellular space via enzymes secreted by neutrophils, mast cells, and NK cells (Black 

et al, 1988; Coeshott et al, 1999; Hazuda et al, 1990; Li et al, 1995).  Multiple distinct forms of 

inflammasome signaling, utilizing different PRRs and have been identified in a rapidly 
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developing area of study while alternative mechanisms for release of IL-1b without the need 

for cell death remain unclear.  Nevertheless, inflammasome mediated pyroptosis is a critical 

means of IL-1b secretion, relevant in disease, injury, and even homeostatic contexts (Zengeler 

& Lukens, 2021).  Although pyroptosis was initially thought to be exclusive to damage or 

pathogenic threat, recent reporting demonstrates that AIM2 inflammasome activation is critical 

during healthy brain development by mediating controlled neuronal cell death, the absence of 

AIM2, resulting in aberrant neuronal organization and increased anxiety-associated behaviors 

(Lammert et al, 2020).  Additional lines of evidence including, PRR patterning in the brain 

throughout development and distinct behavioral phenotypes identified in multiple PRR 

knockout mice over the last decade indicate an emerging developmental role for pyroptosis and 

IL-1b signaling in the brain with significant behavioral consequences (Hung et al, 2018; Kaul 

et al, 2012; Okun et al, 2012; Okun et al, 2010). 

Beginning in 1984 with Krueger’s observation that IL-1b increases short wave sleep, 

behaviors associated with sickness expanded rapidly such that by the end of the 20th century, 

“sickness behavior” was firmly established as a set of pro-survival behaviors including: 

decreased locomotor activity, decreased social, sexual, and exploratory behaviors, anhedonia, 

decreased food and water intake, decreased grooming, and impairments in learning and memory 

(Dantzer, 2001).  General proinflammatory insults such as LPS or viral mimetics are capable 

of inducing most or all behaviors listed as well as activate the stress-induced hypothalamic-

pituitary-adrenal (HPA) axis, driving the production of proinflammatory cytokines IL-1b, IL-

6, and TNFa in both blood and neural tissue as well as inducing a hormonal response driven 

by hypothalamic expression and secretion of corticotropin-releasing factor (Abraham & 

Johnson, 2009; Martin et al, 2013; McLinden et al, 2012).  The HPA axis has long been studied 
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as a major driver of stress responses and is thought to underlie many sickness behavior 

phenotypes (Dantzer, 2018; Godoy et al, 2018; Hosoi et al, 2000).  IL-1b administration alone 

is capable of eliciting all of these effects making it a valuable tool to study sickness behavior in 

its most simple form because despite its wide ranging signaling capacity, IL-1b possesses only 

a single signaling receptor facilitating precise experimental control of IL-1b signaling (Braun 

et al, 2012; Konsman et al, 2000; Matsuwaki et al, 2014).  With a variety of robust models and 

a consistent phenotype, the first major questions for the field of sickness behavior research 

were, determining how cytokines enter the brain and mapping the causative neural circuits.  

Exhaustive efforts during the 1990s were able to identify brain regions activated by sickness 

however, the signaling pathways that mediate immune system influence over behavior remain 

mysterious (Wan et al, 1994).   

IL-1β is produced naturally in the brain in response to peripheral inflammation, where—

along with other inflammatory cytokines and paracrine signals—it is thought to influence 

behavioral shifts (Arnone et al, 2018; Cremona et al, 1998; Godbout et al, 2005; Konsman et 

al, 1999). Recent work has indicated that microglia, as the brain’s resident immune cells, play 

a key role in sickness behavior through the secretion of paracrine signals (Dantzer, 2018; Zhu 

et al, 2019).  Early investigations into the neuromodulatory capabilities of IL-1b utilized 

electrophysiology on neurons in slice culture and uncovered some of the most well studied roles 

for IL-1 in the brain although direct confirmation of mechanisms remains elusive.  The ability 

of IL-1b to suppress long term potentiation (LTP) in hippocampal neurons has been reported 

since 1990 (Bellinger et al, 1993; Katsuki et al, 1990), the neurotoxic effects of IL-1b by 

NMDA induced excitotoxicity have also been reported since the early 1990s, and elucidation 
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of these mechanisms remains an area of active study today (Hewett et al, 1994; Taraschenko et 

al, 2021; Walker et al, 2019).   

Modulation of the kynurenine metabolic pathway has been suggested as an indirect 

mechanism by which peripheral inflammation could influence neuronal activity without the 

necessity of cytokine signaling directly on neurons.  In this model, IL-1b drives behavioral 

changes by inducing expression of Indoleamine-pyrrole 2,3-dioxygenase (IDO) which 

catalyzes the conversion of tryptophan to kynurenine, the first and rate-limiting step of the 

kynurenine pathway (O'Connor et al, 2009).  Kynurenine can be transported to the brain by the 

large neutral amino acid transporter (LAT-1) where it is thought to contribute to a 

proinflammatory, neurotoxic environment via further metabolism by microglia and astrocytes 

(Walker et al, 2019).   

The kynurenine pathway driven model of sickness behavior relies upon two primary 

lines of evidence.  First, blockade of kynurenine transport into the brain has been shown to 

ameliorate LPS induced sickness behavior (Walker et al, 2019) and second, in response to 

peripheral LPS challenge, microglia upregulate IDO as well as downstream kynurenine 

pathway enzymes (Gonzalez-Pena et al, 2016) which convert kynurenine to 3-

hydroxykynurenine and ultimately, quinolinic acid, an NMDA receptor agonist (Guillemin et 

al, 2007).  The final two metabolites are also capable of generating reactive oxygen species 

which has been used as a rationale for studying the role of the kynurenine pathway in 

schizophrenia and depression (Dantzer et al, 2011).  The role of the kynurenine pathway in 

sickness behavior and mood disorders remains a highly active and promising area of research 

however meta-analysis of depression studies has yet to uncover a link between kynurenine 
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levels and disease although the currently available data remains limited (Arnone et al, 2018; 

Metcalfe et al, 2018).  
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1.3 Routes of Inflammatory Signal Transduction to the Brain 
 

The brain has been long viewed as an ‘immune-privileged organ’, a status shared with 

the eyes and testes, because unlike other tissues, the brain does not contain lymphatic vessels 

and the brain exhibits unique tolerance for allograft tissue which is quickly rejected in other 

organs (Medawar, 1948; Streilein, 2003; Zhao et al, 2014).  In addition to a lack of tissue-

penetrating lymphatic vessels, the central nervous system possesses a unique structure called 

the blood-brain-barrier (BBB).  This structure is comprised of multiple cell types including and 

surrounding blood vessels, the purpose of which is to maintain ionic homeostasis and regulate 

access of blood-borne molecules to the brain (Stamatovic et al, 2008).  As a result, under healthy 

conditions, molecules without specific active transport to the brain are generally unable to 

access the tissue.  While some specific stimuli are known to disrupt or increase BBB 

permeability which could allow influx of cytokines to the brain, direct infusion of IL-1b does 

not disrupt BBB permeability (Banks & Kastin, 1992).  Work from the lab of Abba Kastin in 

the early 1990s utilizing tagged and radiolabeled cytokines suggested that cytokines including 

IL-1a, IL-1b, IL-1ra (receptor antagonist), IL-6, and TNFa all may cross the BBB through 

saturable mechanisms i.e. active transport (Banks et al, 1994; Banks et al, 1991; Gutierrez et al, 

1993; 1994).  However, proteins responsible for active transport of these cytokines across the 

BBB have not been identified and these findings have yet to be verified using modern 

techniques, casting doubt over whether cytokines from the blood can truly access the brain.  

Once cytokines such as IL-1b and TNFa bind their receptors, the receptor can be internalized 

for degradation as a negative feedback mechanism, reducing circulating cytokines (Blanco et 

al, 2008; D'Alessio et al, 2005; Pan et al, 2007; Veluthakal et al, 2005).  Therefore, it is possible 

that what was measured in early cytokine radiolabeling experiments was the internalized 
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cytokines present in endothelial cells.  This notion is supported by their own findings that 

knockout of the TNF receptor eliminates entry of labeled TNFa to the brain however this does 

not preclude the possibility that transcytosis still occurs through unknown means (Pan & Kastin, 

2002).  Uncertainty surrounding the ability of IL-1b to cross the BBB led to several 

hypothesized routes of signal transduction which can be generally divided into two classes: 

neural and humoral. 

The works of Robert Dantzer and Keith Kelley in 1995-1996 provided substantial 

evidence for a vagal route of IL-1b signal transduction to the brain (Bluthé et al, 1996b; Layé 

et al, 1995).  Through a series of vagotomy experiments, they demonstrated that the Vagus 

nerve is one available route for IL-1b in the periphery to signal to the brain.  Subdiaphragmatic 

vagotomy ablates the locomotor impairment associated with sickness behavior in response to 

intraperitoneal LPS or IL-1b injection however it has no impact on the behavioral effects of IL-

1b when administered centrally or intravenously (Bluthé et al, 1996a; Layé et al, 1995).  

Subdiaphragmic vagotomy fails to prevent some symptoms such as anhedonia and weight loss 

induced by IL-1b, indicating multiple routes and/or multiple signals are needed to produce all 

aspects of sickness behavior (Wieczorek et al, 2005).  Furthermore, Vagus nerve afferents are 

known to express IL-1R1 and respond to cytokine or even electrical stimulation which is 

sufficient to drive IL-1b mRNA expression in the brain, indicating a positive feedback 

mechanism and a brain specific signaling role for IL-1b in sickness behavior (Goehler et al, 

1998; Hosoi et al, 2000; Konsman et al, 2000; Layé et al, 1995).   

In the event of tissue damage or infection, IL-1b and other proinflammatory cytokines 

are released at the site of injury or pathological insult and enter circulation.  Cytokines can 

stimulate the Vagus nerve which innervates much of the viscera and transmits an electrical 
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signal to the solitary tract nucleus (NTS) of the brain.  Projections from the solitary tract then 

activate other brain regions including the central amygdala (CEA), ventrolateral medulla 

(VLM), parabrachial nucleus (PB), paraventricular nucleus of the hypothalamus (PVN), 

supraoptic nucleus (SON), ventromedial preoptic nucleus (VMPO), and the bed nucleus of the 

stria terminalis (BST) (Wan et al, 1994).  Thus, in the neural route of signal transduction, IL-

1b possesses at least two independent roles.  It acts first in the periphery to stimulate the Vagus 

nerve, sending a cue to the brain that there is peripheral inflammation, inducing local production 

of IL-1b within the brain (Layé et al, 1995).  Then the IL-1b produced in the brain is thought 

to act on neurons and glia by an IL-1R1 dependent mechanism to induce behavioral changes 

(Cremona et al, 1998; Deyerle et al, 1992).  Despite the common conclusion that IL-1b must 

be activating neurons via the receptor IL-1R1, no direct evidence exists to support that, and it 

is unclear how IL-1R1 signaling would result in neuronal activation through canonical 

pathways.  The discovery of a brain-restricted isoform of IL-1 receptor accessory protein with 

neuronal signaling capacity in vitro has fueled further speculation that IL-1b may have direct 

neuromodulatory capacity although direct evidence of this in vivo remains elusive (Davis et al, 

2015; Gosselin et al, 2013; Huang et al, 2011; Smith et al, 2009).  The insufficiency of 

vagotomy to ablate sickness behavior induced by i.v. administration of IL-1b indicates alternate 

routes exist for circulating IL-1b to act on the brain, collectively referred to as the “humoral 

route”.   

 The humoral route of IL-1b signaling to the brain consists of three documented 

mechanisms with varying levels of support.  First, IL-1b may cross the endothelium at sites of 

“leaky” blood brain barrier (BBB) such as the choroid plexus and circumventricular organs 

(CVOs) which include the median eminence, the organum vasculosum of the laminal terminalis 
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of the hypothalamus (OVLT), the area postrema in the brainstem, and the suprafornical organ 

(SFO) (Dantzer, 2001; Konsman et al, 2000).  At these sites, IL-1b is capable of stimulating 

perivascular macrophages which then secrete IL-1b into the brain parenchyma (Carmichael et 

al, 2010).  The second route of entry is mediated by endothelial cells within the brain which, 

bulk RNAseq data indicates are the highest expressers of IL-1R1 in the brain by an order of 

magnitude (Zhang et al, 2014b).  IL-1b can act directly on the brain endothelium which 

stimulates secretion of IL-1b and other factors into the brain parenchyma by endothelial cells.  

Conditional knockout of IL-1R1 signaling (via MyD88) on endothelial cells is capable of 

ameliorating sickness behavior in some contexts and bone marrow transplant experiments 

emphasize the importance of this route while casting doubt on role of perivascular macrophages 

in sickness behavior (Ching et al, 2007; Knoll et al, 2017; Matsuwaki et al, 2014).  Lastly, a 

third potential humoral route exists that proposes IL-1b can be actively transported across the 

BBB however only limited, indirect evidence supports this hypothesis.  Radiolabeling 

experiments suggest that IL-1b can be transported into the brain via a saturable mechanism, 

indicating an active process however, it is unclear from this experiment whether the labeled IL-

1b actually enters the brain parenchyma and there are no known transporters for IL-1b casting 

significant doubt on the existence of this mechanism (Banks et al, 1991).   Therefore, the totality 

of the evidence suggests endothelial cells are the primary cellular target of IL-1b in the humoral 

route of signal transduction although multiple routes of signal transduction likely contribute to 

the induction of sickness behavior.   
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1.4 Lymphatic Vessels in the Meninges Facilitate Brain Solute Perfusion 
and Clearance 

 

Lymphatic vessels embedded in the dura layer of the meninges were first described in 

humans in 1787 by Italian anatomist Paolo Mascagni however this structure largely evaded 

research interest until their ‘re-discovery’ in 2015 (Aspelund et al, 2015; Bucchieri et al, 2015; 

Louveau et al, 2015; Mascagni, 1787).  Highlighting a potentially distinct role from lymphatic 

vessels in other tissues, meningeal lymphatic vessels possess properties which distinguish them 

from other lymphatic vessels including a unique transcriptional signature and they do not 

undergo expansion in response to inflammation (Louveau et al, 2018).  Although the route of 

lymphatic drainage had been unknown at the time, it had been reported that antigens delivered 

to the cerebrospinal fluid (CSF) could access the blood and stimulate an immune response in 

peripheral organs (Cserr et al, 1992; Harling-Berg et al, 1989; Knopf et al, 1995).  Through 

extensive investigations by multiple groups, we now know that, CSF flows along perivenous 

spaces into the subarachnoid space of the meninges where it drains to lymphatic vessels which 

run alongside the dorsal superior sagittal, and transverse sinuses, and the dorsal sigmoid, and 

petrosquamosal sinuses, ultimately flowing to the deep cervical lymph nodes (Lee et al, 2020; 

Louveau et al, 2017).  Since its rediscovery, meningeal lymphatic vessels have been described 

in rats and fish as well non-human primates and humans, indicating both high adaptive value 

and medical relevance (Absinta et al, 2017; Bower et al, 2017; Jung et al, 2017). 

Description of the ‘glymphatic’ system, by which CSF circulating along paravascular 

routes approximates lymphatic drainage in the brain by collecting soluble debris, predates the 

rediscovery of meningeal lymphatic vessels however, these two concepts have since become 

closely intertwined as meningeal lymphatic vessels ultimately collect soluble tracer injected 
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into the CSF and drain to the deep cervical lymph nodes for immune surveillance (Fig. 1) (Iliff 

et al, 2012; Louveau et al, 2015; Ma et al, 2017).  Glymphatic solute clearance is a dynamic 

process which is most active during sleep or anesthesia, and which different forms of sedation 

may differentially impact glymphatic function (Holth et al, 2019; Ozturk et al, 2021).  

Furthermore, meningeal lymphatic drainage of solute to the lymph nodes declines with age 

which may contribute to age-associated pathologies and effects on cognition (Ma et al, 2017). 

In recent years, meningeal lymphatic vessels have been confirmed to be play a role in 

immune surveillance of the brain in both positive and negative immunological contexts.  

Ablation of meningeal lymphatic vessels in experimental autoimmune encephalitis (a murine 

model for multiple sclerosis) is able to reduce the T cell response and as a result reduce disease 

pathology (Louveau et al, 2018).  By contrast, increased immune surveillance of the brain 

through experimental enhancement of meningeal lymphatic vessels augments the T cell 

response to glioblastoma, boosting the efficacy of checkpoint blockade therapy and enabling 

tumor clearance by the immune system (Hu et al, 2020; Song et al, 2020).   

In addition to providing the conventional role of lymphatic vessels in facilitating 

immune surveillance by the adaptive immune system, meningeal lymphatic vessels contribute 

to glymphatic clearance of solute within the CSF and interstitial fluid (ISF), most notably 

amyloid-b which can form protein aggregates in the brain that are a hallmark of Alzheimer’s 

Disease pathology, indicating there may be important cognitive and behavioral implications to 

meningeal lymphatic function (Da Mesquita et al, 2018b; Iliff et al, 2012).  Our group has 

previously demonstrated that meningeal lymphatic ablation can exacerbate the accumulation of 

amyloid-b aggregates in the brain of transgenic Alzheimer’s Disease mice, and impair cognitive 

function of wildtype adult mice as assessed by the Morris water maze, a learning and memory 
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test, while experimental enhancement of meningeal lymphatic vessels is able to improve aged 

mouse cognition as assessed by the same test (Da Mesquita et al, 2018b).   

 The involvement of meningeal lymphatic deterioration and dysfunction in aging is of 

particularly keen research interest based on reporting that meningeal lymphatic drainage 

declines with age while enhancement can ameliorate cognitive deficits in aged mice, as well as 

additional lines of evidence which suggest that age-associated lymphatic/glymphatic decline in 

humans contributes to multiple age-related pathologies (Da Mesquita et al, 2018b; Ma et al, 

2017; Paradise et al, 2021).  Reports of glymphatic decline with age and a connection to protein 

aggregate pathologies in animal models predate the rediscovery of meningeal lymphatic vessels 

however, recent reports generated from clinical patient data confirm that hallmarks of 

glymphatic decline are present in aging patients and significantly correlate with cognitive 

impairment (Kress et al, 2014; Ohashi et al, 2021; Paradise et al, 2021).  The relationship 

between sleep, glymphatic function, and aging is the subject of ongoing speculation and 

research as sleep disruption is a common comorbidity found in age-associated 

neurodegenerative disorders (Malhotra, 2018).  Due to the established effect of sleep on 

glymphatic activity, disruptions in sleep may be a compounding factor, along with meningeal 

lymphatic decline, in overall glymphatic dysfunction and subsequent neurodegeneration 

(Nedergaard & Goldman, 2020).  Additionally, problems with sleep are associated with 

increased incidence of psychiatric illness, cognitive impairment, and neurodegeneration 

throughout life indicating a potential glymphatic component in these pathologies (Leigh et al, 

2015; Mander et al, 2013; Spira et al, 2014). 

 While there are numerous compelling disease contexts wherein the role of meningeal 

lymphatic function remains to be explored, a notable gap remains in our understanding of 
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sickness behavior and how it may tie into psychiatric disease and cognition.  Sickness behavior 

is suspected to rely on the perfusion of soluble paracrine signals including cytokines, 

prostaglandins, and glucocorticoids which logically should be subjected to the same glymphatic 

forces which mediate clearance of amyloid-b (Crestani et al, 1991; Matsuwaki et al, 2014).  

Therefore, disruption of meningeal lymphatic vessels may impair critical signaling events 

through multiple means.  By impairing meningeal lymphatic function, paracrine signals may 

either be delayed or prevented from reaching their target cell populations, resulting in 

insufficient activation of a target cell population.  Conversely, paracrine signals may fail to be 

efficiently cleared from the interstitial spaces resulting in prolonged or hyperactivation of target 

cell populations.  These scenarios are not mutually exclusive therefore, a third possibility exists 

in which lymphatic disruption results in simultaneous over stimulation and under stimulation 

of discrete compartments of the brain. 
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1.5 Connections Between Sickness Behavior and Psychiatric Disease 
 

The mechanisms by which the immune system informs the brain of threats to modulate 

behavior is a rapidly developing field with that may be intimately linked with a variety of 

psychiatric disorders.  As one of the first observed IL-1b influenced behaviors, the role of IL-

1b in promoting short wave sleep has been extensively investigated.  Included within the 

discussion of Krueger’s 1984 report on the short wave sleep enhancing effects of IL-1b, he 

considers the possibility that IL-1b may be involved in the regulation of homeostatic sleep but 

also acknowledges a clear contradiction that must be reconciled (Krueger et al, 1984).  A body 

temperature decrease is associated with homeostatic sleep while IL-1b is known to induce fever.  

Despite this potential paradox, new compelling lines of evidence continued to arise suggesting 

a role for IL-1b in homeostatic sleep.  IL-1b concentration in both serum and CSF has been 

shown to follow a circadian rhythm, increasing during the sleep cycle in humans, rodents and 

cats (Cearley et al, 2003; Lue et al, 1988; Moldofsky et al, 1986).  Additionally, IL-1b mRNA 

expression increases in the brain parenchyma of rats during sleep deprivation (Mackiewicz et 

al, 1996).  Krueger did not discount the notion that IL-1b expression may be highly localized 

and regulated differently under homeostatic conditions and recent evidence suggests that may 

be the case.  The use of microinjections into specific brain nuclei has revealed highly location 

dependent effects of IL-1b.  Multiple lines of evidence exist to show IL-1b influences firing 

rates of neurons in several sleep related nuclei including the Dorsal Raphe Nucleus, 

Laterodorsal Tegmental Nucleus (LDT), and Preoptic Area of the hypothalamus (Alam et al, 

2004; Brambilla et al, 2010; Brambilla et al, 2007; Tabarean et al, 2006).  Microinjection of IL-

1b is capable of enhancing non-REM sleep in all three nuclei however, supporting the 

hypothesis that IL-1b may have diverse location dependent functions, different neuronal effects 
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have been observed in each implicated nucleus. In the LDT, the sleep promoting effects of IL-

1b have been attributed to inhibition of cholinergic neurons (Brambilla et al, 2010).  IL-1b 

inhibition of serotonergic neurons has been implicated in the DRN and the putative neuronal 

population that responds to IL-1b in the preoptic area has not yet been identified (Brambilla et 

al, 2007).  These studies primarily rely on electrophysiological recordings in slice culture and 

behavioral analysis following microinjection to make their claims which does not preclude the 

possibility that IL-1b acts indirectly through a glial mediator however, regardless of 

mechanism, IL-1b has a well-documented neuromodulatory capacity. 

Post-traumatic stress disorder (PTSD) was one of the earliest psychiatric disorders to be 

associated with abnormal concentrations of circulating IL-1b when in 1997, and Israeli group 

documented elevated levels IL-1b in serum correlates with duration of disease (Spivak et al, 

1997).  Abnormalities of the immune system are now well documented in PTSD patients.  

Peripheral blood mononuclear cells (PBMCs) of PTSD patients will spontaneously produce 

more pro-inflammatory cytokines, including IL-1b compared to healthy controls (Gola et al, 

2013).  This increase in IL-1b production may extend to the CNS as chronic stress has been 

shown to alter microglia morphology and induce an inflammatory state (Tynan et al, 2010).  

Similar aberrations in pro-inflammatory cytokine production can be detected in the CSF of 

PTSD patients responding to painful stimuli (Lerman et al, 2016).  Nearly two decades later, 

this phenomenon was used as a basis for studying the role of IL-1b in stress enhanced fear 

learning (SEFL).  Remarkably, central inhibition of IL-1b signaling by infusion of IL-Ra 

completely eliminates SEFL although the mechanism remains unknown (Jones et al, 2015).  

Aberrant immunological profiles have been identified in mood disorders patients including 

with Major Depressive Disorder since the 1990s however, reflecting the highly complex nature 



Chapter 1 - Introduction 
 

26 

of the disease, many early and contemporary reports offer conflicting results (Weizman et al, 

1994).  Genome wide association studies have identified polymorphisms in the IL-1b gene 

associated with increased risk of developing childhood depression, increased risk of developing 

geriatric depression, and reduced response to anti-depressant therapy (Baune et al, 2010; Hwang 

et al, 2009; Ridout et al, 2014).  These findings remain controversial as other studies have failed 

to identify genetic polymorphism of IL-1b associated with childhood depression however it is 

possible that IL-1b polymorphisms merely predispose individuals to be more susceptible to 

develop depression in the presence of other contributing factors which may be inconsistent 

across different investigations (Misener et al, 2009; Misener et al, 2008).  Nevertheless, 

circulating IL-1b has been identified as a biomarker of depression generating interest in IL-1b-

targeted therapeutic strategies for depression (Ellul et al, 2016; Lu et al, 2013; Martinez et al, 

2018; Mota et al, 2013). 

The involvement of IL-1b in addiction and substance abuse related pathologies is highly 

complex due to the multiple overlapping domains of IL-1b activity in any given patient.  The 

high rate of comorbidity between substance abuse and mood disorders is one complicating 

factor as mood disorders have also been associated with IL-1b dysregulation (Turner et al, 

2018).  Additionally, the route of administration for the substance of abuse and risky behaviors 

associated with substance abuse have the potential to induce inflammation and IL-1b 

production that could obscure a causal role.  Nevertheless, a growing body of evidence 

describes an important neural role for IL-1b signaling in driving substance seeking behaviors. 

 The link between IL-1b and addiction in the context of alcoholism was first uncovered 

by genetic association studies which found that polymorphisms in the IL-1 family ligand genes 

IL-1a and the antagonist, IL-1Ra, were associated with alcoholism (Saiz et al, 2009).  Analysis 
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of human post-mortem brain tissue found that IL-1R1, the sole receptor for IL-1b, is 

overexpressed in alcoholics along with other markers related to stress and inflammation 

(McClintick et al, 2013).  Attempts to model the involvement of  IL-1 in alcohol seeking 

behavior have largely been successful as alcohol seeking behavior is attenuated in IL-1R1 

knockout mice and direct administration of IL-1Ra into the central amygdala dramatically 

reduces voluntary alcohol consumption while antagonist administration to neighboring nuclei 

has no effect (Karlsson et al, 2017; Marshall et al, 2016).  Similar observations have been found 

in the context of cocaine abuse in both humans and mice.  Circulating IL-1b positively 

correlates with severity of cocaine dependence in patients (Araos et al, 2015).  In mice, chronic 

cocaine use drives IL-1b mRNA expression in the ventral tegmental area of the brain and IL-

1Ra mediated inhibition of IL-1 signaling in the same region can decrease drug-seeking 

behavior in a dose dependent manner (Brown et al, 2018).   

 Substance abuse and opioid addiction in particular are associated with centrally 

mediated immunosuppression, characterized by a suppression of iNOS production in response 

to inflammatory stimuli (Reece, 2008; Szczytkowski et al, 2013).  Opioid induced 

immunosuppression can be linked to unrelated stimuli by Pavlovian conditioning (Hutson et al, 

2017).  Based on the established link between Pavlovian conditioning and IL-1 signaling in the 

brain, the lab of Donald T. Lysle at the University of North Carolina at Chapel Hill is 

extensively investigating the role of IL-1b in models of heroin-conditioned immunosuppression 

and found IL-1b signaling in the dorsal hippocampus is necessary to induce the phenomenon 

(Lebonville et al, 2016; Szczytkowski et al, 2013).  Additional IL-1b signaling is required in 

the basolateral amygdala to produce heroin-conditioned immunosuppression, indicating IL-1b 
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may link multiple addiction related pathologies (Hutson et al, 2017).  Whether this role is 

distinct from classical Pavlovian conditioning remains an open question. 

 Our understanding of the relationship between immune system perturbations and 

Autism Spectrum Disorder (ASD) is rapidly evolving.  The association between immune 

perturbations and ASD was first identified based on observations that children who contracted 

Rubella during gestation were at a dramatically higher likelihood to display ASD symptoms, 

and further studies confirmed that maternal infection in general is associated with increased risk 

of ASD (Atladóttir et al, 2010; Chess, 1977).  As a result, maternal immune activation (MIA) 

is an established risk factor for ASD and the basis for an animal model of psychiatric disease 

including ASD, in which the timing and severity of MIA, produces distinct social and 

behavioral abnormalities in mice (Choi et al, 2016; Meyer et al, 2006).  Although the 

developmental aspects of ASD may be beyond the scope of sickness behavior, behavioral 

symptoms may be due in part to an aberrant response to immunological signals.  ASD patients 

and MIA mouse models have a distinctly altered immunological profile characterized by 

elevated circulating IL-17 and increased Th17 cells (Eftekharian et al, 2018; Gupta et al, 1998; 

Hsiao et al, 2012).  Additionally, fever is associated with temporary alleviation of ASD 

behavioral symptoms, establishing a direct link between immune system status and ASD 

behavioral pathology (Curran et al, 2007).  A variety of cytokines are now known to impact 

behavior though direct mechanisms remain largely unknown.  Reporting from our group has 

demonstrated a critical role for interferon gamma (IFNg) in mouse social behavior, the absence 

of which diminishes social preference and alters neuronal connectivity (Filiano et al, 2016).  

Similarly, the loss of IL-15 signaling has been reported to alter sociability, anxiety-like 

behavior, and serotonin signaling in the brain among additional broad metabolic phenotypes 



Chapter 1 - Introduction 
 

29 

(He et al, 2010; Wu et al, 2010; Wu et al, 2011).  Further anxiety-associated abnormalities have 

been reported in IL-33 knockout mice, and recent reporting from our group has demonstrated 

that IL-17a secreted by meningeal gd T cells influences exploratory behavior through direct 

action on neurons (Alves de Lima et al, 2020; Dohi et al, 2017).  The precise nature of when 

and how cytokines influence behavior, and how these mechanisms are disrupted in ASD remain 

unclear and the target of continuing research. 
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1.6 Thesis Rationale 
 

Sickness behavior is a virtually unavoidable aspect of the human condition to the extent 

which many characteristics of sickness behavior could be inferred by a layperson based on 

personal experience, without a technical definition.  Transcending the human experience, 

sickness behavior can be readily identified in a variety of animal species by simple behavioral 

observations which is undoubtably the impetus for countless veterinarian appointments.  

Despite the ubiquitous nature of sickness behavior in society and a common understanding of 

its broad symptoms, we possess little technical understanding of how signals generated by the 

immune system in peripheral tissues ultimately modulates neuronal activity and thus behavioral 

output.   

Mood disorders are highly prevalent in the United States, affecting more than one in five 

adults in their lifetime while current therapies are only modestly effective, and their underlying 

mechanisms remain mysterious (Kessler et al, 2005; Merikangas et al, 2010). In recent years, 

increasing numbers of publications have suggested an overlap between the diagnostic criteria 

for mood disorders and the set of symptoms common to any immunological threat, collectively 

referred to as "sickness behavior” (Dantzer, 2018; Martinez et al, 2018).  These symptoms are 

conserved throughout vertebrate species and broadly include decreased motivation, lethargy, 

and impaired concentration.  Additionally, clinical data has shown major depressive disorder 

patients have elevated levels of plasma IL-1β, a key initiator of sickness behavior (Koo & 

Duman, 2009; Mota et al, 2013). These findings have generated speculation that the immune 

system could become a therapeutic target for mood disorders although, it remains unclear how 

inflammatory signals originating from outside the brain ultimately modulate behavior at the 

neuronal level.  Nevertheless, newly uncovered connections between IL-1β signaling, sickness 
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behavior and mood disorders underscore the urgency of understanding the mechanisms of this 

behavioral response as any novel insights into sickness behavior may facilitate new therapeutic 

strategies. 

The broad expression of IL-1R1, the sole receptor for IL-1β, within multiple cell 

populations of the brain, has generated decades-long speculation that IL-1β signaling within the 

brain plays a role in sickness behavior and potentially other homeostatic functions (Deyerle et 

al, 1992; Rosenberg et al, 2018; Zhang et al, 2014a).  This speculation is bolstered by 

electrophysiology data from slice culture, demonstrating the ability of IL-1β to inhibit long-

term potentiation in hippocampal neurons which may contribute to learning and memory by 

influencing neuronal energy regulation however, conclusive evidence demonstrating that direct 

neuromodulatory capabilities of IL-1β are relevant in the context of sickness behavior remains 

elusive (del Rey et al, 2013; Del Rey et al, 2016; Katsuki et al, 1990).   

The recently discovered meningeal lymphatic system represents a potential point of access 

to the brain from the immune system that remains unexplored in the context of sickness 

behavior (Louveau et al, 2015). Publications from our lab have established that meningeal 

lymphatic vessels facilitate solute clearance from the brain parenchyma and that these vessels 

deteriorate with age resulting in accumulation of protein aggregates as well as cognitive 

impairment (Da Mesquita et al, 2018b).  Additionally, age is a significant factor governing the 

severity of sickness behavior and late-life mood disorder diagnoses are strongly correlated 

with worse outcomes (Godbout et al, 2005; Prina et al, 2013).  These findings have spurred 

speculation that meningeal lymphatic function, sickness behavior, and psychiatric illness may 

be linked together therefore, a thorough understanding of meningeal lymphatic function and 

sickness behavior is essential to developing new strategies to treat cognitive decline and mood 
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disorders. 

To summarize, the basis of this thesis is to address the following three experimental 

questions: 

 
   

 
1. What are the cellular targets and sources of IL-1β in the CNS involved in the 

behavioral response to peripheral inflammation? 
 

2. Do meningeal lymphatic vessels contribute to the behavioral response to 
peripheral inflammation? 

 
3. Does meningeal lymphatic impairment contribute to the exaggerated response to 

peripheral inflammation observed in aged mice?
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1.

Figure 1. Schematic representation of lymphatic/glymphatic impairment associated with 
advanced age.  Soluble macromolecules are cleared from the brain parenchyma by perfusion 
of CSF/ISF from arterial paravascular spaces to venous paravascular space where they are 
ultimately drained to meningeal lymphatic vessels.  Age associated deterioration of meningeal 
lymphatic vessels impairs CSF/ISF perfusion and solute clearance from the brain. 
 
Adapted from (Da Mesquita et al, 2018a) 
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2.1 Interleukin-1b Signaling Within the Brain in Not Required to Modulate 
Behavior   

 
To study sickness behavior, we developed a treatment and behavioral testing paradigm 

designed to simplify the biological response while retaining physiological relevance and 

capturing multiple facets of sickness behavior in mice.  Intraperitoneal (i.p.) delivery of IL-1β 

was selected as a model of peripheral inflammation-induced sickness behavior for two key 

reasons.  First, direct cytokine injection simplifies the biological response relative to live 

infection because IL-1β is detected by a single signaling receptor (IL1R1) while remaining 

capable of inducing robust sickness behavior (Dinarello, 1994).  Second, we made the 

judgement that i.p. delivery of IL-1β is the most physiologically relevant route to study as it 

can be viewed as an experimental approximation of IL-1β released due to infection or injury in 

peripheral tissue.  Reports have demonstrated that IL-1β introduced by a variety of routes, 

including direct infusion into the brain or cerebrospinal fluid, intravenous, and subcutaneous, 

all result in similar behavioral outputs but may rely on distinct signaling pathways (Bluthé et 

al, 1996a; b).  Each of these routes of IL-1β administration may be relevant in specific disease 

contexts however, we believe that the intraperitoneal route simulates the broadest range of 

injuries which may induce sickness behavior.   

To collect behavioral data, we subject mice to repeated 10-minute open field test at 1, 2, 3, 

and 6 hours following IL-1β or saline vehicle control i.p. injection (Fig. 2a).  The open field 

test can be used to assess both activity and anxiety by measuring both total distance traveled 

and time spent in the center of the arena which mice typically explore but prefer the relative 

safety of high walls (Swiergiel & Dunn, 2007).  This strategy enables us to capture locomotor 

activity over time so we can assess the severity and duration of IL-1β-induced behavioral 

changes.  This model induces short-term depression of locomotor activity that generally 
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resolves by the 6th hour following IL-1β injection (Fig. 2b).  Due to the established confounding 

nature of assessing anxiety during reduced locomotor activity, we did not consider time spent 

in the center of the arena as a meaningful measure of anxiety in IL-1b injected mice.  Although 

distance traveled is the most definitive measure of overall activity, the possibility exists that 

mice with distinct activity phenotypes could appear the same by this measure.  For example, a 

sluggish mouse that moves consistently but slowly could travel the same distance as a mouse 

that rests for a majority of the test but moves energetically for short periods.  To address this 

possibility, we quantify time immobile for each mouse (Fig. 2c) however, we do not observe 

any divergence between trends detected by measuring activity versus immobility therefore, we 

will report distance traveled as our primary measurement of activity, as the most sensitive and 

scientifically established metric.  One caveat to our experimental approach that should be 

acknowledged is that control mice become less active in subsequent tests with repeated 

exposure to the open field testing environment that reaches a base line at 6 hours and persists 

through the next day (Fig. 2d, e).  We speculate that this effect is due to increased familiarity 

and therefore reduced exploratory interest.  Sickness behavior has been described as a 

motivational shift and as such, we are measuring a general decrease in typical activity which 

includes exploratory interest (Dantzer, 2001). 

 To investigate the persistent notion that IL-1β signaling within the brain contributes to 

sickness behavior, we generated mice with conditional knockout of Il1r1, the gene that encodes 

the sole signaling receptor for IL-1β. To achieve conditional ablation of IL-1R1 from brain 

endothelial cells, we used AAV-BR1-Cre, which specifically targets brain endothelium (Fig. 

3a). Deletion of IL-1R1 from several brain-resident cell types was achieved by crossing 

Il1r1flox/flox mice with neuron-specific (Syn1Cre, Fig. 3b), astrocyte-specific (GfapCreERT2, Fig. 
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3c) or microglia-specific (Cx3cr1CreERT2, Fig. 3d) mice. For inducible Cre lines, deletion was 

induced by 2-week course on tamoxifen diet followed by 2 weeks on regular chow prior to 

behavioral testing.  We found that none of these conditional knockout mice sufficed to alter 

sickness behavior in response to peripheral IL-1β or altered baseline activity.   

 We further assessed whether local IL-1β signaling within the brain parenchyma 

contributes to sickness behavior using Il1b knockout mice which retain the ability to respond 

to IL-1β while lacking the capacity to produce IL-1β endogenously. Therefore, we can 

experimentally control the amount of IL-1β, and where it originates from, in these mice.  We 

confirm that i.p. injected IL-1β can access the bloodstream of Il1b knockout mice and circulate 

at levels equivalent to wildtype controls during the timeframe of sickness behavior (Fig. 4a).  

Furthermore, these mice exhibit a typical behavioral response to peripheral IL-1β indicating 

that IL-1β production within the CNS is not required to induce sickness behavior (Fig. 4b). 

  



Chapter 2 - Results 38 

2. 
 

  

Figure 2. Experimental approach to measure sickness behavior.  (a) Mice are treated with 1µg IL-
1β or saline vehicle is delivered via i.p. injection then subjected to multiple 10-minute open field tests.  
Sickness behavior is assessed at 1, 2, 3, and 6 hours post injection, an additional test is performed 24 
hours post injection to detect any prolonged effects. (b) Summary of total distance traveled at each 
timepoint. (c) Summary of time immobile at each time point. (d) Distance traveled at each time point 
assessing sickness behavior, and (e) recovery.  Data represented as mean ± SEM; n=6-8, ***p<0.001 
****p<0.0001, 2-way ANOVA with repeated measures and Šidák correction for multiple comparisons. 
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3. 
 
  

Figure 3. Conditional deletion of IL1R1 on neural cell populations does not impact 
peripheral cytokine induced sickness behavior. (a-d) Locomotor activity following saline 
(left) or IL-1β i.p. injection (right) in conditional knockout mice. (a) Brain endothelium was 
targeted by injection of AAV-BR1-GFP or AAV1-BR1-Cre into IL1R1fl/fl mice (n=7 per 
group), or (b-d) by crossing floxed mice to cell specific Cre lines: (b) neurons (SynCre, n=8 
mice per group), (c) astrocytes (GfapCreERT2, n=6-10 mice for saline, n=13-15 mice for IL-
1β), (d) and microglia (Cx3cr1CreERT2, n=5-6 mice for saline, n=11-17 mice for IL-1β). Data 
is presented as mean ± SEM; no significant difference was found between groups. 
Representative of two independent experiments. 

b 

d 

a 

c 
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4.  

Figure 4. IL-1β production within the CNS is not required to induce behavioral shift in 
response to peripheral IL-1β. (a) IL-1β detected in plasma of IL1B KO mice and wildtype 
controls 2 hours following i.p. injection of 1µg IL-1β or saline.  (b) Locomotor activity of IL1B 
KO mice following IL-1β or saline i.p. injection. Data is presented as mean ± SEM; (a) n=3, each 
point represents plasma pooled from 2 biological replicates, (b) n=8, ****p<0.0001 2-way 
ANOVA Representative of two independent experiments (b) 
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2.2 Experimental Manipulation of Meningeal Lymphatic Vessel Function 
Alters the Microglial and Behavioral Responses to Peripheral 
Inflammation  

 
To address the possibility that meningeal lymphatic vessels play a role in sickness behavior, 

we ablated meningeal lymphatics in adult (2-month-old) mice using the photodynamic drug 

Visudyne (verteporfin) which, upon targeted photoactivation, selectively ablates meningeal 

lymphatic vessels (Da Mesquita et al, 2018b).  Following intra cisterna magna (i.c.m.) injection 

of 5µL verteporfin solution, the drug accumulates in lymphatic vessels where it is 

photoactivated through intact skull at five locations previously described to effectively target 

lymphatic vessels (Da Mesquita et al, 2018b).  For sham procedure, photoactivation is not 

performed.  Following one-week recovery after lymphatic ablation or sham procedure, we 

assess sickness behavior by repeated open field testing following i.p. injection with IL-1β or 

saline (Fig. 5a-c). Lymphatic ablation was found to have no impact on anxiety, exploratory 

behavior or overall locomotor activity of mice injected with vehicle as a control (Fig. 5c), 

whereas lymphatics-ablated mice injected with IL-1β exhibited a marked reduction in 

locomotor activity (Fig. 5d).  We verify that this effect is due to lymphatic ablation and not off-

target effects of the Visudyne solution or photoactivation by assessing sickness behavior in 

Visudyne i.c.m. injected mice where photoactivation was purposefully performed off-target 

from known lymphatic vessels (Fig. 6).  In this instance, artificial cerebrospinal fluid (aCSF) 

i.c.m. injection was used in lieu of Visudyne for sham treatment to assess any baseline impact 

of Visudyne solution injection on behavior however, no difference was detected between 

baseline activity or response to peripheral IL-1β, bolstering our assessment that the impact we 

observe on the behavioral response to IL-1β in our lymphatic ablation model is not due to off-

target effects.   
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As the tissue resident immune cell of the CNS, microglia are known to respond to peripheral 

inflammation however, the relationship between microglia activity and behavioral output 

remains unclear (Wynne et al, 2010).  We employ a dual analysis pipeline to interrogate the 

impact of meningeal lymphatics ablation on microglia response to peripheral inflammation, by 

harvesting brains from lymphatics-ablated or sham-treated mice 2 hours after injection of IL-

1β or saline. Each brain was divided into hemispheres to enable concurrent histological and 

transcriptional profiling of microglia.  Microglial morphology is dynamic and responsive to 

immune activation; under homeostatic conditions microglia are highly ramified, whereas upon 

activation, they become simplified and amoeboid (Kettenmann et al, 2011). Quantification of 

microglial complexity by Sholl analysis revealed that ablation of meningeal lymphatics impairs 

the morphological shift of microglia to an activated form. In addition, we also observed a less 

ramified morphology from vehicle-treated, lymphatics-ablated mice relative to sham controls, 

indicative of elevated inflammation at baseline (Fig. 7a, b).   

To assess microglia activation on a transcriptional level, we employed magnetic-activated 

cell sorting (MACS) to isolate and sequence CD11b+ cells from the other hemisphere of 

lymphatics-ablated and sham-operated mice 2 h following saline or IL-1β injection (Fig. 8a).  

This approach yielded ~84% microglia, ~11% macrophages, and ~5% endothelial cells as 

determined by expression of marker genes (Fig. 8b).  MACS sorting was selected over 

alternative, more specific cell sorting techniques such as fluorescence-activated cell sorting 

(FACS) to ensure that data was generated from the highest quality samples.  FACS sorting 

requires additional time and subjects cells to increased hydrodynamic stress which can degrade 

sample quality by inducing an unintended transcriptional response (Bohlen et al, 2019; Heng et 

al, 2021).  We identified five microglial clusters, of which cluster 2 showed a high number of 
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upregulated genes associated with an activated state (Fig. 8c, d).  Notably, cluster 2 was greatly 

expanded in IL-1β-treated groups but this expansion diminished with lymphatic ablation (Fig. 

9a, b).  Broadly speaking, the microglial transcriptional response to IL-1β under sham and 

meningeal lymphatics-ablation is similar, sharing 60% of the top 25 differentially expressed 

genes albeit with a lower log fold change in meningeal lymphatics ablation (Table 1, 2, 

Supplementary file).  Il1b, Tnf, and Ptgs2 (prostaglandin-endoperoxide synthase 2, commonly 

known as COX-2), genes previously implicated in sickness behavior, were found elevated in 

microglia after induction of peripheral inflammation with IL-1β, but not Il6 (Fig. 9c). 

Furthermore, we observe significant differences in overall gene expression due to meningeal 

lymphatic ablation in the absence of IL-1β stimulation, for example, elevated Tnf expression 

was associated with lymphatic ablation at baseline but no difference was detected between sham 

and ablation with IL-1β treatment (Table 3, Fig. 9c).  It should be noted that significantly 

elevated Il1b expression in lymphatics-ablated mice in response to peripheral inflammation was 

the result of higher expression levels in fewer cells, as Il1b expression was detected in more 

than 32% of sham microglia responding to peripheral IL-1β, but in fewer than 25% of 

lymphatics-ablated microglia responding to IL-1β (Supplemental file).  Consistent with their 

reduced overall shift to an activated state, we observe a diminished number of differentially 

upregulated and downregulated genes in response to peripheral IL-1β in the lymphatics-ablated 

mice, and the top 25 differentially expressed genes between sham response to IL-1β and 

meningeal lymphatics ablation response to IL-1β are universally decreased in meningeal 

lymphatic ablation (Fig. 9d, Table 4).  To investigate how this differential transcriptional 

response may impact microglia function, we identified enriched biological processes in 

differentially expressed genes unique to either the sham or meningeal lymphatics ablation 



Chapter 2 - Results 44 

response to peripheral IL-1β and following saline.  It is important to note that a large number 

of enriched biological pathways (189 downregulated, 920 upregulated) were detected in 

meningeal lymphatics ablation microglia relative to sham in the absence of IL-1β stimulation, 

which are broadly indicative of elevated baseline inflammation and potentially indicate an 

impact on circadian rhythm (Table 5, 6, Supplementary file).  Overall, we observe a stark 

decrease in the number of unique enriched pathways (302 in sham and 42 in ablation), the 

number of genes identified per pathway, and the relative statistical strength of enrichment (Fig. 

9e, Table 7, 8, 9, 10, Supplementary file).  The most statistically significant uniquely enriched 

pathways in sham microglial IL-1β response genes were involved in metabolic processes such 

as “ATP metabolic process”, “Mitochondrion organization”, “Mitochondrial respiratory chain 

complex assembly”, “Generation of precursor metabolites and energy”, and “Oxidative 

phosphorylation” indicative of elevated cellular activity.  Conversely, uniquely upregulated 

biological processes in microglial IL-1β response genes after lymphatic ablation tend to concern 

the immune response, including: “Cytokine secretion”, “Lymphocyte activation involved in 

immune response”, “T cell differentiation involved in immune responses”, “Cellular response 

to interferon-alpha” and “Myeloid leukocyte activation” (Fig. 9e, Supplemental file).  

Due to our unexpected finding that more severe peripheral cytokine-induced sickness 

behavior is associated with impaired microglia response, we further investigated how near total 

depletion of microglia would impact sickness behavior.  To examine the impact of peripheral 

inflammation on mouse behavior in the absence of microglia, we added the CSF1R antagonist 

PLX5622 into the feed for 2 weeks which has been previously established to deplete >99% of 

microglia as well as other tissue resident macrophages (Fig. 10a, b) (Dagher et al, 2015). When 

sickness behavior was assessed, we observed a heightened response to peripheral inflammation 
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in microglia-depleted mice, suggesting a potential role for microglia in limiting the severity of 

sickness behavior (Fig. 10c).  Although this finding is contrary to the widely speculated role of 

microglia in sickness behavior, it has been independently confirmed with a peripheral LPS-

induced sickness behavior model in a recent report (Dantzer, 2018; Vichaya et al, 2020). 

Meningeal lymphatic function has been reported to decline with age which we speculate 

may contribute to age-associated exacerbation of sickness behavior (Da Mesquita et al, 2018b; 

Ma et al, 2017). To identify similarities between the effects of aging and of meningeal 

lymphatics ablation on the microglial response to peripheral inflammation, we sequenced 

CD11b+ cells from the brains of aged (2-year-old) mice 2 hours after injection of IL-1β or saline 

and integrated the datasets with the previous adult (2-month-old) mouse meningeal lymphatic 

ablation dataset (Fig. 11a, b, Fig. 12a).  A comparison of the IL-1β response-associated 

transcriptional changes across three conditions—young (sham), young with lymphatic ablation 

(ablation), and geriatric (aged)—revealed fewer upregulated genes and more downregulated 

genes in the aged than in the young condition, whereas the lymphatics-ablated group had the 

fewest in both directions (Fig. 12b). Although there are substantial age-associated changes, the 

overall microglia transcriptional response to peripheral IL-1β remains consistent with young 

mice, sharing approximately two-thirds of the top 25 significant differentially expressed genes 

with both sham and meningeal lymphatics ablation conditions (Tables 1, 2, 11).  To identify 

aberrations in the microglial response to peripheral inflammation that were common to both the 

‘lymphatic ablation’ and the ‘aged’ conditions, we identified differentially expressed genes and 

enriched biological-process pathways in the ‘ablation’ or ‘aged’ response compared to the 

‘adult (sham)’ response to IL-1β, on a cluster-by-cluster basis (Supplemental file). The 

intersection of enriched biological pathways reveals modest overlap in shared pathways among 



Chapter 2 - Results 46 

homeostatic microglia (cluster 0), under 29% of upregulated pathways and only 6% of 

downregulated pathways in meningeal lymphatics ablation cluster 0 are shared by the aged 

response (Fig. 12c).  By contrast, we observe robust overlap in shared pathways among 

inflammation-associated microglia (cluster 2) between the meningeal lymphatics ablation and 

aged response to peripheral IL-1β, over 86% of upregulated biological pathways in meningeal 

lymphatics ablation inflammation-associated microglia are also observed in aged mice and 

while there are substantially more downregulated biological processes in meningeal lymphatics 

ablation than aged relative to sham, over half of downregulated pathways observed in the aged 

response to IL-1β are present in meningeal lymphatics ablation (Fig. 12c). A representative 

selection of upregulated pathways common to the ‘ablation’ and the ‘aged’ response to 

peripheral inflammation in inflammation-associated microglia (Fig. 12d) reveals that pathways 

related to inflammation and immune cell activation are elevated in both the experimental 

lymphatics ablation and aged response to peripheral IL-1β.  This finding is consistent with our 

assumption that although broad microglia activation is impaired by meningeal lymphatic 

impairment, there may be compensatory hyperactivation of a subset of microglia. 

Paradoxically, we identify 25 pathways which are present in both lists of the shared 298 

upregulated and the shared 66 downregulated pathways common to ‘ablation’ and ‘aging’ in 

inflammation-associated microglia (Fig. 12e, Supplemental file), indicating potential 

dysregulation resulting from meningeal lymphatic impairment relevant in aging.   

Finally, we test whether experimental enhancement of meningeal lymphatic vessels can 

reduce the severity of sickness behavior symptoms in aged mice.  Experimental treatment of 

meningeal lymphatic vessels by means of AAV-mediated overexpression of VEGFc can 

enhance the functioning of meningeal lymphatic vessels and improve glymphatic function in 



Chapter 2 - Results 47 

aged mice which naturally exhibit more severe sickness behavior than young mice (Da 

Mesquita et al, 2018b; Godbout et al, 2008).  Following AAV-VEGFc or AAV-LacZ control 

treatment in 2-year-old mice, we allowed 1 month for recovery and vector expression, which 

sufficed to increase lymphatic vessel diameter on average by over 7 µm (Fig. 13a-c).  Notably, 

we found that such lymphatic enhancement sufficed to reduce the severity of sickness behavior 

in aged mice in response to peripheral IL-1β (Fig. 13d). 
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5. 
  

Figure 5. Meningeal lymphatic ablation exacerbates behavioral response to peripheral 
IL-1β.  (a) Visudyne was injected i.c.m. and photoactivated for ablation or left without 
photoactivation for sham.  IL-1β-induced sickness behavior was quantified by repeated 10-
minute open field test at 1, 2, 3, and 6 hours following 1μg IL-1β or saline i.p. injection. (b) 
Representative heatmaps depict mouse position over 10 minutes, 2 hours following saline 
or IL-1β injection. (c) Cumulative time in center of arena comparing saline treated sham and 
ablation groups. (d) Locomotor activity of lymphatic ablated and sham mice following 
saline or IL-1β injection (n=6-8 mice per group). Data is represented as mean ± SEM; 
*p<0.05 ****p<0.0001; unpaired two-tailed t-test (c), three-way ANOVA (d). 
Representative of two independent experiments. 
 



Chapter 2 - Results 49 

6.  

Figure 6. Off-target effects of verteporfin treatment do not contribute to behavioral 
response to peripheral IL-1β.  Visudyne or aCSF control was injected i.c.m. and 
photoactivated at 5 sites, each ~1mm away from known lymphatic vessel locations.  
Following 1-week recovery, mice were injected i.p. with 1μg IL-1β or saline and subjected 
to repeated 10-minute open field test.  Data is represented as mean ± SEM; n=6-8, 
****p<0.0001; 2-way ANOVA.  
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7.  

Figure 7. Meningeal lymphatic ablation impairs microglia morphological response to 
peripheral IL-1β.  (a) Representative images of microglia (Iba1) immunostaining 2 hours 
following IL-1β or saline i.p. injection.  (b) Sholl analysis of microglia complexity. Data is 
represented as mean ± SEM; n=45 cells from 3 mice per group, ****p<0.0001; three-way 
ANOVA. 
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8.  

Figure 8. Single-cell sequencing of microglia, macrophages and endothelial cells after 
IL-1β induced sickness. (a) UMAP representation for brain CD11b+ cells highlighting the 
different cluster with and without lymphatic ablation and injected with saline or IL-1β. (b) 
Dot plot of cell type marker expression by cluster. (c) Heatmap of mean expression of genes 
used to define inflammatory microglia. (d) Features plot depicts the distribution of Il1a 
expression.  
 

b 

d c 

a 
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9.  
Figure 9. Meningeal 
lymphatic ablation impairs 
microglia activation and 
transcriptional response to 
peripheral inflammation. (a-
e) Enrichment of CD11b+ cells 
from brains of ablation and 
sham mice, 2 hours after IL-1β 
or saline injection was achieved 
by magnetic-activated cell 
sorting. Transcriptomes were 
analyzed by single-cell RNA 
sequencing (n=5 mice per 
group). (b) UMAP 
representation of sequenced 
cells including microglia and 
macrophages with endothelial 
cell cluster removed. Different 
cell cluster are highlighted and 
split by experimental 
conditions. (c) Representation 
of cluster proportions for each 
condition. (d) Violin plots 
showing microglia expression 
of proinflammatory cytokines 
Il1b, Tnf, Il6 and Ptgs2. (e) 
Volcano plots depict 
significantly down-regulated 
(blue) and up-regulated 
(orange) genes between saline 
and IL-1β treatments for sham 
and ablation mice. (f) Top 5 
unique gene ontology terms 
enriched in sham (out of 302 
total) and ablation (out of 42 
total) in response to IL-1β by 
lowest adjusted p-value. F-test 
with adjusted degrees of 
freedom based on weights 
calculated per gene with a zero-
inflation model and p-value 
adjustment with Benjamini-
Hochberg (c-e). 

d c 

b a 

e 
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10.  

Figure 10. Microglia depletion exacerbates behavioral response to peripheral 
inflammation.  (a-c) Microglia depletion strategy using PLX5622 chow. (a) Schematic, (b) 
representative confocal images of brain sections stained with DAPI and anti-Iba1, and (c) 
locomotor activity of microglia-depleted and control mice following IL-1β or saline i.p. 
injection (n=8 mice per group). Data is represented as mean ± SEM; ****p<0.0001 3-way 
AVOVA with Tukey post-hoc test in (c) Representative of two independent experiments. 
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11.  

Figure 11. Single-cell sequencing of aged microglia and macrophages and after IL-1β 
induced sickness. (a) UMAP representation of CD11b+ sequenced cells from aged mice 2-
hours following saline or IL-1β i.p. injection. (b) Cluster distribution compared between saline 
and IL-1β treatment. 
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12.  

Figure 12.  Enhancement of meningeal lymphatic function in aged mice reduces the severity of 
sickness behavior. (a-e) CD11b+ cells from aged mice were isolated by magnetic-activated cell 
sorting 2 hours following IL-1β or saline i.p. injection and sequenced (5 pooled per sample). (a) Aged 
mouse data were integrated into the adult mouse lymphatic ablation dataset for comparison and 
represented as UMAP depicting the distribution of cells across conditions. (b) Differentially expressed 
genes between saline and IL-1β treatments were compared for each condition (sham, ablation, aged), 
and the overlap in upregulated (left) and downregulated (right) genes is shown.  (c) Gene ontology 
pathways in “Ablation - IL-1β” or “Aged - IL-1β” compared with adult control (“Sham - IL-1β”). 
Quantification of the overlap in altered pathways upregulated (left) and downregulated pathways 
(right) is shown for cluster 0 (homeostatic microglia) and cluster 2 (inflammation-associated 
microglia). (d) Selection of significantly elevated pathways in lymphatic ablation and aged cluster 2 
microglia over adult control. (e) A representative selection of 25 potentially dysregulated pathways in 
cluster 2 that are both elevated and reduced in lymphatic ablation and aging compared to sham. The 
p-value and number of genes identified in each pathway is presented for each comparison.  F-test with 
adjusted degrees of freedom based on weights calculated per gene with a zero-inflation model and p-
value adjustment with Benjamini-Hochberg (b-e). 

b a 

d c 

e 
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13.  

Figure 13. Enhancement of meningeal lymphatic function in aged mice reduces the severity 
of sickness behavior.  (a-c) AAV1-LacZ (sham) or AAV1-VEGFc was administered to aged 
(~2-year-old) mice by i.c.m. injection to achieve meningeal lymphatic enhancement after 1-
month incubation period. (a) Diagram showing timepoints of AAV administration and sickness 
behavior induction. (b) Representative confocal images of dural meninges stained with DAPI 
and anti-Lyve1 antibody. (c) Quantification of the average lymphatic vessel diameter after 
VEGFc treatment (n=8 mice per group). (d) Locomotor activity of lymphatic-enhanced and 
control mice following 0.5 μg IL-1β i.p. injection (n=8 mice per group). Data is represented as 
mean ± SEM; *p<0.05 ***p<0.001, unpaired two-tailed t test in (c), two-way ANOVA with Šidák 
post-hoc test in (d). Representative of two independent experiments in (c, d). 

a d c 

b 
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1. 
  

Table 1. Top 25 Differentially Expressed Genes in Sham Microglia Response to IL-
1b.  Differential gene expression comparing microglia of sham-IL-1b vs. sham-saline.  
Top 25 genes by p-value depicted with log fold change (logFC) and percent of cells with 
observed expression in sham-IL-1b (pct.1) and sham-saline (pct.2).  F-test with adjusted 
degrees of freedom based on weights calculated per gene with a zero-inflation model and 
p-value adjustment with Benjamini-Hochberg 
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2. 
  

Table 2. Top 25 Differentially Expressed Genes in Meningeal Lymphatic Ablation 
Microglia Response to IL-1b.  Differential gene expression comparing microglia of 
ablation-IL-1b vs. ablation-saline.  Top 25 genes by p-value depicted with log fold change 
(logFC) and percent of cells with observed expression in ablation-IL-1b (pct.1) and 
ablation-saline (pct.2).  F-test with adjusted degrees of freedom based on weights 
calculated per gene with a zero-inflation model and p-value adjustment with Benjamini-
Hochberg 
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3. 
  

Table 3. Top 25 Differentially Expressed Genes in Meningeal Lymphatic Ablation 
vs. Sham Microglia Following Saline.  Differential gene expression comparing microglia 
of ablation-saline vs. sham-saline.  Top 25 genes by p-value depicted with log fold change 
(logFC) and percent of cells with observed expression in ablation-saline (pct.1) and sham-
saline (pct.2).  F-test with adjusted degrees of freedom based on weights calculated per 
gene with a zero-inflation model and p-value adjustment with Benjamini-Hochberg 
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4. 
  

Table 4. Top 25 Differentially Expressed Genes in Meningeal Lymphatic Ablation 
vs. Sham Microglia responding to IL-1b.  Differential gene expression comparing 
microglia of ablation-IL-1b vs. sham- IL-1b.  Top 25 genes by p-value depicted with log 
fold change (logFC) and percent of cells with observed expression in ablation-IL-1b 
(pct.1) and sham- IL-1b (pct.2).  F-test with adjusted degrees of freedom based on weights 
calculated per gene with a zero-inflation model and p-value adjustment with Benjamini-
Hochberg 
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5. 
  

Table 5. Top 20 Downregulated Biological Pathways in Meningeal Lymphatic 
Ablation Microglia. Enriched downregulated biological pathways based on differentially 
expressed genes between ablation-saline and sham-saline microglia.  Top 20 by adjusted 
p-value depicted.  F-test with adjusted degrees of freedom based on weights calculated per 
gene with a zero-inflation model and p-value adjustment with Benjamini-Hochberg 
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6. 
  

Table 6. Top 20 Upregulated Biological Pathways in Meningeal Lymphatic Ablation 
Microglia.  Enriched upregulated biological pathways based on differentially expressed 
genes between ablation-saline and sham-saline microglia.  Top 20 by adjusted p-value 
depicted.  F-test with adjusted degrees of freedom based on weights calculated per gene 
with a zero-inflation model and p-value adjustment with Benjamini-Hochberg 
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7. 
  

Table 7. Top 20 Unique Downregulated Biological Pathways in Sham Microglia IL-
1b Response.  Enriched downregulated biological pathways based on differentially 
expressed genes between sham-saline and sham-IL-1b microglia.  Top 20 by adjusted p-
value depicted.  F-test with adjusted degrees of freedom based on weights calculated per 
gene with a zero-inflation model and p-value adjustment with Benjamini-Hochberg 
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8. 
  

Table 8. Top 20 Unique Upregulated Biological Pathways in Sham Microglia IL-1b 
Response.  Enriched upregulated biological pathways based on differentially expressed 
genes between sham-saline and sham-IL-1b microglia.  Top 20 by adjusted p-value 
depicted.  F-test with adjusted degrees of freedom based on weights calculated per gene 
with a zero-inflation model and p-value adjustment with Benjamini-Hochberg 
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9. 
  

Table 9. Top 20 Unique Downregulated Biological Pathways in Meningeal 
Lymphatic Ablation Microglia IL-1b Response.  Enriched downregulated biological 
pathways based on differentially expressed genes between ablation-saline and ablation-
IL-1b microglia.  Top 20 by adjusted p-value depicted.  F-test with adjusted degrees of 
freedom based on weights calculated per gene with a zero-inflation model and p-value 
adjustment with Benjamini-Hochberg 
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10.  

Table 10. Top 20 Unique Upregulated Biological Pathways in Meningeal Lymphatic 
Ablation Microglia IL-1b Response.  Enriched upregulated biological pathways based 
on differentially expressed genes between ablation-saline and ablation-IL-1b microglia.  
Top 20 by adjusted p-value depicted.  F-test with adjusted degrees of freedom based on 
weights calculated per gene with a zero-inflation model and p-value adjustment with 
Benjamini-Hochberg 
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11. 
 
 
 

Table 11. Top 25 Differentially Expressed Genes in Aged Microglia Response to IL-
1b.  Differential gene expression comparing microglia of aged-IL-1b vs. aged-saline.  Top 
25 genes by p-value depicted with log fold change (logFC) and percent of cells with 
observed expression in aged-IL-1b (pct.1) and aged-saline (pct.2).  F-test with adjusted 
degrees of freedom based on weights calculated per gene with a zero-inflation model and 
p-value adjustment with Benjamini-Hochberg 
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3.1 Interleukin-1b Alters Behavior Through Indirect Mechanisms 
 

Neuronal expression of IL-1R1 under homeostatic and developmental conditions has been 

repeatedly confirmed by single cell RNAseq experiments and expression of IL-1R1 has been 

reported to increase in spinal cord neurons in a complete Freund's adjuvant induced model of 

inflammatory pain (Hochgerner et al, 2018; Holló et al, 2017; Rosenberg et al, 2018).  Taken 

together, these lines of evidence strongly suggest multiple roles for IL-1 in the CNS under both 

homeostatic and inflammatory conditions.  Large cohort-based studies have identified several 

neurodevelopmental disorders with immunological abnormalities and distinct cytokine profiles, 

fueling interest in neuronal cytokine signaling.  For example, patients with Autism Spectrum 

Disorder (ASD) typically have more circulating IL-17 and Th17 cells (Basheer et al, 2018; 

Eftekharian et al, 2018).  Clinical studies investigating cytokines as biomarkers for Major 

Depressive Disorder have consistently identified a correlation between elevated pro-

inflammatory cytokine levels and depression (Ellul et al, 2016; Mota et al, 2013).  Patients with 

mood disorders Major Depressive Disorder and Post Traumatic Stress Disorder exhibit elevated 

levels of IL-1b in serum and increased IL-1b production by monocytes in response to 

stimulation (Gola et al, 2013; Zhang et al, 2018).  These findings have established IL-1b as a 

biomarker for mood disorders and raised the possibility of IL-1b based therapies (Koo & 

Duman, 2009).  The association between IL-1b and mood disorders may also have broader 

implications for the study of sickness behavior.  Whether mood disorders can be viewed as 

inappropriate induction of sickness behavior is now an open question and active area of 

research. 

Despite these indications that physiologically relevant IL-1b signaling occurs within the 

CNS in the context of sickness behavior and psychiatric disorders, our investigation does not 
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identify a meaningful contribution of IL-1b signaling in the brain with respect to generating 

peripheral inflammation induced behavioral change.  This conclusion is based upon our 

findings that conditional deletion of IL-1R1 on brain endothelium, neurons, astrocytes, or 

microglia failed to alter the behavioral response to peripheral inflammation as assessed by 

locomotor activity over time, and that local production of IL-1b in the brain is not required to 

induce sickness behavior.  Our confidence is bolstered by independent confirmation by other 

groups using alternative conditional deletion strategies and experimental models (Knoll et al, 

2017; Liu et al, 2019).  This conclusion does not preclude the possibility that IL-1b signaling 

within the brain impacts a facet of sickness behavior that our experimental strategy is unable to 

resolve or that redundant compensatory mechanisms exist.  Additionally, despite the 

assumption that IL-1b cannot cross the blood-brain-barrier to directly access the brain 

parenchyma, it is possible that small amounts of IL-1b  could access the brain through unknown 

mechanisms and still exert significant downstream effects. 

The mouse models generated over the course of this investigation, in particular cell-type 

specific conditional knockout of IL-1R1 for CNS populations, will be useful for further 

interrogation of IL-1b signaling within the brain in the context of homeostatic function and 

models of psychiatric disease.  Although we do not identify a significant role for IL-1b signaling 

within the brain in the context of sickness behavior, compelling evidence exists to suggest 

potential roles for CNS IL-1b signaling in: regulating sleep, learning and memory, behavioral 

conditioning, post-traumatic stress disorder, and addiction (Brambilla et al, 2010; Hutson et al, 

2017; Jones et al, 2015; Jones et al, 2018; Parekh et al, 2020; Règue et al, 2019).  Relatively 

miniscule quantities of IL-1b can elicit a powerful systemic response, therefore any homeostatic 

function in the brain must be tightly controlled and thus difficult to detect.  As James Krueger 
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speculated with regard to how IL-1b could both promote sleep, which is associated with 

decreased body temperature, and fever, “one might assume that it is delivered by precise 

mechanisms, perhaps in concert with other sleep and temperature modulators.” (Krueger et al, 

1984).  Despite multiple lines of relatively strong circumstantial evidence, a direct mechanism 

of IL-1b signaling on neurons in vivo has yet to be described.  The mouse lines generated for 

this study are valuable genetic tools which enable us to assess in vivo, the contribution of IL-

1b signaling in the CNS with respect to a role in modulating aspects of sleep, stress, and 

experimental models of psychiatric disease.  Superficial preliminary phenotyping of these 

mouse lines has yet to reveal a cognitive phenotype however thorough interrogation of the stress 

response, sleep characteristics, and addictive behavior may elucidate roles for IL-1b in the 

brain.   
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3.2 Meningeal Lymphatic Vessels Facilitate Microglia Activation in 
Response to Peripheral Inflammation 

 
Impaired meningeal lymphatic vessel function has been linked to decreased 

recirculation of CSF through the brain via the glymphatic system and worsened cognitive 

function in adult mice via unknown mechanisms (Da Mesquita et al, 2018b).  Although there 

have been investigations into how meningeal lymphatic vessels contribute to Alzheimer’s 

Disease pathology and immune surveillance of the brain in the contexts of autoimmune disease 

and cancer, there are many lingering questions pertaining to how this structure contributes to 

physiological behavioral response to stimuli, inflammatory stimuli in particular (Da Mesquita 

et al, 2018b; Hu et al, 2020; Louveau et al, 2018; Song et al, 2020).  Prior to this investigation, 

we theorized that meningeal lymphatic ablation could impact sickness behavior in one of two 

ways.  First, if paracrine signals must be released in a discrete location within the brain then 

perfuse toward the cellular targets, lymphatic ablation and thus glymphatic disruption may 

impede necessary signaling events and prevent or delay the behavioral response.  Second, if the 

cellular targets of paracrine signals are near the source of paracrine signals, impaired clearance 

of solute may result in prolonged or hyperactivation of cellular targets as clearance of the 

paracrine signals should also be impaired.  Naturally, a third possibility exists in which there is 

simultaneous hyperactivation and hypoactivation of different target cell populations depending 

on proximity to the cellular sources of paracrine signals and regional differences in glymphatic 

activity which is supported by our transcriptional dataset. 

Here we have shown that experimental lymphatic ablation suffices to exacerbate the 

behavioral response to peripheral IL-1β, and that off-target effects of the lymphatic ablation 

drug do not contribute to this phenotype.  We find that lymphatic ablation increases the 

magnitude of the behavioral response to peripheral inflammation however, the total duration of 
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the sickness behavior response remains unchanged.  To interrogate how meningeal lymphatic 

ablation increases the severity of sickness behavior, we sequenced microglia sorted from the 

brains of meningeal lymphatics-ablated and sham treated mice 2 hours following i.p. injection 

with IL-1β or saline, the timepoint which was associated with the peak of the behavioral 

response.  Microglia are the tissue resident immune cell of the CNS and therefore an important 

population to understand within the context of the CNS response to peripheral inflammation.  

Due to their ability to upregulate cytokines and prostaglandin synthesis in response to peripheral 

inflammation and recent findings indicating that they may be required to terminate sickness 

behavior, microglia are widely believed to play a central role in this response (Duan et al, 2018; 

Shemer et al, 2020). 

In our analysis, we observe a profound decrease in the number of differentially 

expressed genes (DEGs) in meningeal lymphatics-ablated microglia in response to peripheral 

IL-1β relative to the sham control (1254 DEGs in sham response vs. 847 DEGs in meningeal 

lymphatics ablation response, Supplemental file).  Reflected in this finding is a similar reduced 

phenotypic shift from homeostatic (clusters 0, 1, 3, 6) towards a response to peripheral 

inflammation (cluster 2) observed in meningeal lymphatics-ablated mice responding to IL-1β.  

These findings indicate that in the absence of functional meningeal lymphatic vessels, microglia 

fail to fully respond to peripheral inflammation.  This activation deficit is corroborated by 

histological evidence demonstrating that there is a reduced morphological shift in microglia of 

lymphatics-ablated mice in response to IL-1β.  Although this finding is seemingly contrary to 

contemporary theories which purport microglial production of proinflammatory factors drive 

sickness behavior, we assess microglia expression of proinflammatory cytokines IL-1β, IL-6, 

and TNFa, as well as COX-2 which is the enzyme responsible for prostaglandin E2 synthesis.  
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Interestingly, we discover few differences between microglia cytokine production between 

sham and lymphatics ablated mice in response to IL-1β.  We find that IL-1β, TNFa, and COX-

2 are all significantly upregulated in response to peripheral IL-1β, regardless of meningeal 

lymphatic ablation, while no difference in IL-6 expression is found across all groups.  Two of 

these genes, IL-1β and TNFa, were impacted by meningeal lymphatic ablation.  TNFa 

expression was elevated in lymphatics ablated microglia relative to sham following saline 

injection however no difference was detected between peripheral IL-1β treated groups.  This 

may imply an elevated baseline level of inflammation in lymphatics-ablated mice which is also 

reflected in histological Sholl analysis.  Conversely, IL-1β expression was equivalent among 

saline treated groups however in response to peripheral IL-1β, expression is significantly higher 

in the lymphatics-ablated group.  Curiously, this is due to a higher magnitude of expression in 

fewer cells as IL-1β expression was identified in 32% of sham microglia but only 25% of 

lymphatics ablated microglia responding to peripheral IL-1β indicating that while overall 

microglia response is suppressed, there may be a subset of hyperactivated microglia. 

We further investigate potential functional differences between the sham and 

lymphatics-ablated response to peripheral IL-1β by identifying enriched biological pathways in 

differentially expressed genes induced by peripheral IL-1β injection.  In line with fewer 

transcriptional changes in lymphatics ablation microglia responding to peripheral IL-1β, we 

observe fewer enriched upregulated and downregulated biological pathways in microglia of 

lymphatics ablated mice.  Additionally, we detect 70 unique enriched pathways in the 

meningeal lymphatics ablation response to IL-1β whereas we identify 381 unique enriched 

pathways in the sham response (Supplemental file).  While investigating the functional nature 

of these uniquely enriched pathways, a trend emerges in which unique pathways to the sham 
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response concern energy production and demand, while the pathways unique to the meningeal 

lymphatics ablation response to peripheral IL-1b concern immune activation and cytokine 

secretion. 

We interpret these findings as evidence that meningeal lymphatic ablation impairs 

microglia activation through suppression of paracrine signaling.  Our theoretical framework 

supports both broad suppression of the microglia transcriptional response as well as constrained 

hyperactivation of a subset of microglia as indicators of aberrant paracrine signaling.  To further 

investigate this phenomenon, a more in-depth histological analysis of microglia throughout the 

brain in response to IL-1β is required.  Single cell RNA sequencing erases the spatial context 

of the cell, so we do not know the full spatial distribution of hyperactivated and hypoactivated 

microglia in this model.  The spatial context of these cells is critical to understand two-fold.  

First, understanding the distribution of hyper-activated vs. hypo-activated microglia within the 

brain may reveal insights into novel routes of paracrine signal perfusion.  Second, the spatial 

context of activated microglia is critical to understanding how they interact with other cell types 

of the brain.  The next step here will be to analyze microglia morphology both by anatomical 

region and by proximity to actively firing neuron populations as microglia response may also 

be influenced by neighboring cell activity and vice versa.   

Finally, despite not being the target of this investigation, the saline injected control 

conditions of the single-cell RNAseq data set generated may prove to be extremely valuable in 

their own right to assess the affects of acute meningeal lymphatic dysfunction.  We identify 574 

differentially expressed genes, accounting for over 1000 differentially enriched biological 

pathways, in meningeal lymphatics-ablated microglia versus sham microglia without IL-1b 

stimulation (Supplemental file).  In line with what we report in this study, upregulated 
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biological pathways in meningeal lymphatics ablation tend to reflect elevated baseline 

activation but interestingly, the top downregulated biological pathways in meningeal 

lymphatics ablation microglia versus sham in the absence of IL-1b indicate aberrant circadian 

rhythm.  Further analysis of this dataset and phenotyping of circadian rhythm deficits in 

meningeal lymphatic ablated mice may reveal key insights into how microglia and meningeal 

lymphatic function contribute to the regulation of circadian rhythm and sleep. 
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3.3 A Reassessment of the Role of Microglia to Sickness Behavior 
 

 Microglia are theorized to contribute to the induction and sustaining of sickness 

behavior through the release of soluble paracrine signals including inflammatory cytokines and 

prostaglandins, or through glutamate release-induced activation of N-methyl-D-aspartate 

(NMDA) receptors (Dantzer, 2018).  Our finding that ablation of meningeal lymphatic vessels 

both impair microglia response and increase the severity of peripheral inflammation induced 

sickness behavior is seemingly in conflict with prevailing theories, particularly because we do 

not observe any correlation between more severe sickness behavior and elevated expression of 

genes responsible for soluble inflammatory paracrine signals (Il6, Tnf, Ptgs2) associated with 

sickness behavior (Matsuwaki et al, 2017).  We do observe elevated Il1b expression in 

lymphatics ablated, IL-1β responding microglia however, the relevance of this is undercut by 

our finding that local production of IL-1β within the CNS is not required to induce sickness 

behavior.  If microglial secretion of cytokines is, in fact, involved in producing the behavioral 

response to peripheral inflammation, redundant pathways must exist which can adequately 

compensate such that any difference in behavior was undetectable.  Our speculation that 

microglia serve a role in tempering the severity of peripheral inflammation-induced sickness 

behavior is bolstered by recent reporting that resolution of sickness behavior depends upon 

microglial expression of the anti-inflammatory cytokine IL-10 (Shemer et al, 2020).  Although 

we do not observe any Il10 expression in our microglia transcriptional dataset, it is possible that 

this mechanism is involved at a later time point as the referenced report only examined 

transcription 6 hours following peripheral LPS injection while we assess 2 hours following IL-

1β injection.  Our finding that microglia/macrophage depletion results in an exaggerated 

behavioral response to peripheral IL-1β as well as independent confirmation by another group 
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using a peripheral LPS-induced sickness behavior model lend further support to our conclusion 

that microglia have a role in tempering the severity of sickness behavior (Vichaya et al, 2020).  

Regardless of this speculation, it is necessary to address the competing hypothesis, that 

exaggerated symptoms in response to peripheral inflammation in microglia depletion models is 

due to astrocyte (over)compensation, if this novel role is to be verified (Vichaya et al, 2020).  

Additionally, further interrogation of the microglia response between 3-6 hours following  

peripheral IL-1β in meningeal lymphatics ablation is required to assess the potential 

mechanisms by which microglia may act to resolve sickness behavior including assessment of 

IL-10 expression as that is currently the only proposed mechanism by which microglia may 

suppress sickness behavior (Shemer et al, 2020).  It may also provide valuable insight into any 

neuromodulatory role of microglia to probe further into how neuronal activity differs 

throughout sickness behavior in the context of microglia depletion.  

 In light of these findings, it may be appropriate to modify our view of microglia in 

sickness behavior from one of an instigator of inflammation to that of an enforcer of 

homeostasis.  The brain is a delicate organ with reduced capacity for healing relative to other 

organs and as such, the tissue-resident immune cell of the brain may have evolved in such a 

way to tightly control homeostasis in the event of systemic inflammation while remaining 

primed for further response if the immunological threat breaches the brain.  It may also be 

necessary to broaden the scope of investigations into the sources of neuromodulatory paracrine 

signals, including cytokines.  Reporting from our lab that interferon gamma (IFNg) signaling 

on neurons regulates social behavior, and that meningeal gd T cells influence anxiety-associated 

behavior in mice through IL-17a signaling on neurons, indicates that the immune cell 

compartment of the meninges may be a critical site for the exchange of neuromodulatory signals 
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from the peripheral immune system to the brain, not only in the context of acute inflammatory 

stress but as a consistently open line of communication between the immune system and the 

brain, enabling risk taking behavior to be balanced with the health and level of immunological 

threat of the body (Alves de Lima et al, 2020; Filiano et al, 2016).  Through the perspective of 

adaptive value, it is conceivable that evolution has selected for mechanisms that link behavior 

to overall health or immunological threat.  This link is potentially highly complex as different 

immunological signals may exist to inform the brain that the body is protected and able to take 

risks while others may inform the brain that there is a threat and certain activities should be 

avoided.  For example, an individual with a faulty immune system such as with severe 

combined immunodeficiency (SCID), may display reduced social preference, limiting the 

likelihood of contracting an infection through community spread (Filiano et al, 2016).  

Conversely, when the individual is under immunological threat, reducing risk taking behavior 

through IL-17a secretion by meningeal gd T cells may enhance survival by allowing the 

organism to allocate more energy to rest and repair (Alves de Lima et al, 2020).   
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3.4 Deterioration of Meningeal Lymphatic Vessels with Age May 
Contribute to Age-Associated Psychiatric Pathologies 

 
 The substantial aggravation of the behavioral response to inflammation with age is well 

established within animal models however the cause and full medical implications remain 

unclear (Godbout et al, 2008; McLinden et al, 2012).  Clinical data shows that elderly patients 

are substantially more likely to be admitted for extended hospital stays than any other age group 

and that extended periods of immobility are associated with increased incidence of hospital 

acquired disease indicating high medical value in understanding the mechanisms of sickness 

behavior (JW. & V., 2019; Pavon et al, 2020).  Advanced age is also strongly associated with 

neurodegenerative disease, sleep disturbances, and increased accumulation of protein 

aggregates in the brain, each of which has a connection to meningeal lymphatic vasculature and 

glymphatic function which decline with age (Holth et al, 2019; Kress et al, 2014; Nedergaard 

& Goldman, 2020; Ohashi et al, 2021; Paradise et al, 2021).  These relatively recent findings 

regarding lymphatic/glymphatic decline with age provide a new perspective by which to view 

old observations.   For example, a study of elderly patients in 1987, in which all admitted 

patients were screened for emotional disorder and cognitive impairment, found that individuals 

with cognitive impairment required significantly longer hospital stays and incredibly, many 

patients who exhibited cognitive impairment before being treated were discharged without 

signs of cognitive impairment (Johnston et al, 1987).  Taken together, these findings suggest 

that meningeal lymphatic deterioration may lie at an intersection between cognitive impairment, 

response to infection, and age-related pathology, as a critical event upstream of diverse 

pathologies.   

 Microglia hyperactivation in particular is strongly associated with advanced age in both 

humans and animal models, as a facet of the broader trend of an increased inflammatory profile 
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with age, commonly termed ‘inflammaging’ (Conway et al, 2017; Fonken, 2018; Streit et al, 

2004; Wynne et al, 2010).  This phenomenon is reflected in our own transcriptional dataset of 

aged mice however, it also reveals a potential contradiction regarding our adult mouse 

lymphatic ablation transcriptional dataset, which reveals widespread suppression of microglia 

activation albeit with a subset of hyperactivated microglia.  I interpret this to be reflective of 

the short-term nature of our meningeal lymphatic ablation model, as microglia priming towards 

a more inflammatory state may require prolonged lymphatic dysfunction and the accumulation 

of other factors with age.  Notably, we did observe elevated Tnf expression in meningeal 

lymphatics-ablated mice following saline injection relative to the sham control indicating some 

level of elevated inflammation with only one week of meningeal lymphatic ablation. 

 To identify commonalities between the aged response to peripheral inflammation and 

meningeal lymphatic ablation, we integrated the transcriptional dataset of aged mice with our 

dataset of adult mice, and compared differential gene expression of microglia between saline 

and IL-1β conditions for young (sham, 2-month-old), meningeal lymphatics-ablation (ablation, 

2-month-old), and geriatric (2-year-old) mice.  Similar to the suppression of the microglia 

transcriptional response observed in meningeal lymphatics ablation, microglia of aged mice had 

fewer upregulated genes than sham but more than meningeal lymphatics ablation however, the 

aged group also had the highest number of downregulated genes induced by peripheral IL-1β.  

To identify similarities in the microglia response to peripheral IL-1β between lymphatics-

ablated and aged mice, and to interrogate whether any similarities were widespread or restricted 

to a subpopulation or microglia, we identified enriched biological pathways comparing either 

meningeal lymphatics ablation or aged IL-1β responding microglia to their sham counterpart 

on a cluster-by-cluster basis.  For homeostatic microglia clusters (clusters 0, 1, 3, 6), we 
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observed little to modest overlap in enriched pathways relative to sham (young adult) however 

we find overwhelming overlap in enriched pathways relative to sham in actively responding 

microglia (cluster 2).  In fact, over 86% of enriched biological pathways in IL-1β responding 

microglia in meningeal lymphatics ablation are also enriched in the aged IL-1β response relative 

to sham.  This suggests that meningeal lymphatics ablation in young mice can serve as a suitable 

model for meningeal lymphatic deterioration in aged mice specifically as it relates to microglia 

activation in response to peripheral inflammation. 

 We employ AAV mediated overexpression of VEGFc to enhance meningeal lymphatic 

vessels and glymphatic function in aged mice and report a minor but significant amelioration 

of the severity of sickness behavior (Da Mesquita et al, 2018b).  Despite not being able to rescue 

aged mice to healthy adult levels, one-month lymphatic enhancement sufficed to improve 

sickness behavior.  Interpreted together with our finding that meningeal lymphatic ablation 

exacerbates sickness behavior in adult mice in response to peripheral IL-1β and that microglia 

activation is impaired by meningeal lymphatics ablation in a manner similar to aging, we 

conclude that meningeal lymphatic deterioration is a contributing factor to exaggerated 

peripheral cytokine induced sickness behavior with age. 

 These results emphasize the importance of meningeal lymphatic vessels as a therapeutic 

target to address age-related pathologies however, in light of the incomplete rescue of 

exacerbated sickness behavior by experimental enhancement of meningeal lymphatic vessels 

in aged mice, the efficacy of prophylactic enhancement of meningeal lymphatics throughout 

adulthood must be assessed to address whether inflammaging can be avoided by preventing the 

priming of microglia over long periods of glymphatic decline.  Potentially the most tantalizing 

unresolved question of this investigation could be addressed by transcriptional profiling of 
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microglia from aged, meningeal lymphatic enhanced mice responding to peripheral IL-1β.  This 

would be an extremely valuable addition to the datasets generated throughout this study because 

at present, we possess information that provides insight into how meningeal lymphatic 

deterioration alters microglia activation and leads to a sustained proinflammatory state 

however, we lack data concerning reversible affects of aging, that is whether meningeal 

lymphatic enhancement could boost microglia activation in response to peripheral 

inflammation. 
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3.5 Concluding Remarks - Further Evidence of the Contribution of 
Meningeal Lymphatic Vessels to Cognition 

 

Sickness behavior has been described as an altered motivational state characterized by 

decreased overall movement, decreased interest in normal activity, impaired concentration, and 

lethargy (Dantzer, 2018).  Despite its ubiquitous presence in the human experience, high degree 

of adaptive value, and extensive investigation over nearly four decades, the molecular 

mechanisms underlying the behavioral response to inflammation has remained elusive.  

Unquestionably, sickness behavior is a highly complex response, incorporating a many cell-to-

cell signaling events, between numerous diverse cell populations, utilizing a broad spectrum of 

signaling molecules, to facilitate communication between the immune system and CNS and 

produce specific set of behaviors to enhance survival.  In this study, we generate a simplified 

model of sickness behavior to enable investigation into multiple aspects of the CNS response 

to peripheral inflammation, including: identifying cellular targets and sources of IL-1β in the 

CNS, assessing the contribution of meningeal lymphatic function in facilitating the CNS 

response to peripheral inflammation, and characterizing the contribution of age-related 

meningeal lymphatic deterioration to exaggerated sickness behavior with age. 

The purpose of this state is to theoretically facilitate recovery by allowing the body to 

conserve energy needed for an immune response however, due to conspicuous overlap in 

behavioral symptoms of sickness behavior, namely lethargy, anhedonia, and impaired 

concentration, it has been theorized that inappropriate induction of sickness behavior may 

contribute to the pathogenesis of psychiatric illness including major depressive disorder (Mota 

et al, 2013).  In fact, IL-1β the initiator of sickness behavior in our experimental model, is 

implicated in a wide variety of psychiatric conditions where it is believed to act within the CNS.  
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These conditions include: Alzheimer’s Disease, post-traumatic stress disorder, depression, 

addiction, and sleep deprivation (Alam et al, 2004; Ellul et al, 2016; Martinez et al, 2018; 

Spivak et al, 1997; Zumkehr et al, 2018).  Lymphatic, glymphatic, and cognitive function have 

been extensively reported to decline with age in humans and animal models (Da Mesquita et al, 

2018b; Ma et al, 2017; Paradise et al, 2021).  Additionally, sleep disturbances, which disrupt 

glymphatic function, are associated with increased incidence of dementia underscoring the 

importance of the lymphatic/glymphatic system in healthy cognition (Spira et al, 2014).  The 

elevated levels of microglial IL-1β detected in meningeal lymphatics ablated mice following 

peripheral IL-1β injection may imply a priming or propensity for such pathologies associated 

with meningeal lymphatic decline however, further investigations are required to confirm this 

link.   

Here we demonstrate that local IL-1β production within the CNS is not required to induce 

a behavioral response to inflammation nor is IL-1β signaling on neurons, brain endothelial cells, 

astrocytes, or microglia.  Each of these cell populations possess the capacity to respond to IL-

1β as indicated by transcription of the necessary receptor, generating speculation that they may 

be involved in sickness behavior, however, our data and independent confirmation by another 

group do not indicate a significant role for IL-1β on these CNS cell populations in sickness 

behavior (Liu et al, 2019; Rosenberg et al, 2018).  We further evaluate the role of microglia by 

assessing sickness behavior under microglia depleted conditions and unexpectedly observe 

significantly more severe sickness behavior in the absence of microglia and tissue resident 

macrophages.  Although this finding was unanticipated due to enduring speculation that 

microglia drive sickness behavior through secretion of inflammatory factors, this finding has 

since been independently confirmed in a different model of peripheral inflammation induced 
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sickness behavior and a potential role for microglia in terminating sickness behavior has 

recently been described (Shemer et al, 2020; Vichaya et al, 2020).  The reassessment of the role 

of microglia as a tempering or moderating force in sickness behavior is further bolstered by our 

finding that severe sickness behavior in our experimental meningeal lymphatic ablation model 

is associated with a suppressed and deficient microglia response.  Finally, we show that 

experimental meningeal lymphatic enhancement in aged mice is sufficient to reduce the severity 

of sickness behavior, underscoring the importance of healthy lymphatic/glymphatic function in 

orchestrating an appropriate behavioral response to inflammation. 

Prior to the work reported here, microglia activation and subsequent release of 

inflammatory signal molecules, including IL-1β, was purported to be the driving force 

responsible for producing a behavioral shift in response to peripheral inflammation and 

glymphatic function was not recognized as contributing force in sickness behavior (Dantzer, 

2018).  Although our finding that microglia and macrophage depletion results in more severe 

sickness behavior in response to peripheral inflammation has been independently confirmed, 

the paradigm of microglia/neuroinflammation driven sickness behavior persists due to the 

possibility that either the other neural cell populations or the remaining ~1% microglia could 

compensate for the broad depletion of microglia (Vichaya et al, 2020).  Here we demonstrate a 

clear contribution of meningeal lymphatic function to the behavioral response to peripheral 

inflammation with clinical relevance to age related pathology.  Further interrogation of the 

transcriptional dataset generated may reveal additional insights into meningeal lymphatic 

control over circadian rhythms in microglia and impacts on cognition.  Moreover, we find that 

IL-1β signaling on key immune cell populations is dispensable to induce a behavioral response 

to peripheral inflammation and in fact, IL-1β production within the brain is entirely unnecessary 
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to induce sickness behavior.  Transcriptional profiling of microglia from meningeal lymphatics 

ablated mice reinforce this concept and shed new light on the contribution of meningeal 

lymphatic function to microglia response, as impaired activation is associated with more severe 

behavioral output.  I believe that a thorough reevaluation of the role of microglia in the context 

of these new findings is an essential prerequisite to properly understand this phenomenon, 

uncover links to psychiatric disorders, develop new therapeutic treatments for psychiatric 

illness, and combat cognitive decline with age. 
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Mouse models and tissue collection  

All mice used were on C57BL/6 background and bred in-house using mice purchased from The 

Jackson Laboratory.  Mice were maintained under specific pathogen-free conditions, with 

controlled temperature and humidity, on 12 h light:dark cycles, and ad libitum access to food 

and water.  For conditional knockout experiments IL1R1flox/flox (Jax:028398) mice were crossed 

with Syn1Cre (Jax:003966), Cx3cr1CreERT2 (Jax:020940), or GFAPCreERT2 (Jax:012849) strains, 

or administered AAV as described in ‘AAV delivery’ to induce conditional deletion of IL1R1 

on brain endothelium.  Cre negative littermates were used as control mice for respective 

experiments.  IL1B KO mice were ordered from The Jackson Laboratory (Jax:032998) and 

allowed 2 weeks habituation before use in experiments.  All experiments were performed with 

adult mice between 2-4 months of age or aged mice over 2 years of age.  Aged mice were 

provided by the National Institutes of Health/National Institute on Aging.  All experiments were 

approved by the Institutional Animal Care and Use Committees of the University of Virginia 

and Washington University.  For all tissue collection, mice administered a lethal dose of 

anesthetic (Euthasol) and transcardially perfused with cold PBS.   

 

Tamoxifen Treatment 

Tamoxifen inducible Cre mouse lines, including Cre negative littermates were provided 

Tamoxifen chow (ENVIGO) for 2 weeks to induce conditional excision of floxed alleles.  

Tamoxifen chow was then replaced with normal chow for 2 weeks prior to testing to reduce 

off-target affects of Tamoxifen treatment. 
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IL-1β Induced Sickness Behavior 

Recombinant murine IL-1β was obtained from Peprotech and resuspended in sterile saline.  

Mice were administered 1μg IL-1β or saline vehicle in 100μL i.p. injection for all sequencing 

and adult mouse behavior.  Due to poor tolerance of IL-1β in aged mice, the dose was reduced 

to 0.5μg for behavior experiments. 

 

Immunohistochemistry, imaging and quantification 

Mouse brain and skull cap were drop fixed in 4% paraformaldehyde at 4ºC for 24 hours.  

Following fixation, dura was dissected from skull cap and stored in PBS containing Azide 

(0.02%) until further processing.  Brain tissue was dehydrated in 30% sucrose solution then 

frozen in optimum cutting temperature compound (Sakura Finetek), 60-µM sections were cut 

on a cryostat (Leica). Floating sections were stored in PBS containing Azide (0.02%) until 

further processing. Tissue samples were permeabilized in PBS containing 0.2% Tween and 

0.1% Triton X-100 and blocked with 2% chicken serum in PBS containing 0.1% Tween and 

0.05% Triton X-100 for 1 hour.  Samples were incubated overnight at 4ºC with primary 

antibodies in PBS containing 2% chicken serum, 0.1% Tween, and 0.05% Triton X-100.  

Primary antibodies include: goat anti-Iba1 (Abcam), rat anti-Lyve1-eFluor660 

(eBioscience™), and hamster anti-CD31 (Millipore).  Following primary antibody incubation, 

tissue was washed three times in PBS containing 0.1% Tween and 0.05% Triton X-100 then 

incubated in fluorescently conjugated secondary antibody for 2 hours at room temperature. 

Tissue was then washed 3 times and incubated in DAPI for 10 minutes.  Tissue was then 

mounted on microscope slides using Aqua-Mount (Thermo Scientific) or Prolong Gold 

(Invitrogen).  Brain tissue was imaged using Olympus FV1200 Laser Scanning Confocal 
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Microscope and meninges was imaged using Olympus VS200.  All image quantification was 

performed using the FIJI package for ImageJ.  Sholl analysis was performed by manually 

isolating individual microglia and using the Sholl analysis plugin for ImageJ.  Lymphatic vessel 

diameter was quantified by manually annotating lymphatic vessel diameter on at least 100 

points along the superior sagittal sinus-adjacent lymphatic vessels.  All analysis was performed 

blinded to conditions and the experimenter was unblinded following statistical analysis. 

 

Behavior analysis 

All behavior tests were performed during light cycle and mice were habituated to the testing 

room in home cage for at least one hour prior to behavioral testing.  For repeated open field 

test, mice were placed in the corner of a 35cm x 35cm arena and recorded for 10 minutes then 

returned to their home cage.  Mice are tested four times, at 1, 2, 3, 6, and 24 hours following 

IL-1β or vehicle treatment.  Following each open field test, mice are returned to their home 

cage and remain in the testing room until all time points have been collected. All behavioral 

testing was recorded on video.  Mouse tracking and analysis was performed using EthoVision 

(Noldus) software to quantify locomotor activity.  Immobility was detected by behavioral 

software when the subject velocity dropped below 1.75 cm/s and movement resumed when 

subject velocity rose above 2 cm/s.  Accuracy of detection settings was confirmed by visual 

summary.  Statistical outliers were identified using ROUT (Q=0.5%) and excluded from 

analysis.  Analysis and graph plotting were performed using Prism 9 (GraphPad).  All analysis 

was performed by an experimenter blinded to experimental groups. 
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Meningeal lymphatic ablation 

Visudyne (verteporfin, Valeant Ophtalmics) solution used for lymphatic ablation was 

reconstituted according to manufacturer instructions.  Anesthetized mice were administered 

5μL of Visudyne solution via intra-cisterna magna injection and placed on a heating pad for 15 

minutes to allow the drug to collect in lymphatic vessels.  The drug was then photoconverted 

through intact skull using a non-thermal 689-nm wavelength laser (Coherent Opal 

Photoactivator, Lumenis) at 5 points previously demonstrated to be effective (Da Mesquita et 

al, 2018b).  Each point was photoconverted for 83 seconds to provide a light dose of 50 J/cm2 

at an intensity of 600 mW/cm2.  Following photoconversion, the skin was sutured, post-surgery 

analgesic and antibiotic were administered, and mice were allowed to recover on heating pads 

until fully awake.  For sham procedure, mice either received artificial CSF instead of Visudyne 

or were not photoconverted following Visudyne injection.  Behavior experiment results were 

replicated using both sham treatments in separate experiments.  For microglia sequencing, 

artificial CSF control was used. 

 

Intra-cisterna magna injections 

Intra-cisterna magna injections were performed as previously described (Da Mesquita et al, 

2018b).  Injections were performed on mice secured in a stereotaxic frame, under ketamine 

(100 mg kg−1) and xylazine (10 mg kg−1) anesthesia.  The incision area on the back of the neck 

was prepped for surgery by shaving and iodine antiseptic and ophthalmic ointment was applied 

to the eyes.  Upon making an incision, the muscle layers above the cisterna magna were 

retracted and the solution was injected using a Hamilton syringe with 33-gauge needle.  After 

removing the needle and suturing the skin, mice were administered analgesic (2 mg kg−1 
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ketoprofen) and antibiotic (2.5 mg kg−1 Baytril) solutions and allowed to recover on heating 

pads until fully awake. 

 

AAV delivery 

All AAV vectors used were purchased from Vector Biolabs.  For brain endothelium conditional 

knockout experiments, AAV-BR1-CAG-Cre or AAV-BR1-CAG-gGFP were administered by 

5x1011 GC per mouse by vein injection and allowed one week recovery for vector expression 

as previously described (Körbelin et al, 2016).  For lymphatic enhancement experiments in aged 

mice, 1013 GC of AAV1-CMV-VEGFc or AAV1-CMV-LacZ was delivered i.c.m. in 2μL of 

artificial CSF as described in intra-cisterna magna injections.  Following i.c.m. virus injection, 

mice were allotted one-month recovery to allow expression and lymphatic enhancement before 

behavioral assessment.  

 

Microglia depletion 

The normal chow of adult mice was replaced with feed containing PLX5622 for two weeks to 

deplete microglia while experimental controls were placed on identical feed formulation except 

lacking the drug PLX5622 as previously described (Cronk et al, 2018).  Depletion was verified 

by immunohistochemistry for Iba1. 

 

ELISA 

Following lethal dose of anesthetic, blood was collected from the retinal artery after removing 

the eye and placed in heparinized tubes, pooling two mice per replicate.  ELISA was performed 
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on plasma using Invitrogen™ IL-1 beta Mouse ELISA Kit per manufacturer’s instructions.  

Statistical analysis and graph plotting were performed using Prism 9 (GraphPad) 

 

Microglia isolation and single cell sequencing 

Mice were given a lethal dose of anesthetic and perfused with ice cold PBS with heparin.  

Immediately following perfusion, whole brain was harvested and divided by hemisphere for 

dual analysis pipelines.  One hemisphere from each brain was immediately drop fixed for 

histological analysis while the other hemisphere was suspended in ice cold PBS for microglia 

isolation.  At this point, hemispheres from biological replicates are pooled, five mice per 

condition.  Following tissue collection, PBS was decanted, and tissue was dissociated in 5mL 

Hank’s buffering saline solution with DNaseI (50U/mL) and papain (4U/mL) at 37ºC for 45 

minutes.  Cell suspension was then passed through a 70um strainer and CD11b+ cells were 

magnetically sorted using CD11b MicroBeads, human and mouse (Miltenyi) as per 

manufacturer’s instructions using AutoMACS (Miltenyi).  Enriched microglia samples were 

then submitted to the University of Virginia Genome Analysis and Technology Core for single 

cell library preparation and sequencing targeting 2000 cells per sample at 100,000 reads per 

cell.   

 

scRNAseq analysis 

Base call files were converted to Cellranger compatible fastq files using the Illumina Bcl2fastq 

software. Reads were then aligned to the mm10 transcriptome using the Cellranger software 

pipeline (version 2.2.0) provided by 10x genomics, specifically the count function with 

expected counts of 2000 cells per sample. The resulting filtered gene by cell matrices of UMI 
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counts for each sample were read into R using the read10xCounts function from the Droplet 

Utils package and young and old samples were merged separately by gene symbol into two 

dataframes (Lun et al, 2019).  Further filtering was applied in order to exclude genes expressed 

in 5 or fewer cells and remove low quality cells. In the young samples, cells were excluded if 

they had fewer than 1,000 or greater than 50,000 UMI counts, cells expressing fewer than 500 

unique genes, as well as cells with greater than 10% mitochondrial gene expression. In the aged 

samples, cells were excluded if they had fewer than 500 or greater than 35,000 UMI counts, 

cells expressing fewer than 500 or greater than 6,000 unique genes, as well as cells with greater 

than 15% mitochondrial gene expression. Expression values for the remaining cells were then 

normalized using the scran and scater packages and the resulting log2 values were transformed 

to the natural log scale for compatibility with the Seurat (v3.1.1) pipeline. Aged and young 

samples were then integrated with the use of FindIntegrationAnchors and IntegrateData from 

the Seurat package. Expression values were scaled across each gene, the effects of sequencing 

depth per cell and number of unique features were regressed out, and principal components 

analysis was applied. Based on the statistical significance of the principal components, 

calculated with the jackstraw test, and the percentage of variance explained by each, the first 

10 components were chosen for t-Stochastic Neighbor Embedding (tSNE) and Shared Nearest 

Neighbor clustering.  Optimization of the Louvain algorithm applied to the shared nearest 

neighbor graph as implemented in the FindClusters function with resolution set to 0.2 resulted 

in 11 clusters which were annotated manually based on canonical gene markers. For analysis 

of differentially expressed genes between conditions, each cluster was filtered to include genes 

that had at least 5 transcripts in at least 5 cells, then the top 2,000 highly variable genes were 

determined and included for further analysis using the SingleCellExperiment modelGeneVar 
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and getTopHVG functions. After filtering, observational weights for each gene were calculated 

using the ZINB-WaVE zinbFit and zinbwave functions (Van den Berge et al, 2018). These were 

then included in the edgeR model, which was created with the glmFit function, by using the 

glmWeightedF function (Robinson et al, 2010). Results were then filtered using Benjamini-

Hochberg adjusted p-value threshold of less than 0.05 as statistically significant. Volcano plots 

were made with the EnhancedVolcano package (Blighe et al, 2020). Upset plots were made 

with the UpSetR package (Conway et al, 2017). Over representation enrichment analysis with 

Fisher’s Exact test was used to determine significantly enriched Gene Ontology terms (adj. p < 

0.05) for the sets of significantly differentially expressed genes between conditions. For each 

gene set, genes were separated into up- and down-regulated and separately (Hong et al, 2014) 

the enrichGO function from the clusterProfiler package was used with a gene set size between 

10 and 500 genes and p-values adjusted using the Benjamini-Hochberg correction (Yu et al, 

2012). 
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